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Synthesis and structure of thiourea derivatives of functionally substituted pyridines

The article presents data on the synthesis and study of the structure of thiourea derivatives of functionally
substituted pyridines. New thiourea derivatives containing a pharmacologically active pyridine moiety in their
structure were obtained. As the starting synton, 2-amino-5-bromopyridine, 2-amino-3-hydroxypyridine and
2-aminomethylpyridine were selected. It was shown that the interaction of 2-amino-5-bromopyridine,
2-amino-3-hydroxypyridine and 2-aminomethylpyridine with ethyl and phenylisothiocyanates in ethanol
leads to the formation of the corresponding pyridine-containing thioureas. The synthesis of the initial
isothiocyanates was carriedout in situ from the corresponding acidic chlorides (benzoyl chloride and
p-brombenzoyl chloride) by heating them with potassium thiocyanate in acetone. The structure of the synthe-
sized compounds was studied by *H and *3C NMR spectroscopy, as well as by the data of two-dimensional
spectra of COSY (*H-!H) and HMQC (*H-13C). The values of chemical shifts, multiplicity, and integrated in-
tensity of *H and *3C signals in one-dimensional NMR spectra were determined. Using spectra in the formats
COSY (*H-'H) and HMQC (*H-*C), homo- and heteronuclear interactions were established, confirming the
structure of the studied compounds.

Keywords: ethylisothiocyanates, phenylisothiocyanates, 2-amino-5-bromopyridine, 2-amino-3-hydroxy-
pyridine, 2-aminomethylpyridine, thioureas, 2-aminopyridine, *H and **C NMR spectra.

Introduction

It is known that the pyridine cycle is part of many vital organic compounds, which determines it’s one
of the leading roles among heterocycles. Compounds including the pyridine ring are widely used in nature
[1-5]. Pyridine derivatives have found various practical applications, for example, as pesticides, herbicides
(dithiopyr, imazachine, nicosulfuron, ivinpicolinic acid) and drugs (isoniazid, phthivazide, nialamide,
promedol, and many others) [2, 3]. A significant part of the biologically active derivatives of pyridine is
aminopyridines [5]. An example is suprastin, which has an antihistamine effect and is used for treatment of
allergic dermatoses. Another example is the triamine derivative of phenazopyridine, which is used as an an-
algesic at painful urination.

Currently, 2-aminopyridines are widely used as key building blocks in the search and synthesis of anti-
HIV/antiviral [6-9], anti-tuberculosis [10-13], analgesic [14, 15] and anti-cancer drugs [16-18].

Experimental

'H and **C NMR spectra (DMSO-dg) were recorded on a JNM-ECA Jeol 400 spectrometer (399.78 and
100.53 MHz respectively) relative to the signals of residual protons or carbon atoms of a deuterated solvent.
The melting point of the substances was determined on an SMP10 digital instrument. The reaction progress
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and the purity of the obtained compounds were monitored by thin layer chromatography on Silufol UV-254
plates in an isopropyl alcohol-ammonia-water system, 7:2:1. The plates showed iodine vapor.

1-(5-Bromopyridin-2-yl)-3-ethylthiourea (5). When stirring, 0.3 g (0.003 mol) of ethylisothiocyanate is
added drop by drop to a solution of 0.5 g (0.003 mol) of 2-amino-5-brompyridine in 10 ml of ethanol. When
stirring, 0.3 g (0.003 mol) of ethylisothiocyanate is added drop by drop to a solution of 0.5 g (0.003 mol) of
2-amino-5-brompyridine in 10 ml of ethanol. The reaction mixture was heated at 50-60 °C for 6 hours. The
completion of the reaction was monitored by TLC. Next, the reaction mixture was cooled, the precipitate
formed was filtered off and recrystallized from ethanol. Obtained 0.38 g (49 %) of substance 5 with m.p.
120-121 °C. 'H NMR spectrum, &, ppm (J, Hz): 1.15 t (2H, H-12,12,12, 3J 7.4), 3.57 q (2H, H-11,11, 3]
7.2), 7.10 d (1H, H-3, 37 8.8), 7.91 dd (1H, H-4, 3] 11.6, 4] 2.8), 8.28 d (1H, H-6, 4] 2.8), 10.59 br.s (1H,
H-7), 11.11 br. s (1H, H-11). ®C NMR spectrum, 8¢, ppm: 14.47 (C-12), 39.46 (C-11), 105.61 (C-5),
112.29 (C-3), 116.04 (C-6), 146.63 (C-4), 159.16 (C-2), 179.60 (C-8). Cross peaks of the COSY (*H-'H)
NMR spectra, ppm: H12-H11 (1.15, 3.57 and 3.54, 1.15), H3-H4 (7.11, 7.92 and 7.92, 7.11). Cross peaks of
the HMQC (*H-*C) NMR spectra, ppm: HI12-C12 (1.12, 14.36), H11-C11 (3.58, 9.67), H3-C3 (7.11,
112.30), H4-C4 (7.91, 146.50), H6-C6 (8.27, 116.05).

1-(5-Bromopyridin-2-yl)-3-phenylthiourea (6) was obtained analogously to compound 5 from 0.5 g
(0.003 mol) of 2-amino-5-bromopyridine and 0.4 g (0.003 mol) of phenyl-isothiocyanate. Obtained 0.43 g
(41 %) of substance 6 with m.p. 229-230 °C. *H NMR spectrum, 8, ppm (J, Hz): 7.16-7.24 m (2H, H-3,15),
7.35t(2H, H-14,16, 3] 7.6), 7.64 d (2H, H-13,17, 3J 8.4), 8.00 dd (1H, H-4, 3J 9.2, 4] 2.8), 8.41 d (1H, H-6,
4] 2.4), 8.41 br. s (2H, H-7,11). **C NMR spectrum, 8¢, ppm: 112.82 (C-5), 115.43 (C-3), 124.84 (C-13,17),
126.16 (C-15), 129.03 (C-14,16), 139.21 (C-12), 142.25 (C-4), 146.73 (C-6), 152.75 (C-2), 178.62 (C-8).
Cross peaks of the COSY (*H-'H) NMR spectra, ppm: H15-H14,16 (7.18, 7.31 and 7.31, 7.18), H14,16-
H13,17 (7.31, 7.63 and 7.63, 7.31), H3-H4 (7.21, 7.98 and 7.98, 7.21). Cross peaks of the HMQC (*H-**C)
NMR spectra, ppm: H3-C3 (7.17, 115.23), H15-C15 (7.25, 126.16), H14,16-C14,16 (7.34, 129.18), H13,17-
C13,17 (7.67, 124.86), H4-C4 (8.02, 142.14) and H6-C6 (8.46, 146.76).

N-((5-Bromopyridin-2-yl)carbamothioyl)benzamide (7). While striring on a magnetic stirrer, 0.11 g
(0.0012 mol) of potassium thiocyanate was added to a solution of 0.17 g (0.0012 mol) of benzoyl chloride in
10 ml of acetone. It was stirred at reflux for 2 hours, and then filtered through a paper filter to a solution of
0.2 g (0.0012 mol) of 2-amino-5-bromopyridine in 10 ml of acetone. Then it was stirred at 30-40 °C for
3 hours. The solvent was distilled off. The residue was crystallized upon cooling with isopropanol. The
product was recrystallized from isopropyl alcohol. Obtained 0.22 r (55 %) white powder with m.p. 159—
160 °C. 'H NMR spectrum, &, ppm (J, Hz): 1.31-1.52 m (1H. H9ax), 1.53-1.61 m (3H, H8ax,10ax,9eq),
1.70-1.88 m (1H, H8eq), 2.18-2.40 m (1H, H10eq), 2.76-2.84 m (2H, H4ax,7ax), 2.96-2.98 m (1H, H7eq),
3.58-3.65 m (2H, H4eq, H-11), 4.58 br. s (1H, Hl), 5.12-5.21 m (1H, H5), 7.18-7.22 m (3H, H14,15,16),
7.25-7.37 m (4H, H13,17,22,23), 8.40-8.50 (2H, H19,21). *C NMR spectrum, ¢, ppm: 19.43 (C9), 25.93
(C8), 26.96 (C10), 42.12 (C11), 42.14 (C4), 49.01 (C7), 70.49 (C5), 126.29 (C14,15,16), 127.58 (C15,21),
128.61 (C13,17,19,23), 134.60 (C13,17,22,23), 141.20 (C18), 141.22 (C12), 148.61 (C19,21). Cross peaks of
the COSY (*H-'H) NMR spectra, ppm: H4ax-H5 (2.76, 5.16 and 5.16, 2.75), H13,17-H14,16 (7.34, 7.16 and
7.16, 7.34), H21,23-H22 (8.39, 7.34 u 7.34, 8.39). Cross peaks of the HMQC (*H-*C) NMR spectra, ppm:
H4ax-C4 (2.75, 42.19), H4eq-C4 (3.64, 42.19), H5-C5 (5.20, 70.38), H8ax-C8 (1.53, 25.86), H8eq-C8 (1.73,
25.86), H9ax-C9 (1.37, 19.54), H9eg-C9 (1.61, 19.54), H10eg-C10 (2.25, 26.85), H11-C11 (3.58, 42.12),
H22-C22 (7.34, 134.83).

4-Bromo-N-((5-bromopyridin-2-yl)carbamothioyl)benzamide (8) was obtained analogously to com-
pound 7. Obtained 0.2 g (40 %) white powder with m.p. 205-207 °C. "H NMR spectrum, &, ppm (J, Hz):
7.73-7.85 m (4H, H-15,16,18,19), 8.10-8.54 m (3H, H-3,4,6), 11.97 br. s (2H, H-7,11). *C NMR spectrum,
dC, ppm: 115.93 (C-5), 117.54 (C-3), 127.74 (C-17), 131.24 (C-15,19), 132.09 (C-16,18), 138.59 (C-14),
141.23 (C-4), 149.45 (C-6), 150.70 (C-2), 167.80 (C-12), 178.43 (C-8). Cross peaks of the COSY (*H-'H)
NMR spectra, ppm: H16,18-H15,19 (7.72, 7.83 and 7.83, 7.72). Cross peaks of the HMQC (1H-13C) NMR
spectra, ppm: H16,18-C16,18 (27.72, 132.17).

1-(3-Hydroxypyridin-2-yl)-3-phenylthiourea (9). 1.23 g (0.009 mol) of phenylisothiocyanate is added
dropwise with stirring to a solution of 1g (0.009 mol) of 2-amino-3-hydroxypyridine in 10 ml of ethanol. The
reaction mixture was heated at 50-60 °C for 6 hours. The completion of the reaction was monitored by TLC.
Then the reaction mixture was cooled, the precipitate formed was filtered off and recrystallized from isopro-
panol. Obtained 0.9 g (41 %) of substance 9 with m.p. 258-259 °C. *H NMR spectrum, 8, ppm (J, Hz): 7.03—
7.09 m (2H. H-5,15), 7.36 t (2H, H-14,16, 3] 7.6), 7.73 d (2H, H-13,17, 3] 8.7), 7.79 d (1H, H-4, 3] 8.2),
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8.19 d (1H, H-6, 3] 5.0), 9.91 br. s (1H, H-10), 10.88 br. s (2H, H-7,11). *C NMR spectrum, ¢, ppm:
115.64 (C-5), 116.97 (C-4), 118.15 (C-13,17), 122.81 (C-15), 128.89 (C-14,16), 138.02 (C-12), 139.57
(C-6), 144.26 (C-3), 157.04 (C-2), 159.94 (C-8). Cross peaks of the COSY (*H-"H) NMR spectra, ppm: H15-
H14,16 (7.03, 7.35 u 7.35, 7.03), H5-H6 (7.03, 8.17 and 8.17, 5.03), H5-H4 (7.05, 7.78 u 7.78, 7.05),
H14,16-H13,17 (7.35, 7.72 and 7.72, 7.35). Cross peaks of the HMQC (*H-**C) NMR spectra, ppm: H13,15-
C13,15(7.38,117.59), H14,16-C14,16 (7.34, 129.51), H4-C4 (7.72, 118.80), H6-C6 (8.19, 139.58).

1-Ethyl-3-(pyridin-2-ylmethyl)thiourea (10). When stirring, 0.78 g (0.009 mol) of ethylisothiocyanate
was added dropwise to a solution of 1 g (0.009 mol) of 2-aminomethylpyridine in 10 ml of ethanol. The reac-
tion mixture was heated at 50-60 °C for 2 hours. The completion of the reaction was monitored by TLC.
Then the reaction mixture was cooled, the precipitate formed was filtered off and recrystallized from isopro-
panol. Obtained 1.44 g (66 %) of substance with m.p. 66-67 °C. "H NMR spectrum, 3, ppm (J, Hz): 1.05 t
(3H, H-13,13,13, 3] 7.6), 3.37 br. s (2H, H-12,12), 4.70 s (H, H-7,7), 7.20-7.26 m (2H, H-3,5), 7.68-7.73 m
(2H, H-2,4), 7.83 br. s (1H, H-8), 8.43 br. s (1H, H-11). *C NMR spectrum, 3¢, ppm: 14.93 (C-13), 38.96
(C-12), 49.24 (C-7), 121.81 (C-5), 122.62 (C-3), 137.16 (C-4), 149.24 (C-2), 158.76 (C-6) and 182.91 (C-9).
Cross peaks of the COSY (*H-"H) NMR spectra, ppm: H13-H12 (1.05, 3.2 and 3.34, 1.04), H3,5-H2,4 (7.22,
7.72 and 7.69, 7.25). Cross peaks of the HMQC (1H-13C) NMR spectra, ppm: H13-C13 (1.01, 13.37), H12-
C12 (3.34, 38.97), H7-C7 (4.68, 49.06), H3,5-C3,5 (7.21, 121.84), H4-C4 (7.70, 137.25) and H2-C2 (8.45,
149.25).

1-Phenyl-3-(pyridin-2-ylmethyl)thiourea 11 was obtained analogously to compound 10 from 1g
(0.009 mol) of 2-aminomethylpyridine and 1.22 g (0.009 mol) of phenylisothiocyanate. Obtained 1.2 g
(43 %) of substance 11 with m.p. 109-110 °C. *H NMR spectrum, 3, ppm (J, Hz): 4.80 d (2H. H-7,7, 3] 5.4),
7.09 d (1H, H-15, 3J 7.4), 7.25 t (1H, H-3, 3] 4.8), 7.28-7.34 m (3H, H-5,14,16), 7.47 d (2H, H-13,17, 3J
8.4), 7.74 dd (1H, H-4, 3] 7.6. 4) 1.2), 8.23 br. s (1H, H-8), 8.49 d (1H, H-2, 3J 4.8), 10.94 br. s (1H, H-11).
3C NMR spectrum, 3¢, ppm: 49.46 (C-7), 121.99 (C-3), 122.73 (C-13,17), 123.75 (C-5), 124.84 (C-14,16),
129.19 (C-15), 137.24 (C-4), 139.77 (C-12), 149.27 (C-2), 158.08 (C-6), 181.33 (C-9). Cross peaks of the
COSY (*H-'H) NMR spectra, ppm: H7-H8 (4.78, 8.23 and 8.21, 4.80), H15-H14,16 (7.08, 7.30 and 7.30,
7.08), H14,16-H13,17 (7.26, 7.46 and 7.46, 7.26), H5-H4 (7.26, 7.72 and 7.72, 7.26), H7-HS8 (4.78, 8.23 and
8.21, 4.80). Cross peaks of the HMQC (*H-"*C) NMR spectra, ppm: H7-C7 (4.79, 49.45), H5-C5 (7.28,
123.87), H4-C4 (7.72, 137.16), H2-C2 (8.53, 149.15).

Results and Discussion

In the present work, in order to obtain new thiourea compounds, we selected 2-amino-5-bromopyridine,
2-amino-3-hydroxypyridine, and 2-aminomethylpyridine as the initial synton. By the interaction of the above
2-aminopyridines with ethyl and phenylisothiocyanates in ethanol, their thiourea derivatives 5, 6 and 9-11
were synthesized. The syntheses of new acyl derivatives of thiourea 7, 8 were also studied. The synthesis of
new compounds was carried out by the interaction of isothiocyanates 1-4 with 2-amino-5-bromopyridine, 2-
amino-3-hydroxypyridine and 2-aminomethylpyridine. Isothiocyanates 1-4 were obtained by the interaction
of potassium thiocyanate with the corresponding chlorides (benzoyl chloride and p-bromobenzoyl chloride)
under in situ interaction conditions.

R xR R\ ~ R
= 3 N ==
N7 N, FREN=C=S N” SNH—C—NH—R?
1-4 5.9
X
Qo G
P
CH,NH—C—NH—R?
N7 “CH,NH, N 2
10, 11
5:R'=Br, R?=H, R?=CH;CH,-; 9:R'=H, R?=HO, R3=Ph;
6:R'=Br, R?=H, R?=Ph; 10: R3 = CH;CH,-;
7:R'=Br, R*=H, R3=PhC(0)-; 11: R® =Ph.
8:R'=Br, R?=H, R?=4-BrPhC(0)-;
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The obtained compounds 5-11 after recrystallization are white crystalline substances, soluble in most
organic solvents, except saturated hydrocarbons. The structure of the synthesized compound 5-11 was
plrovgd by *H and *C NMR spectroscopy, as well as by the data of the two-dimensional spectrum of HMQC
("H-C).

The *H NMR spectrum of compound 6 is characterized by the presence of phenyl radical protons in the
low-field part of the spectrum of signals. Symmetrically located methine protons H-14,16 and H-13,17 are
manifested by a two-proton triplet at 7.35 (3J 7.6 Hz) and a two-proton doublet at 7.64 (3J 8.4 Hz) ppm re-
spectively. The remaining phenyl proton H-15 was manifested together with the pyridine proton H-3 by a
two-proton multiplet at 7.16-7.24 ppm. The pyridine protons H-4 and H-6 resonated with a single-proton
doublet of doublets at 8.00 ppm with 3J 9.2 Hz and 4J 2.8 Hz and a doublet at 8.41 ppm with 4] 2.4 Hz re-
spectively. In the weakest field of the spectrum at 10.94 ppm with a broadened two-proton singlet, thioamide
protons H-7 and H-11 appeared.

4

Br: XN 0
| S 17_16
6 R 7 o,
N* "NH—C—NH 15

8

6 13 14

In the carbon spectrum of compound 6, NMR signals of **C nuclei of the phenyl radical are observed at
124.84 (C-13.17), 126.16 (C-15), 129.03 ppm (C-14.16) and 139.21 ppm (C-12). The carbon atoms of the
pyridine heterocycle give signals at 112.82 (C-5), 115.43 (C-3), 142.25 (C-4), 146.73 (C-6) and 152.75
(C-2) ppm. The most weak-field signal at 178.62 ppm refers to carbon at the sulfur atom C-8.

The structure of compound 6 was also confirmed by the methods of two-dimensional spectroscopy
COSY (*H-*H) and HMQC (*H-"C), which allows one to establish spin-spin interactions of a homo- and
heteronuclear nature. The observed correlations in the molecule are shown in Figures 1 and 2. In the spectra
of the *H-'H COSY compound, spin-spin correlations are observed through three proton bonds of the neigh-
boring methine groups H15-H14,16 (7.18, 7.31 and 7.31, 7.18) and H14,16-H13,17 (7.31, 7.63 and 7.63,
7.31) the phenyl fragment and neighboring methine protons H3-H4 (7.21, 7.98 and 7.98, 7.21) of the pyri-
dine nucleus. Heteronuclear interactions of protons with carbon atoms through one bond were established
using 1H-13C HMQC spectroscopy for the following pairs present in the compound: H3-C3 (7.17, 115.23),
H15-C15 (7.25, 126.16), H14,16-C14,16 (7.34, 129.18), H13,17-C13,17 (7.67, 124.86), H4-C4 (8.02,
142.14) and H6-C6 (8.46, 146.76).

Figure 1. Correlation of COSY (*H-1H) Figure 2. Correlation of HMQC (*H-**C)
of compound 6 of compound 6

The presence of additional aromatic fragments in compounds 7-9 increases the number of signals in the
weak zone of the spectra. Signals indicating the presence of an N-ethyl fragment in the molecule are present
in compound 1.

The NMR spectra of compounds 5, 7-9 contain signals characteristic of atoms of the pyridine nucleus
and thioamide moiety. The presence of additional aromatic fragments in compounds 7-9 increases the num-
ber of signals in the weak region of the spectra. In compound 1, there are signals indicating the presence of
an N-ethyl fragment in the molecule.
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In the "H NMR spectrum of compound 10 in the high-field part of the spectrum, the N-ethyl protons
H-13,13,13 and H-12,12 were manifested by a three-proton triplet at 1.05 ppm with 3J 7.6 Hz and an extend-
ed two-proton singlet at 3.37 ppm respectively. Methylene protons H-7,7 were resonated by a two-proton
singlet at 4.70 ppm. The pyridine protons H-3,5 and H-2,4 were manifested by two-proton multiplets at
7.20-7.26 and 7.68-7.73 ppm respectively. In the most weak-field part of the spectrum at 7.83 and 8.43 ppm
broadened single-proton singlets showed the thioamide protons H-8 and H-11 respectively.

3 5 10
| S
6 7 8 I n 12 13
N CH,NH—C—NH—CH,CH;
9
10

In the carbon spectrum of compound 10, signals of the methyl and methylene groups of the N-ethyl rad-
ical appear at 14.93 (C-13) and 38.96 (C-12) ppm respectively. Signal at 49.24 ppm corresponds to meth-
ylene carbon atom C-7. The pyridine fragment is characterized by resonance at 121.81 (C-5), 122.62 (C-3),
137.16 (C-4) and 149.24 (C-2) ppm. The most weak-field signals at 158.76 and 182.91 ppm correspond to
the quaternary carbon atom C-6 and the thiocarbonyl atom C-9 respectively.

The structure of compound 10 was also confirmed by the methods of two-dimensional spectroscopy
COSY (*H-'H) and HMQC (*H-3C). The observed correlations in the molecule are shown in Figures 3
and 4. In the spectra of the *H-"H COSY compound, spin-spin correlations are observed through three bonds
of protons of the neighboring methyl and methylene groups H13-H12 (1.05, 3.2 and 3.34, 1.04) of the
N-ethyl fragment and methine protons H3,5-H2,4 (7.22, 7.72 and 7.69, 7.25) of the pyridine nucleus.
Heteronuclear interactions of protons with carbon atoms through a single bond were established using *H-*C
HMQC spectroscopy for the following pairs present in the compound: H13-C13 (1.01, 13.37), H12-C12
(3.34, 38.97), H7-C7 (4.68, 49.06), H3,5-C3,5 (7.21, 121.84), H4-C4 (7.70, 137.25) and H2-C2 (8.45,
149.25).

Figure 3. Correlations of COSY (*H-'H) Figure 4. Correlation of HMQC (*H-**C)
of compound 10 of compound 10

Conclusions

Thus, a new derivatives of thiourea were synthesized at interaction of 2-aminopyridines (2-amino-5-
bromopyridine, 2-amino-3-hydroxypyridine and 2-aminomethylpyridine) with ethyl- and phenylisothio-
cyanate. They were characterized; their structures being confirmed by NMR spectroscopy *H and **C, as well
as data the two-dimensional spectra, COSY (*H-'H) and HMQC (*H-"*C).

The study was performed with financial support from RK Ministry of Education and Science Committee
(grant Ne AP08855567).
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O.A. Hypkenos, C.Jl. ®a3suios, T.M. CeiinxaHos,
K. Hypmaran6etoB, A.M. Fazanues, ['.2K. Kopinosa

OYHKIMOHANBIK-OPBIHOACHIFAH MUPUANHICPIIH
THOMOYEBHH/Ii TYBIH/IBLIAPBIHBIH CHHTE3i K9HEe KYPbLIbICHI

Maxkanazna GpyHKIHOHAABIK-OPBIHOACKUTFAaH THPUINHICPAIH THOMOUYEBHHAI TYBIHABUIAPBIHBIH CHHTE31 XKOHE
KYPBUIBICHIH 3epTTey OoifbIHINa nepekTepi kenTipinreH. KypaMbeiHaa hapMakoJOTHSIIBIK OeJICeHi MTUPUANH
TOOBI Oap JKaHa THOMOYEBHHIII TYBIHABLUIAP aNBIHABL. bacTamkel CHHTOH peTiHAe 2-aMHHO-5-OpOMIHPHUINH,
2-aMUHO-3-TUIPOKCUTIMPUANH KSHE 2-aMUHOMETWIIIMPHIWH TaHJAIIBL.  2-aMHH-5-OpOMITMPHUINHHIH,
2-aMUH-3-THIPOKCUNTUPUINHHIE JKOHE 2-aMHHOMETWIIHMPHAWHHIH OSTaHOJJIAFbl STHJI KoHEe (DeHMIN30-
THOLIMAHATTapMEH ©3apa OpeKeTTeCyi THICTI NMUPUAMH Oap THOMOYEBHMH TY31LTyiHE OKEH COKTHIPATHIHBI
KepceTinreH. bacTankpl M30THOIMAHATTAP/BIH CHHTE31 alleTOH OPTachlHIa POJAHMCTI KaiuwiiMeH in Situ
JKaFrIalbIHAA THICTI XJIOPAHTHIPUATEPCH (OCH30MIXIOPU JKOHE 71-0poMOCH30MIXIIOPH) KBI3ABIPY Ke3iHe
anbiHgbl. CHHTE3JENreH KOCHUTBICTApABH Kypsitbickl SIMP *H- sxome *C-cmextpockomms omictepimen,
conmaii-ak exi enmemai COSY (*H-'H) sxore HMQC (1H-13C) criektpiepiHiH gepextepimMen seprreni. bip
emmuemni SIMP cnekrpnepinne 'H sxome BC CUTHAJIIAP IbIH HHTETPATIBIK KAPKBIHIBUIBIFBI, MYJIBTHILICTTLTIT
KOHE XHUMMSUIBIK BIFBICY MoHZIepi aHbikTanapl. COSY (*H-'H) xone HMQC (lH-lSC) ¢dopmarTapbiHIa
CIIEKTpJIep KOMETIMEH 3ePTTENeTiH KOCHUIBICTAP/BIH KYPBUIBIMBIH PACTAHTBIH FOMO- JKOHE T'€TePOsIPOIIBIK
e3apa opeKeTTecyiepi OemrineHsi.

Kinm ce30ep: STHIN30THOLMAHAT, (SHWIH30THOLUAHAT, 2-aMHHO-5-0poMIMpHUANH, 2-aMUHO-3-THAPOKCHUIIH-
pUIUH, 2-aMUHOMETWINUPUANH, THOMOYEBUHAEP, 2-aMUHONUpuanH, IMP "H-xome 13C-cneKTpnep.
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O.A. Hypkenos, C.JI. ®a3zbnoB, T.M. CeilnixaHos,
X. Hypmaran6eros, A.M. I'azanues, I'.)K. Kapunosa

Cunre3 n CTPOC€HHE THOMOYCBUHHBIX ITPOU3BOAHBLIX
(l)yHKHHOHaJILHO-3aMell.[eHHbIX MMUPUIUHOB

B cratke npuBeneHb! AaHHBIE IO CHHTE3Y U U3YYEHHIO CTPOSHUS THOMOUYEBHHHBIX NMPOM3BOAHBIX (DYHKIINO-
HaJIbHO-3aMeIeHHBIX MUPHIMHOB. [loydeHsl HOBbIE THOMOYEBHHHBIE TIPOM3BOAHBIE, COJIEpPIKaIIe B CBOSH
CTPYKTYpe (papMaKoJIOTHYEeCKH aKTHBHYIO NHPUAMHOBYIO T'DYIIIHMPOBKY. B KadecTBe MCXOIHOTO CHHTOHA
ObUIM BBHIOpAHBI 2-aMHHO-5-0pOMITMPHUIINH, 2-aMUHO-3-THAPOKCUIMPHINH U 2-aMHHOMETHINUpUANH. [Toka-
3aHO, YTO B3aMMOJEHCTBHE 2-aMHHO-5-OpOMIUpHINHA, 2-aMHHO-3-THAPOKCHIMPHINHA U 2-aMHHOMETHII-
MUPUIMHA C 3TWI- U (EHWIN30THOLMAHATAMU B 3TAHOJE MPHBOIUT K 00OpPa30BaHUIO COOTBETCTBYIOLIUX ITH-
PUAHHCOACPKAIMX THOMOUYEBHH. CHHTE3 HCXOAHBIX M30THOLMAHATOB OBLT MPOBEACH iN Situ U3 COOTBETCT-
BYIOILIMX KHUCIBIX XJIOPHIOB (OCH30MIXIOPUI U 71-0pOMOCH30MIXIOPH) IyTEeM HarpeBaHHs MX ¢ THOLMAHA-
TOM Kajus B aueToHe. CTpOCHHE CHHTE3MPOBAHHBIX COCAMHEHHH HCCIEIOBAHO METOAAMH 'H u BC SAMP-
CHEKTPOCKOIIUH, a TaKKe NaHHBIMU JABYMEpHBIX criekTpoB COSY (*H-'H) 1 HMQC (*H-C). C nomompio
crextpoB B dopmarax COSY (*H-'H) u HMQC (*H-*3C) ycranoBieHs: romo- i reTeposiepible B3auMoeii-
CTBUSI, HOATBEPIKAAIONIHE CTPYKTYPY HCCIIETyEeMBbIX COCANHEHHH.

Kniouesvie cnoea. >THIN30THOLMAHAT, (DEHIIM30THOIMAHAT, 2-aMHHO-5-OpOMITUPUINH, 2-aMUHO-3-THI-
POKCUITUPUINH, 2-aMUHOMETUINTUPUANH, THOMOUYEBUHBI, 2-aMUHOTIUPUANH, H-uBC SIMP-crieKkTpsl.
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Phosphorylation of glycoluryl derivatives with phosphorus pentachloride

The paper presents the research results on the synthesis and study of new organophosphorus derivatives of
glycoluril, obtained on the basis of pentavalent phosphorus. New organoelement phosphorus derivatives
synthesized on the basis of N-acyl-substituted glycoluril have been obtained. They are of considerable interest
due to the presence of effective reaction centers. Tetraacetyl-substituted glycoluril — 2,4,6,8-tetraacetyl-
2,4,6,8-tetraazabicyclo[3,3,0]octane-3,7-dione was chosen as the initial synthon. The use of unsubstituted
glycoluril in the reaction of direct phosphorylation by the action of phosphorus trichloride or pentachloride is
not possible due to the absence of active phosphorylation centers. It was experimentally shown that the
reaction proceeds with prolonged heating for at least 48 hours in an argon. The initial acyl derivative of
glycoluril and phosphorus pentachloride in the ratio of 1:6 and leads to the formation of diphosphonic
complex of tetraacetylglycoluril — dihexachlorophosphorate 2,6-diacetyl-(4,8-diacetyl-2,4,6,8-tetraaza-
bicyclo[3.3.0]octane-3,7-dione)-2,6-di(chloroethenyltrichlorophosphonium). The obtained compound is a
white crystalline substance unstable in air. Decomposition of the diphosphonic complex was carried out using
benzaldehyde and proceeds with the formation of the corresponding dichlorophosphate derivative, also
unstable in air and rapidly decomposing at room temperature.

Keywords: glycoluril, bicyclic bisureas, phosphorus pentachloride, phosphorylation, N-acylation, phosphorus,
bicyclic, synthesis.

Introduction

Currently the synthesis of 2,4,6,8-tetraazabicyclo[3.3.0.]Joctane-3,7-dione (glycoluril) derivatives and
the study its properties remain one of the rapidly developing areas of modern chemistry of heterocyclic com-
pounds. This substance is a representative of the bicyclic bisureas class. Glycolurils find wide application in
various areas of industry: in particular, resins containing glycoluril are used for the manufacture of paints and
coatings; in the pulp and paper industry, the application of glycoluril is also known as an intermediate prod-
uct in the synthesis of antioxidants, detergents, disinfectants and bleaching agents [1-3].

All these properties of glycoluril make it a promising object among the researchers as this class of com-
pounds possesses with many undiscovered potential properties. The first reports on the interaction of
glycoluril and acetic anhydride with the formation of N-acetyl-substituted glycoluril derivatives date back to
the beginning of the last century [4-8]. Despite the diversity of the N-acetyl-substituted bicyclic bisureas
series, it was noted the N-acylation of glycoluril was limited by the synthesis of N,N-di- and N,N,N,N-
tetraacetylated derivatives. It is obvious the possibilities of the glycoluril acylation reaction are larger and
varied.

It is known N-substituted glycolurils have a wide spectrum of biological activity. Previously it was re-
ported about the neuroleptic, antidepressant and psychostimulating activity of glycoluril and its derivatives.
This property is the main reason that arouses a great interest in the syntheses of the new group compounds
capable to show various activities.

Organic phosphorus compounds are also used in a different areas of human life and the synthesis of
new organophosphorus derivatives with various biological activity continues to be a priority.

Experimental

Equipment. NMR spectra were recorded by a JeolECX-400 spectrometer for NMR (400 MHz) relative-
ly TMS, for P NMR (162 MHz) versus an external standard (85 % HsPO,) and for **C NMR (100 MHz)
versus an internal standard — TMS in DMSO-solutions. dg, CDCls, D,0O. IR spectra were recorded with the
FSM-1201 Fourier spectrometer from 450 cm™ to 4000 cm™ in KBr pellets. NMR spectra were recorded in

© 2021 The Authors. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) 12


https://doi.org/10.31489/2021Ch1/12-18

Phosphorylation of glycoluryl derivatives ...

the medium of argon. Mass spectra were recorded by a MicroTOF instrument (ESI-TOFMS), Bruker. Melt-
ing points were determined by the MP50 MeltingPointSystem.

The reactions procedure and the compounds identity were monitored by thin layer chromatography on
standard Silufol UV-254 plates in the benzene: ethyl alcohol = 6:1 system. The plates were detected with
iodine vapor and a UV lamp.

Synthesis of 2,4,6,8-tetraacetyl-2,4,6,8-tetraazabicyclo[3,3,0] octane-3,7-dione (1)

153.0 g (1.5 mol) of acetic anhydride and 1 ml (0.01-0.02 mol) of 56 % perchloric acid were added to
the 35.0 g (0.25 mol) of glycoluril with stirring. The mixture was heated until self-heating began. After com-
plete homogenization, 20.0 g (0.2 mol) of sodium acetate was added to the reaction mixture and was boiled
for an hour. The reaction mixture was cooled, the precipitated crystals were filtered off and washed with ace-
tic anhydride and dried. Yield is 65.7 g (89 %), m.p. 244°C. IR spectrum (v, cm'): 1695 (C=0),
1780 (COCHj3). *H NMR spectrum (400 MHz, DMSO), &, ppm: 2.34 s (12H, COCH,), 6.33 s (2H, CH).
B3C NMR spectrum (CDClg): 59.95 (CH), 148.65 (CO), 167.57 (COCH;). Found, %: C 46.93, H 4.78,
N 18.28. C1,H14N,Os. Calculated, %: C 46.45, H 4.52, N 18.06.

Synthesis of hexachlorophosphorate of 2,6-di(4,8-diacetyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-
dione)-2-hloroethenyltrichlorophosphonium (2)

2.0 g (0.0064 mol) of tetraacetylglycoluril in chloroform was added to 21.5 g (0.103 mol) of phospho-
rus pentachloride in chloroform and in argon, then was heated for 48 hours with stirring. In an inert atmos-
phere, the solvent was distilled off, the crystals decomposing in air were filtered off then dried in a vacuum.
Yield is 3.97 g (56 %), *'P NMR spectrum (162 MHz, CDCl,): 8, ppm.: 2.67 (PCl5"), —97.03 (PCly).

Synthesis of  2,6-di(2-chloroethynyl)-4,8-diacetyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione
diphosphonic acid (3)

3.8 g (0.035 mol) of benzaldehyde was added to the suspension of 3.97 g (0.0035 mol) 2 and dry tolu-
ene in an argon. After complete dissolution, the mixture was heated at 80—-90 °C for 3 hours. The solvent and
low-boiling fractions were distilled off in a vacuum and the residue decomposed in air was recrystallized
with dichloromethane. Yield is 1.0 g (48 %). *H NMR spectrum (400 MHz, CDCls), &, ppm: 2.46 s (6H,
2(COCHs), 3.71-3.79 m (2H, 2C = CH), 5.70 s (2H, CHCH). *'P NMR spectrum (162 MHz, CDCl,), 3,
ppm: 5.29.

Results and discussion

A detailed analysis of the literature data shows the lack of related reports on the study in particular, the
phosphorylation of glycoluril and its derivatives. Previously there was a possibility of effective using
glycoluril phosphorus derivatives according to the classical scheme of the Arbuzov reaction, i.e. by the inter-
action of bisacetylbrom derivatives of glycoluril — 1,4-bis(bromoacetyl)tetra-hydroimidazo[4,5-d]-
imidazole-2,5(*H, *H)dione with triethylphosphate [9]. As a result of the reaction, {(2,5-dioxohexa-
hydroimidazo[4,5-d]imidazole-1,4-diyl)-bis(2-oxoethane-2,1-diyl) }-bis(diethylphosphonate) was obtained as
a non-distillable oil acid hydrolysis of which gave the corresponding {(2,5-dioxohexahydroimidazo[4,5-d]-
imidazole-1,4-diyl)-bis(2-oxoethane-2,1-diyl) }bisphosphonic acid.

Despite the wide range of possibilities for the chemical modification of trivalent phosphorus deriva-
tives, pentavalent phosphorus derivatives continue to attract the attention of organic chemists as important
synthons in the creating of new biologically active compounds.

The most promising reagent in the synthesis of trivalent phosphorus derivatives is undoubtedly phos-
phorus pentachloride. For the first time, the reaction of phosphorus pentachloride with methylene compounds
was described in the nineteenth century.

Subsequently, various derivatives of styrenes, dienes, unsymmetrical ethylenes and acetylenes, ethers
and esters of enols, as well as enamides were subjected to phosphorylation with phosphorus pentachloride.
Most of these reactions were carried out at room temperature [10-12].

Continuing research in this direction, we attempted to synthesize for the first time a new
organophosphorus compounds based on acylated derivatives of glycoluril. 2,4,6,8-Tetraacetyl-2,4,6,8-
tetraazabicyclo[3,3,0]octane-3,7-dione was chosen as an object in the phosphorylation reaction 1. The use of
unsubstituted glycoluril in the reaction of direct phosphorylation by the action of phosphorus trichloride or
pentachloride is not possible due to the absence of active centers for phosphorylation.

The reaction proceeds on heating for 48 hours in an argon atmosphere in a dry chloroform medium, in
the ratio 1:6. The reaction resulted in diphosphonic complex tetraacetylglycoluril — dihexachlorophos-
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phorate 2,6-di-(4,8-diacetyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione) — 2,6-di(chloroethenyltrichloro-
phosphonium) 2 according to the following scheme:
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Figure 1. Phosphorylation of 2,4,6,8-tetraacetyl-2,4,6,8-tetraazabicyclo[3,3,0]octane-3,7-dione
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The product is a white crystalline substance unstable in air.

Obviously, the reaction proceeds through the stage of phosphorus pentachloride addition to the oxygen
atom of the acetyl group, and the resulting adduct gradually decomposes to intermediate 1a, which is
dehydrochlorinated under the reaction conditions to unsaturated chlorine derivative 1b. Further, product 1b is
phosphorylated with phosphorus pentachloride forming the final product 2.

The structure of compound 2 was proved by spectral data. In particular the **P NMR spectrum contains
signals 2.67 (PCl;") and —97.03 (PCls). Structure 2 shows that phosphorylation of 1 proceeds with the partic-
ipation of two acetyl groups. The decomposition of the diphosphonic complex 2 was carried out using
benzaldehyde and proceeds according to the following scheme:
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Figure 2. Decomposition of the diphosphonic complex with benzaldehyde

The structure of compound 3 was proved by spectral data. The *"H NMR spectrum contains a signal of
2.46 ppm corresponding to the presence of six protons of two CH;CO groups, a multiplet signal in the region
of 3.71-3.79 ppm, corresponding to signals of two protons of C=CH groups, and a singlet in the region of
5.70 ppm., which characterizes the signal of protons of CHCH groups; in the *!P NMR spectrum there is a
signal of 5.29 ppm corresponding to the vibrations of the phosphorus atom.

Conclusion

The corresponding acylated derivatives of the bicyclic bisureas class i.e. glycoluril have been obtained
according to the reaction of phosphorylation with phosphorus pentachloride for the first time. It was shown
the reaction proceeds on heating for 48 hours in the argon and in dry chloroform with a sixfold excess of
PCls. The reaction leads to the formation of diphosphonic complex of tetraacetylglycoluril — dihexachloro-
phosphorate 2,6-di-(4,8-diacetyl-2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione)-2,6-di-(chloroethenyltri-
chlorophosphonium). This compound is a white crystalline substance unstable in air, the decomposition of
which under the action of benzaldehyde leads to the corresponding 2,6-di-(2-chloroethynyl)-4,8-diacetyl-
2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dione diphosphonic acid.
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I'mukonypua TybIHABLIAPBIH (ochopabiH eHTaxJaopuaiMe gocdopaay

Maxkananga OecBaneHTTi (ochop Heri3iHAe anplHFAaH TIIHKONYPHIAIH JKaHa (ochOpOpraHuKaIIBIK
TYBIHJIBIIAPBIH aJly JKOHE OJIApJIbIH KYPaMbIH 3epTTey OOWBIHINA jKacalFaH FhUIBIMH JKYMBICTBIH HOTHKeJEpi
kenripinred. TuiMai peakust OpTaJbIKTaPBIHBIH OOMyBl ce0eOiHEH OTe JKOFaphl KBI3BIFYIIBUIBIK TYABIPATHIH
N-ammn anMmackaH TJAMKONYPHJI HETi3iHAE cuHTe3fenreH (GochOpAbIH KaHa dIEMEHTOPTraHUKAIBIK
TYBIH/BUIAPhl AJbIHFaH. AJIFAIIKbl CHHTOH PETiHJE TeTpaaleTH1 aJMackaH rimkonypun — 2,4,6,8-terpa-
arnetmi-2,4,6,8-terpaaszadunukio| 3,3,0]Jokran-3,7-11M0H aibIHABL, cebebi, ymr Hemece Oecxmopiibl pochop
acepiMeH TikeNed peakuMsChIHAA anMacharaH DIMKONYypWiIai Koijany (ocdopiayabiH — OenceHai
OpTanbIKTapbl OOJMaraHIbIKTaH MYMKiH OOnMaiipl. DKCIEPUMEHT HOTIKECIHIE peakuus ore Y3ak,
48 caraTTaH a3 eMeC YaKbIT apajbIFbIH/Ia, apTOH aTMOC(epachiH/ia aIFaIliKbl TTMKOTYPHIAIH allWJl TYBIH/BICHI
MeH Oecxiopnsl (pocdopasiH 1:6 KaTelHACBIHIA KBI3IBIPY apPKBUIBI iCKE acaThIHBI KepceTinmi. Peaxmms
HOTIDKECIHJC ayaja TYPAaKCh3, aK KPUCTANABI 3aT OOJAThIH TETPAALCTHITIHKONYPUIIIH — JHUreKca-
xmopodochopar  2,6-mu-(4,8-nmuanerni-2,4,6,8-rerpaazabumukio[3.3.0]okran-3,7-quon)-2,6- mu(xopare-
Huntpuxiopdochonns) anudochoHOIBl KOMIUIEKCT anbIHABL. JU(POCHOHOIBI KOMIUIEKCTIH BIABIPAYHI
OeH3anbIeru/ATi NaiijlallaHa OTHIPBII JKOHE ayaJa TYpakchl3 OoJaThiH, OeiMe TeMmIepaTypachlHia Te3
BIIBIPANTBIH, COMKec IUXI0pGHOCGhaTThl TYBIHIBIHBIH TY3UTyiMEH XKypei.

Kinm ce3dep: tinukomypun, OucMoueBHHA, (ochoprnenTaxmopumi, ¢ochopuay, N-ammnmey, docdop,
OMIIMKIII, CHHTES.

JLK. CanbkeeBa, A.A. Mypat6ekoBa, E.B. Munaesa, [1. Bolituuek,
E.K. Taitmu6ekoBa, A.P. [loctanoBa, A.b. TateeBa, A.K. CanbkeeBa

DochopuaupoBaHue NPOU3BOAHBIX MNIMKOJIYPHIIA NEHTAXJA0puaoM (pocdopa

B cratbe npencTaBiieHbl pe3yIbTaThl HAYYHBIX UCCICAOBAHHMMI 10 CHHTE3Y M UCCIIET0BAaHHUIO CTPOCHHS HOBBIX
(dochopoprannueckux MPOU3BOAHBIX TIIMKOJIYpHIA, TOJNYYEHHBIX Ha OCHOBE MsATHBajleHTHOro docdopa.
CuHTE3UpOBaHbI HOBBIE JJIEMEHTOOPTaHWYECKHE MPOU3BOIHBIE (ochopa Ha ocHOBe N-ammizaMemeHHBIX
TIIUKOJIYPUIJIOB, TIPEJCTABISIIONINX 3HAYMTENbHBIN HHTepec Onaromaps Hamuuuio 3(PQEeKTHBHBIX peak-
[MOHHBIX [IEHTPOB. B KauecTBe MCXOJHOTO CHHTOHA OBUT BBIOpPAH TeTpaaleTHI3aMEIEHHbINA TITHKOIYPUIT —
2,4,6,8-rerpaanernn-2,4,6,8-rerpaazadburukino|3,3,0JokraH-3,7-IMOH, TaK KaK HCIOJh30BaHHE HE3aMEIICH-
HOTO TIIMKOJIypHJIa B PEaKkIuy mpsiMoro (GochopunupoBanus AHCTBEEM TpeX- WM MSTHXIOPHCTOro docdo-
pa He MPEeACTABISETCS BO3MOXKHBIM M3-32 OTCYTCTBHSI aKTHBHBIX IIEHTPOB (OCHOpPUINpPOBAHUS. DKCIEpH-
MEHTAJILHO OBLIO MMOKAa3aHO, YTO PEaKIIMs MPOTEKACT MPH JUTUTSIHLHOM HarpeBaHUH B TCUCHHE HE MeHee 48 u
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B aTMoc(epe aproHa MCXOIHOTO ALMINPOM3BOAHOTO TIIMKOIYPHIA U ISITHXIOPUCTOro (dochopa B COOTHO-
meHnn 1:6 U IpUBOAUT K 00pa30BaHKIO IH(POCHOHOBOrO KOMIUIEKCA TETPAALeTHINIMKONYpHIa — JUreKca-
xnopodochopar  2,6-mu-(4,8-ananerun-2,4,6,8-rerpaazabuimkino3.3.0]okran-3,7-1uoH)-2,6-au(xaopare-
HUITPUXIOPPochOHNUS), PEICTABISIONIEr0 co00i HEYCTOHYNBOE HAa BO3AyXe 0enoe KPHCTAILIHYECKOE Be-
mectBo. Pasnoxkenue nuhocOHOBOrO KOMILIEKCa OBUIO MPOBEICHO C HCIOJb30BaHHEM OCH3albJAerHaa U
HPOTEKaJIo ¢ 00pa30BaHUEM COOTBETCTBYIOIIETO AUXJIOPGHOCHATHOrO IPOU3BOAHOTO, TAK K& HEYCTOWYHBOTO
Ha BO3/lyXe U OBICTPO pa3iararomierocsi IpH KOMHATHOW TeMIieparype.

Knioueswie crnosa: rnukonypui, OUucMo4eBHHA, neHTaxiuopua Gocdopa, pochopumrposanue, N-aunnuposa-
Hue, pocdop, OUUKINIECKHE, CHHTES.
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Synthesis of alkyl derivatives of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane
and evaluation of their biological activity

Today 3,7,10-trioxo-2,4,6,8,9,11-hexaaaza[3.3.3]propellane (THAP) has not yet received widespread re-
search attention due to the complexity of the synthesis. This work is devoted to the development of a method
for the THAP derivatives synthesis, as well as to the study of their biological activity in comparison with al-
kyl-substituted glycolurils (subject of comparison). THAP was N-alkylated to furnish novel hexaalkyl deriva-
tives of THAP with methyl, ethyl and propyl substituents. The conditions for obtaining the maximum yield of
the target product were optimized on the base of methyl derivative. The reaction proceeded in DMSO/KOH at
75-80 °C for 13 hours in a moderate yield of 56 %. The ethyl and propyl derivatives of THAP were synthe-
sized under the same conditions. The biological activity of the obtained THAP alkyl derivatives and
glycoluril alkyl derivatives was evaluated against Sporosarcina ureae, Bacillus pumilus, Salmonella
typhimurium and Staphylococcus aureus bacteria and influenza A virus. All the samples were found to exhib-
it antibacterial activity against Staphylococcus aureus. It was shown that 2,4,6,8,9,11-hexapropyl-THAP, di-
tert-butyl-diphenyl-, di-tert-butyl-dibenzyl-, di-tert-butyl-dimethyl- and di-isopropyl-dibenzylglycoluril, have
exhibited also toxicity to living cells besides antiviral activity.

Keywords: propellane, azapropellane, THAP, glycoluril, N-alkylation, biological activity, influenza virus,
Sporosarcina ureae, Bacillus pumilus, Salmonella typhimurium, Staphylococcus aureus

Introduction

Propellanes are molecules with a central single (ethane) bond and three bridged rings (carbon or
heteroatomic) [1]. They are found in natural resources [2—-3] and are widely applied in polymeric materials,
medicines, pesticides and so on [4-6]. Zalkow et al. [7] were the first to isolate sesquiterpene modephene
from the poisonous plant Isocoma Wrightii in 1978. It was the first compound with a [3.3.3]propellane skele-
ton discovered in natural products [3.3.3]. Due to their structure, modephene and its derivatives exhibit a va-
riety of biological activity [8, 9] and its toxicity can passivate certain biological enzymes and selectively in-
hibit anti-proliferation of some cancer cells. Thus, propellanes have been in focus of many chemists and bi-
ologists over a few last decades.

Among propellanes, heterocyclic compounds, especially those with nitrogen atoms (azapropellanes),
are of considerable interest, since they can be easily be functionalized.

Research on the synthesis of azapropellanes was carried out by Ashkenazi et al. [10]. Shin and co-
workers managed to have synthesized propellane bearing five nitrogen atoms through the glycoluril deriva-
tive in three stages in 2014 [11].

Lee, Zhang and co-workers developed a synthetic method for 3,7,10-trioxo-2,4,6,8,9,11-
hexaaza[3.3.3]propellane (Fig. 1) [12-13].
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N N O 4 2 HN NH DMSO/CH2C|2 BOC'N\/NNBOC HNVNH
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Figure 1. A synthetic protocol for 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane
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This method consists of three stages. At the first stage the uric acid (1) is oxidized by potassium
hexacyanoferrate to form 1,5-diaminoglycoluril (2). At the second stage 3,7,10-trioxo-2,4,6,8,9,11-hexa-
Boc-2,4,6,8,9,11-hexaaza[3.3.3]propellane (3) is obtained from 1,5-diaminoglycoluril (2) by a tricyclization
reaction. Afterwards, Boc-deprotection is performed (third stage) with trifluoroacetic acid to form propellane
(4) with six nitrogen atoms.

Lee et al. [12] obtained 3,7,10-trioxo-2,4,6,8,9,11-hexa-benzyl-THAP (5a) and 3,7,10-trioxo-
2,4,6,8,9,11-hexa-allyl-THAP (5b) (Fig. 2) in DMSO-DMF-NaH under inert nitrogen. The resultant products
were extracted with ethyl acetate and then purified by column chromatography.

@) o(u)\

OIJ\ R

. N\
HNINH DMSO, DMF R_\NN)\N/
HN.> <,NH + RBr + NaH ———> HN‘R
HN_ _NH 2 r—NN—g

¥ ¥

R: Bn, Allyl
4 5a,b

Figure 2. A synthetic protocol for alkyl derivatives of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane

However, there is no information in the literature on the synthesis of alkyl derivatives of THAP. There-
fore, the present study was aimed at developing a synthetic method for alkyl derivatives of 3,7,10-trioxo-
2,4,6,8,9,11-hexaaza[3.3.3]propellane and evaluating their biological activity in comparison with alkyl-
substituted glycolurils previously obtained.

Experimental

General procedure

3,7,10-trioxo0-2,4,6,8,9,11-hexaaza[3.3.3]propellane (0.4 g, 0.002 mol) and KOH (1.12 g, 0.02 mol)
were added to DMSO (15 mL), stirred for 30 min at 40 °C, and then the corresponding alkyl halide
(0.02 mol) was added. The reaction mixture was heated to 75-80 °C and kept for 5-13 h. After completion of
the reaction, the resulting salt was collected by filtration, and the initial solution was extracted (15 mLx3)
with a mixture of water/methylene chloride in a ratio of 1:1. The organic layer was evaporated to give a
white powder.

The analysis of the obtained compound was determined by HPLC on an Agilent 1200 chromatograph.
Separation was carried out on a chromatographic column Zorbax SB C-18 (150*2,1 mm, particle size 5 um)
from Agilent Technologies (USA), with the precolumn (Zorbax SB C-18 12,5*2,1 mm, particle size 5 pm).
0.1 % trifluoroacetic acid (solvent A) and acetonitrile (solvent B) were used as the mobile phase. The column
temperature was 25 °C. The composition of the mobile phase was measured in a gradient mode: the concen-
tration of solvent B was measured from 2 % to 40 % within 10 min. The flow rate of the mobile phase was
0.25 ml/min. The duration of the session was 20 minutes. Column conditioning between consecutive injec-
tion was 15 min. Detection was carried out at 225 nm wave-length. The sample volume was 5 ul.

3,7,10-Trioxo-2,4,6,8,9,11-hexamethyl-2,4,6,8,9,11-hexaaza[3.3.3]propellane (5¢): Yield: 0.32¢g
(56 % of the theor.). Mp = 256-258 °C. IR, cm™: 2944, 2602, 1690, 1629, 1503, 1401, 1371, 1273, 1207,
1156, 1008, 832, 702. '*H NMR (500 MHz, DMSO0-d6) & 3.00 (s, 18H, CHs); **C NMR (126 MHz, DMSO-
d6) 157.43 (C=0), 90.64 (Ctert.), 26.72 (CHy).

3,7,10-Trioxo-2,4,6,8,9,11-hexaethyl-2,4,6,8,9,11-hexaaza[3.3.3]propellane  (5d): Yield: 0.33¢g
(45 % of the theor.). Mp = 220-222°C. IR, cm™: 2976, 2935, 2872, 1696, 1622, 1496, 1437, 1369, 1354,
1279, 1218, 1060, 966, 862, 756, 702. "H NMR (500 MHz, DMSO-d6) & 3.50-3.45 (q, J=7x3 Hz, 2H, CH,),
1.01-0.98 (t, J=7x2 Hz, 3H, CHj); *C NMR (126 MHz, DMSO-d6) 156.49 (C=0), 96.24 (Ctert.), 36.21
(CH,), 14.31 (CHs).

3,7,10-Trioxo-2,4,6,8,9,11-hexapropyl-2,4,6,8,9,11-hexaaza[3.3.3]propellane (5e): Yield: 0.46¢g
(51 % of the theor.). Mp = 180182 °C. IR, cm™: 2967, 2936, 2876, 1704, 1484, 1426, 1344, 1291, 1200,
1078, 910, 884, 847, 809. 749. '"H NMR (500 MHz, DMSO0-d6) & 3,36-3,39 (m, 12H, CH,), 1.36-1.41 (m,
12H, CH,), 0.77-0.81 (t, J=7.4 x2 Hz, 18H, CH3); *C NMR (100 MHz, DMS0-d6) 156.53 (C=0), 87.01
(Ctert.), 42.91 (CH,-CH,-CH3), 22.06 (CH,-CH,-CH3), 11.32 (CH,-CH,-CHy).
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Evaluation of biological activity

To determine the antibacterial activity, two-fold dilution of experimental preparations (volume 100 pl)
was made in the cells of a 96-well culture plate with a U-shaped bottom on MPB medium (mesopatamia
broth). 100 ul of an overnight culture diluted to a concentration of 106 cells/ml was added to each well. In-
cubation took place at 37 °C for 40 hours. Determination of optical density in relation to control (growth of
bacterial culture without preparation) was performed.

To examine the antiviral activity in vitro, two methods were used:

1) the inhibition of the virus-induced cytopathic effect was determined visually under a microscope [17];

2) by changing the absorption of the vital dye by cells — neutral red [17, 18].

For this purpose, a 96-well plate was seeded with a MDCK (dog, kidney, cell monolayer) cell line, with
a seed dose of 2x10* cell per well. After 90 % of the monolayer was formed (20-h incubation at 37 °C under
5% CO,), the influenza A/California/ 07/09 (HLN1pdm09) virus strain was inserted at a dose of 100 TCIDs,
per well. This dose is equivalent to the multiplicity of infection at 0.001 of infection particles per cell.
30 minutes after infection, the test sample contained in the culture medium was placed in the wells and incu-
bated at 37 °C under 5 % CO, for 72 h. After that, neutral red (0.34 % final concentration) was added into
each well, the cells were washed in 1.5 h, and a solution (0.1 M NH4H,PO, and 96 % ethanol in equal vol-
umes) was added for the stain extraction, and the optical density of the liberated stain was measured at a
wavelength of 490 nm. The antiviral activity of the compound was estimated as a dose (concentration) of the
test drug, which 50 % inhibits the viral reproduction or 1Cs,. Although ICs, was estimated by the two meth-
ods (determination of virus-induced cytopathic effect and incubation with neutral red), here we presented
data obtained only with neutral red as more objective.

To assess the toxicity of the compounds, the 96-well plate was seeded with a MDCK cell culture with a
seed dose of 2x10* cells per well. After a 20-hour incubation at 37 °C in an atmosphere of 5% CO,, the
compounds dissolved in a MEM medium (Gibco) containing 5 % fetal bovine serum were introduced. Three
days after incubation, the inhibition percentage of cell proliferation was evaluated using neutral red, as de-
scribed above. The toxicity of the compounds was estimated as a dose (concentration) of the test drug at
which 50 % cells are died (CDsy).

The therapeutic index or index of selectivity (IS) was determined as the ratio of CDsg to 1Cx,

Results and Discussion

Synthesis of alkyl derivatives of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane

It would be logical to apply the glycoluril alkylation methods to THAP since it molecule is character-
ized by the presence of three imidazolidinone rings and has a structure similar to glycoluril. We have earlier
developed a synthetic method for tetrasubstituted glycolurils with mono- and heterofunctional substituents in
an acetonitrile/KOH medium [14, 15]. The method incorporates the alkyl groups into the partially substituted
glycoluril and uses a low-boiling solvent to simplify the isolation of reaction products.

The alkylation reaction of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane was carried out under
conditions similar to the alkylation of glycoluril. In this case, the yield of hexaaryl derivatives of THAP was
found low and reached only 6-8 % in acetonitrile medium.

That is why we investigated the effects of different solvents (DMSO, DMF, ethanol, 1,4-dioxane and
methylene chloride), reaction temperature and bases on the target product yield by an example of the 5¢ syn-
thesis (Table 1).

Table 1
Selection of synthesis conditions for 2,4,6,8,9,11-hexamethyl-2,4,6,8,9,11-hexaaza[3.3.3]propellane 5c¢
Reaction tem- | Yield, Reaction tem- | Yield,
Exp. Solvent Base perature, °C % Exp. Solvent Base perature, °C %
1 |DMSO KOH 80 24 6 |[DMSO K,CO; 80 -
2 |DMF KOH 80 11 7 |DMF K,CO;3 80 -
3 |Ethanol KOH 70 - 8 |Ethanol K,CO4 70 -
4 |1,4-Dioxane KOH 80 - 9 |1,4-Dioxane K,CO4 80 -
5 |Methylene chloride| KOH 40 - 10 [Methylene chloride | K,COs 40 -

Note. «—» THAP was quantitatively isolated back; no reaction has occurred.
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As can be seen from Table 1, the N-alkylation reaction took place only at 80 °C and only in the two
solvents such as DMSO and DMF. It is also evident that the yield of the target product 5¢ in DMSO is al-
most 2 times more than that in DMF. The superbasic medium DMSO / KOH was selected for further re-
search based on these preliminary results (Table 1). The results of the THAP alkylation with methyl iodide in
the superbasic medium as a function of the reaction temperature and time are given in Figure 3.

60
60 48 48
50 42 50
i ito 25 B0 < 40
3 30 14 = 30
= 204 13 =
20
10
0 10

0 4
Temperature, OC 1 228 4 5 6. 7 8 9 1011 1213
Reaction time, h

a b

Figure 3. Dependence of the 5c yield: (@) on the reaction temperature (reaction time 6 hours)
and (b) on the reaction time (temperature 75 °C)

Figure 3a shows that an increase in the reaction temperature from 25 °C to 85 °C led to a smooth rais-
ing in the content of product 5¢ from 12 % to 48 %. An increase of the alkylation time from 6 to 8 hours (3b)
showed a slight growing in the yield of product 5c to 51 %. When the reaction time was extended to 13 h, the
yield of product 5¢c got higher insignificantly and was 56 %. The slowdown in the formation of reaction
product 5¢ in 13 hours can be explained by the emerging of competing reactions due to the prolonged resi-
dence of the reagents in the superbasic medium at high temperature.

We sequentially have obtained THAP hexa-derivatives with methyl (5c), ethyl (5d) and propyl (5e)
substituents (Fig. 4).

& R, R_R
HN Y WH NN
AlkylHal N .
HN.) FNH ky rRT—EN-R
HN_ _NH N_ N,
N4 RN R
o) o)
4 5

R: c. CHa- (56 %)
d. CoHs- (45 %)
e. C3Ho- (51 %)

Figure 4. Synthesis of alkyl derivatives of 3,7,10-trioxo-2,4,6,8,9,11-hexaaza[3.3.3]propellane

An attempted of isopropyl and tert-butyl groups incorporation into THAP did not lead to the expected
result. This is probably due to the steric factor of the radicals.

Biological activity

The tetrasubstituted glycolurils synthesized previously [14, 15] and the new THAP derivatives were
evaluated in vitro against some bacteria (Sporosarcina ureae, Bacillus pumilus, Salmonella typhimurium and

Staphylococcus aureus) and influenza A virus. Tables 2 and 3 summarize the biological activity evaluation
results.
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Table 2
Evaluation of antibacterial activity of the THAP hexaaza- derivatives and tetrasubstituted glycolurils
. . . Salmonella
Compound Sporosarcina ureae Bacillus pumilus typhimurium Staphylococcus aureus
5c 1,3:10°° 2,6:10° 1,3-10°° 1,3-10°°
5d 4210° 8,4-10° 4210° 4,2:10°
5e 59-10° no no 29-10°
(@]
~ SN
6a — 4,6:107? 9,2:1072 9,2-1072 4,6-102
_N_ N
\“/ ~
]
(]
Bn\N/U\N/Bn
6b — 2,0-10° no no 8,0-10°°
Bn/NYN\Bn
o
(e}
BNy
6c NHN 12:10° no 9,8:10°° 4,6:10°°
B
Ty e
(0]
\N/“\Nk
6d — 1,8-10° 1,8:10° 1,8:10° 8,8:10°°
%N\H/N\
(o)
o 2
6e — 42-10°° no no 42-10°°
>\/NYN\Ph
(o]
o
Bn\N/U\N
6f no no no 7,0-10°
XNYN\BH
(o]

Sporosarcina ureae are spore-forming bacteria and ammonifying microorganisms that decompose urea.
They are used in agriculture for nitrogen enrichment of the soil. Bacillus pumilus are phytopathogenic bacteria
affecting agricultural crops (flax, pumpkin, corn, beet, oranges, apricots, marrow-type pumpkin, etc.) and thus
cause significant economic damage to agricultural and processing companies. Salmonella typhimurium is a
salmonellosis causal agent. Staphylococcus aureus (opportunistic pathogenic bacterium) initiates skin diseases
(furuncles), respiratory diseases (angina, pneumonia), nervous system and sensory organ diseases (otitis media,
conjunctivitis, cerebral fever), digestive system diseases (stomatitis, acute food poisoning) and etc.

All the test samples were found to inhibit the growth of Staphylococcus aureus at low concentrations. In
contrast, suppression of the reproduction of Sporosarcina ureae is an undesirable effect as they are used in

agriculture.
Table 3
Evaluation of antiviral activity of the THAP hexaaza derivatives and tetrasubstituted glycolurils
Sample _CDSO toxjcity (the lowest di[u- ICso e_lntiviral activity (the highest d_ilution Thergpeutic index IS _(r_atio
tion at which 50 % cells survive)|  which protects 50 % cells from virus) | of toxic dose to the efficient)
5¢ 6.6:10° no no
5d 2.1110° no no
5e 3.7-10° 2.9-10° 1.28
6a 5.7-10°° no no
6b 5.0-10°° no no
6c 5.8-10° 4.6-10°" 1.26
6d 4410° 2.8:10° 1.57
6e 2.1-10° 1.7-10°° 1.24
6f 3.5-10° 2.8:10° 1.25
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As can be seen from Table 3, only 5e propyl derivative of THAP exhibited an antiviral activity, while
the methyl and ethyl derivatives did not. It was found that compound 5e at a concentration of 2.9-10* g/ml is
able to protect 50 % of cells from influenza virus. Tetrasubstituted glycolurils 6¢-e were also active at low
concentrations. Further studies of the antiviral activity of these compounds were unreasonable because they
had a high toxicity and a low therapeutic index. Samples 6a and 6b did not exert the antiviral activity. Note
that sample 6a has found its application as a day-time sedative and is marketed as Mebicar [16]. Therefore,
the biological activity of the resultant hexaalky! derivatives of THAP should be further examined.

Conclusions

New hexaalkyl derivatives of THAP with methyl, ethyl and propyl substituents were synthesized. The
conditions for the maximum product yield were selected using the example of a methyl derivative: the reac-
tion proceeded in DMSO/KOH at 85 °C for 13 hours with a 56 % yield. The biological activity of the ob-
tained compounds and of earlier synthesized model compounds (tetrasubstituted glycolurils) against influen-
za A virus was evaluated. The biological activity against the Staphylococcus aureus bacterium was exhibited
by all of the test compounds, while the antiviral activity was exhibited by 2,4,6,8,9,11-hexapropyl-THAP,
di-tert-butyl-dibenzyl—, di-tert-butyl-diphenyl-, di-tert-butyl-dimethyl- and di-isopropyl-dibenzylglycoluril.
However, these compounds proved to be toxic to living cells.

This work was performed using instruments provided by the Biysk Regional Center for Shared Use of
Scientific Equipment of the SB RAS (IPCET SB RAS, Biysk). The reported study was funded by RFBR, pro-
ject number 19-33-90060.
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Synthesis of alkyl derivatives of 3,7,10-trioxo-...

A.A. Cuannpiaa, C.I'. UnescoB

3,7,10-tpuokco-2,4,6,8,9,11-rekcaaza|3.3.3|nponesiaHHBIH AJIKHJ TYbBIHABLIAPbIH
CHHTe3/1ey sKHe 0JIapPAbIH OMOJIOTHAJIBIK 0eJICEHALTIrH 3epTTey

XKywmsic 3,7,10-tprokco-2,4,6,8,9,11-rexcaasa[3.3.3 JuponemiaHHBIH KW TyBIHABIIAPEIH CHHTE3/CY MiCiH
JKacayra jKOHE albIHFaH 3aTTap/blH AIKWIaIMACKaH TIIKOIYPUIACPMEH (3epTTey OOBEKTiCl) calbICThIpFaHIa
OMONIOTHSIIBIK ~ OCNICEHIUNITIH  3epTTeyre apHainFaH. byin OaFbIT CHHTE3AIH Kypaenurri ceGebiHeH
3epITeyIIIepAiH Ha3zapblHAaH Thic KaimFaH. THAP-ter  N-ankwngey omici  apKpUIbl — TeKCaaKHII-
TYBIHABUTAPBIHBIH, METHJIII, 3TUJIAI KOHE IMPONMIIAI TeKCAaTKHI TYBIHIBUIAPBIMEH >KaHA KOCBIIBICTAPhI
CUHTE37eIi. MEeTHII TYBIHIBICHI MBICATBIHA HETI3r1 OHIMHIH MaKCHMAIIbl MIBIFBIMBI OONATHIHAANW THIMII
karnainapsr skacanapl. Peaxnms JIMCO/KOH optaceaa 75-80 °C Temnepatypana 13 carat Go#EI sxypeni,
peaknus 1bFBIMBL 56 %. THAP aTwmmi koHe NpOMWIAI TYBIHIBUIAPH Typa OCBIHIAW KaFmaiina
cunresnenared. THAP-THIH kKOHE TJIMKONYPWIIBIH ajbIHFAH alKHITYBIHIBUIAPBIHBIH Sporosarcina ureae,
Bacillus pumilus, Salmonella typhimurium u Staphylococcus aureus GakTepusiapblHa *oHE A TYMaybIHBIH
BHPYCBIHA KaTBICThI OHOJOTHSIIBIK Oescenainiri seprrenrer. bapibik yirinep Staphylococcus aureus kapcsr
OakTepuanapl O€NCEHIUTIK KepceTeTiHl aHbIKTanFaH. 2,4,0,8,9,11-rexcanponun-THAP, nu-mpem-Gytuin-
IueHun-, au-mpem-0yTUI-TUOCH3WIT-, OU-mMpem-OyTHIA-TUMETHI-, TU-U30MPOII-THOCH3IITITHKOIYPIIT
KOCBUTBICTAPBIHBIH BHPYCKaKapchl OelCeHIUTKTeH ©Oacka Tipl jkacymiamap YOIIH YBITTBI OOJATBIHBI
OaiiKasraH.

Kinm ceszodep: nponemnan, azanponeiian, THAP, raukoneypun, N-ankuiuaey, OHONMOTHSIIBIK OSNCCHIITIK,
TyMay BUpYCHI, Sporosarcina ureae, Bacillus pumilus, Salmonella typhimurium, Staphylococcus aureus.

A.A. Cunnnpiaa, C.I'. UnescoB

CuHTe3 aJKkuInpoun3Boanbix 3,7,10-tpuokco-2,4,6,8,9,11-rexcaasal3.3.3|nponesiana
U U3y4YeHHne UX OHOJIOTHYECKOii AKTHBHOCTH

Pabora mocesiieHa pa3paboTKe Meroga CHHTe3a mpou3BoaHbIX 3,7,10-tprokco-2,4,6,8,9,11-rekca-
aza[3.3.3]mponemnana (THAP), koTOpbIid emé He MOMYyYWsT MIMPOKOTO BHHMAHHS HCCIICIOBATENCH BBHIY
CIIO)KHOCTH CHHTE3a, a TAaKKe HM3YUYCHHIO OHOJIOTMYECKOW aKTHBHOCTH CHHTE3MPOBAHHBIX COCAWHEHUH B
CPaBHEHUH C aJKHJI3aMEUICHHBIMH TIHUKOJIbYpHIaMu (0OBEKTOM cpaBHEeHHs). MetomoMm N-aIkumupoBaHUs
THAP ObuiM CHHTE3MPOBaHBI HOBBIC rekcaaikuianpousBoanbie THAP ¢ METHIBHBIMU, STHIBHBIMUA U TPO-
NUJIBHBIMH 3aMECTUTEISIMH. Ha mpruMepe MeTHIBHOIO NPOM3BOAHOTO OBUIM ONTHMHM3HMPOBAHBI YCIOBHS I10-
JIyYEeHUs] MAaKCHMAIBbHOTO BBIXOJa IIe7IeBOro mpoaykra. Peakius nporekaer B cpene JIMCO/KOH npu Tem-
nepatrype 75-80 °C B Teuenue 13 4 ¢ yMEpPEHHBIM BBIXOJOM 56 %. DTHUIBHBIC U MPOMMIBHBIC TPOU3BOIHBIC
THAP cuHTE3upOBaHBI B aHAIOTHYHBIX YCIOBHAX. V3ydeHa OHWosoTHYecKas aKTWBHOCTH MOJYYEHHBIX all-
Kkupou3BoaHsix THAP U ankuiimpou3BOJHBIX TIMKONIbYPUJIA B OTHOIIGHHH OakTepuii Sporosarcina ureae,
Bacillus pumilus, Salmonella typhimurium u Staphylococcus aureus, a taxxe Bupyca rpumma A. YcTaHOBITe-
HO, 4TO BCe 00pa3ibl MPOSIBISIIOT aHTHOAKTEpHaIbHYI0 aKTHBHOCTH mpotus Staphylococcus aureus. Beuto
MOKa3aHO, 4YTO, Hapsiy C MPOSBICHHOW IMPOTUBOBHUPYCHOW AaKTHBHOCTHIO, Yy coeauHeHuit 2,4,6,8,9,11-
rexcanponuni-THAP, nu-mpem-Oytuin-nudenun-, au-mpem-0yTui-quOeH3WI-, TH-mpem-0yTi-TIMeTHI-,
JIH-M30TPONHIT-ANOSH3WITTIMKOIbYPHI TAaKoke 0OHAPY)KEHA TOKCHYHOCTD JUIS )KMBBIX KIIETOK.

Kniouesvie cnosa: nponennan, azanponemiad, THAP, rnukonsypui, N-aqkumupoBanue, OHOTOTHYECKas aK-
THUBHOCTB, BUpPYC Tpuiima, Sporosarcina ureae, Bacillus pumilus, Salmonella typhimurium, Staphylococcus
aureus.
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Vitamin Drug conjugate: a systematic review of pharmacological potential

Cancer is a chronic disease which can cause death. In traditional chemotherapy cytotoxic drugs are used to
kill proliferating cancer cells. The cytotoxic agent exhibits less specificity, less biological activity, causes sys-
temic toxicity and undesirable side effects. Each year, about 1.8 million of the population are infected and die
due to tuberculosis infection. An increase of drug resistance during the tuberculosis treatment is a significant
concern. So, it is necessary to develop a new approach or therapies to resolve drug resistance, drug selectivity
in tuberculosis infection and the reduction of the side effects of cytotoxic agents and anti-tubercular drugs.
This review describes the newly emerging concept of «vitamin drug conjugate». Vitamin-drug conjugate is a
specifically carried drug toward the target site, is one of the promising ways to treat chronic diseases like can-
cer and tuberculosis and enhance the therapeutic outcome. The purpose of this review is to explore vitamin as
a targeting moiety for new anticancer and anti-tubercular drug to overcome challenges, such as non-
selectivity, systemic toxicity and multidrug resistance. This approach is beneficial in the treatment of life-
threatening disease like cancer, tuberculosis and also in many viral infections.

Keywords: Cancer, Tuberculosis, Vitamin-Drug conjugate, Vitamin B12 conjugate, Folic acid conjugate, Bio-
tin conjugate, Vitamin-E conjugate, Lipid drug conjugate.
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List of abbreviations

WHO: World Health Organization

FRA: Folate Receptor Alpha

Bi,-Co-111-CN-M: Heterodinuclear derivative

MCF7: Human Breast cells

A2780: Human Ovary Cancer Cells

B12-Co-I11-CN-Pt-I1: Vitamin By,-Platinum conjugate

N4PY': Pentadentate Nitrogen ligand

N4PY-S-S-FA: Redox sensitive cleavable linker

FRP: Folate Receptor Positive

AG: Arabinogalactan

FR-AG-GFCG-MTX: Folate receptor Arabinogalactan endosomal cleavable peptide of methotrexate
MTX: Methotrexate

GFLG: Endosomal cleavable peptide

PLGA-PEG-FOL.: Polylactideco-glycolide-polyethylene glycol-folate
SKOV;: Folate receptor positive malignant cells

PEG: Polyethylene glycol
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PA-PEG-DSPE: Lipopolymer

mMPEG-DTP-DSPE: Lipopolymer

FA: Folic acid

PLGA: Polylactic —Co-glycolic acid

FU: 5-Fluorouracil

GG-NP: Guar gum loaded nanoparticles

MTX-FR-GGNP: Guar gum loaded methotrexate folic acid conjugated NP's
G;5-MTX: Pentadentate dendrimer-MTX adduct

5BT-1214: New generation taxoid

TPG5: a-Tocophenyl polyethylene glycol succinate

¥-Ts-Tocotrienol

CoQq: Ubiquinol

CoQ4oH,-PEG5000-Vit E: Ubiquinol-Polyethylene glycol-Vit- E Conjugate
SiRNA: Small interfering RNA

RNAI: RNA interference

TPGS: a-Tocopheryl polyethylene glycol succinate

Aa-Su-Sag: Ascorbyl succinic-Saquinavir conjugate

CYP3A4: Cytochrome P40 metabolizing enzyme

MTX-PGA: Methotrexate-poly(glycerol adipate)

ATRA-g-PBEA: Docetaxel loaded trans-retinoic acid with poly-p-amino ester
HPMA: N-(2-Hydroxypropyl) methyl acrylamide

MA-GIly-Gly-NHN-Dex: Dexamethasone containing monomer

Review Plan

Inclusion and Exclusion Criteria: The present review is focused on vitamin drug conjugate, its synthetic
methodology and its pharmacological screening.

The review data are based on the publication of the last 15 years and in English. Only articles in the rel-
evant area were searched and analyzed from the sources like Scopus, Web of Science along with other online
scientific search engines. The keywords used for the search were, 'Vitamin Drug Conjugate’, 'anticancer ac-
tivity, 'anti-tubercular activity', ‘pharmacological screening', etc. The resultant data are described in this arti-
cle. No statistical methods were used in this review.

Introduction

Cancer is an abnormal growth of the cells which tends to proliferate in an uncontrolled way and in some
cases to metastasize [1]. There are many methods treating cancer, the most commonly applied one is chemo-
therapy, but the problem associated with that is non-selectivity in treatment. Severe, often life-threatening,
side effects arise in cytotoxic chemotherapy because of the toxicity to susceptible normal cells as the treat-
ment is not selective for tumor cells [2]. In the case of traditional chemotherapy, the most challenging step is
to deliver a cytotoxic agent which kills proliferating cancer cells. [3]. The limitation of the used cytotoxic
agents, such as doxorubicin, cisplatin, paclitaxel etc., is that these drugs cannot differentiate between tumor
cells and normal healthy cells. In other words, non-specificity leads to systemic toxicity causing undesirable
adverse effects like hair fall, kidney damage, lung and bone marrow [4, 5]. Thereby it is challenging to de-
liver the anticancer drug to the tumor site. Thus, by this reason there is a need in urgent requirement to de-
velop a targeted drug delivery system for the selective action of drugs toward the growing cancerous cells
with minimum side effects. [5]. It is expected that marked medicines specifically taken up by target cells, can
significantly improve the effectiveness of cancer therapy. In recent years, drugs containing different targeting
ligands like polysaccharides, folate and peptides are tested to increase antitumor activity [6-10].

In order to eliminate such toxicities the methods have been developed under which the therapeutic agent
is targeted by conjugation to a tumor-cell-specific small-molecule linker, thereby minimizing exposure to
healthy cells and related side toxicity [11]. Delivering of the therapeutic agent with no affinity for normal
cells but a strong affinity for abnormal cells with a targeting ligand is the best approach to improve safety
and effectiveness of the drug. There are many advantages of targeted medications over their non-targeted
equivalents. Besides, the targeted drugs can specifically distribute their medicinal payloads into the cancer
cell, thus preventing non-specific absorption and related normal cell toxicity [12, 13]. In order to achieve
effective tumor-targeting drug delivery, it should consists of tumor recognizing moiety and chemotherapeutic
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agent which directly connected through a linker. As a result conjugate acting 'prodrug’ is formed which upon
incorporated in cancer cell readily undergoes to splitting and regenerate the activity of cytotoxic agent [14].

All living cells need vitamins for survival and whereas the main physiological characteristic of cancer
cell is an increased appetite for crucial vitamins because of their fast growth [15, 16]. Thus, the receptor in-
volved for the absorption of vitamins will be overexpressed on the surface of cancer cells. Crucial vitamins
like Folic acid, biotin, Vitamin B12, and riboflavin are required for tumors rapid growth. One of the ap-
proaches is to combine the drugs with vitamins that detect tumor-associated antigens, which raise the sensi-
tivity of cancerous cells to ligand-targeted therapeutics and decrease the exposure of healthy cells to
drugs [2]. Recently, it is observed that the folate receptors are more overexpressed in the cancer cells in
comparision to normal healthy cells. So, it is accepted that folate receptors may act as excellent biomarkers
[16-20]. Folate receptor alpha (FRA) is overexpressed on the surface of multiple types of tumors, including
cancer of the pancreas, liver, breast and ovary. Folate can bound to anticancer drugs. The best approach is
targeting the FRA-positive tumor cells with several therapeutic probes using folic acid conjugates. Folate
conjugates can achieve cancer-specific drug delivery with minimal toxicity [21-23]. Biotin acts as a growth
promoter especially in the tumor, as compared to normal cells. Recently it has been reported that biotin re-
ceptors are also more overexpressed in the cancer cells like breast, lung, renal, ovarian in contrast to folate as
well as vit. B12 receptors [15, 16]. Combination of the anticancer drug with any particular vitamin gives vit-
amin-anticancer drug conjugate. Conjugation of anticancer agents with vitamin, has proven a novel prodrug
approach, improving specificity with minimum side effects. The conjugation scaffold can improve potency
as well as bioavailability of cytotoxic agents. The vitamin drug conjugate provides a high dose of a cytotoxic
drug to the targeted cancer cell, so the essential vitamins like biotin, vitamin B12, folic acid, riboflavin may
act as targeting moiety towards cancer cells. Most commonly, vitamin B12 and folic acid suggested as a tar-
geting agent to tumor cell. Vitamin drug conjugate like folic acid -drug conjugate, Vit.B12—drug conjugate,
biotin -drug conjugate and Vit.E—drug conjugate, as well as vitamin C—drug conjugate are listed in this re-
view.

Other than cancer, tuberculosis is also one of the chronic illness, so there is an urgent need to find an ef-
fective treatment against chronic tuberculosis infection. Mycobacterium tuberculosis is the pathogen agent
causing the infectious disease tuberculosis. Tuberculosis is one of the terrible human diseases which infects
about 9 million of the population, including 1.5 million deaths in 2013 as per the WHO survey [24]. Drugs
used for the treatment of TB are categorized into two groups; first-line drug and second-line drugs. The most
commonly used first-line drugs for the treatment of tuberculosis are Isoniazid, Rifampicin, Ethambutol and
pyrazinamide [25]. These drugs develop multidrug resistance because of the lengthy period of treatment,
mostly 12—-18 months or more [26]. Thereby there is a need of searching for a new anti-tubercular agent or
other supportive therapy [27]. Vitamins also play a crucial role to prevent the spread of this chronic illness.
Any bacteria like mycobacterium tuberculosis needs essential vitamins like biotin, thiamin to fulfil their re-
guirement and to initiate their infection. Vitamin C, for instance, has antimycobacterial property. Vitamins
act as a promising agent to change life cycle as well as the biology of mycobacterium tuberculosis and helps
to stop the spread of infection [27]. Lipid drug conjugate improving the bioavailability of the anti-tubercular
drug by incorporation of short lipid chain is discussed in this review. Limitations associated with the anti-
tubercular drugs like Isoniazid, Rifampicin, Ethambutol and pyrazinamide is liphophilicity issue resulting
poor blood-brain barrier penetration. Lipid-antitubercular drug conjugate is also a new approach having po-
tential to enhance efficacy, bioavailability, with reduction in drug resistance.

Vitamin drug conjugate is the novel term that provides selective delivery of cytotoxic agent towards
cancer cells with desirable therapeutic effect. This review focuses on the requirements that must be met to
achieve the necessary therapeutic efficacy with minimal side effects during the design of vitamin drug con-
jugate. This review also emphasises on various vitamin drug conjugate reported to date with its synthetic
methodology and pharmacological evaluation. Vitamin drug conjugates like folic acid drug conjugate, vita-
min B12, biotin, vitamin E, vitamin C—conjugates are listed in this review. All these conjugates were studied
to find out the best fit conjugate in terms of its clinical applicability.

1 Vitamin-Drug conjugate

Vitamin-Drug conjugate is considered as a targeted drug delivery system for tumors. It generally con-
sists of the drug connected directly or through a linker to the targeted moiety to form an active pharmacolog-
ical object, i.e the 'vitamin-Drug conjugate’ (Fig. 1). The benefits of vitamin drug conjugate are nontoxic and
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it must be stable in circulation and do not harm to normal cells. Upon entry of this conjugate into the cancer
cells, it should effectively release the anticancer drug without losing biological activity [5, 28].

Vitamin Drug R SEACER

Conjugate WUBLE IR

Figure 1 Vitamin-drug conjugate

1.1 Vitamin B12- drug conjugate [30].
1.1.1 Vit-By,-metal conjugate

The cancer cells need vitamin B12 and more cellular uptake, so it can be concluded that on conjugation
with vit. B12 increases tumor selectivity and enhance therapeutic outcomes. This type of conjugate consists
of an anticancer drug with tumor imaging metal-containing compound [31]. A variety of vitamin B12 metal
analogues are identified to date, but some provide a promising proof of concept promoting the use of
cobalamins in targeted chemotherapy and diagnosis as metal-based medicine and imaging drug carriers
[31, 32]. There are number of studies on platinum and other metal-based anticancer agents, but on other hand
the clinically established anticancer drug cisplatin has some disadvantages, like low bioavailability, water-
solubility, lack of tumor selectivity and undesirable side effects proved. In spite of its harmfulness the plati-
num complex was clinically approved and accepted because of its pharmacological activity with less side
effects [31, 33-34].

Platinum

Cisplatin is also platinum-based drug with anticancer activity. However there are some disadvantages of
this drug, such as nephrotoxicity, neurotoxicity, phototoxicity, nausea etc. Alberto et al. developed a method
to overcome the problem associated with anticancer drug cisplatin and its side effects. Conjugation of
cisplatin with cobalamine (vit B12) increases tumor selectivity and enhance the clinical output [31, 35, 36].
Metal containing scaffolds is attached to the nitrogen atom to the cyano group on vit B12, producing a deriv-
ative (B12-Co-111-CN-M) where vitamin is functioning as a ligand. A further step is vitamin B12 converted
to its cofactor (either methylcobalamine or adenosylcobalamin) required for reduction of Co (1) to Co (II)
by removing bioactive molecule Vit.B12 Co Ill. CN is mixed with metal. The formed cyano metal fragment
(CN-M) release directly inside the cell. This cyanocobalamine metal conjugate (Figure 2) considered as
prodrug, which shows the clinical endpoint [31, 36].

+
TH3 l

HsN——Pt——Cl
I o

i |

Co o ///,,,,,/R B
e
Q—‘O)J\N/\/\/N/ ‘\CO

H

Figure 2. Vitamin B12-Platinum Conjugate
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In vitro cytotoxicity experimental investigation on adenocarcinoma of human breast cells (MCF7) and
adenocarcinoma of cells of human ovary(A2780) demonstrated that differentiated Pt (I11-Cyano complexes
exhibited antitumor action equivalent to that seen in cisplatin, suggesting that (B12-Colll-CN-Ptll) analogue
should be considered as an active drug because they have an affinity to generate Pt-1l containing antitumor
drug quickly in the body effectively. Unfortunately, this theory was not compatible with the data that the
original analogues were less carcinogenic than cisplatin [31, 37].

1.1.2 Colchicine- Cobalamins conjugate

Colchicine functions as a spindle toxin with a mode of action close to that of taxanes, and it also acts as
a cytotoxic agent. Colchicine inhibits the polymerization of tubulin and prevents cancer cell proliferation at
metaphase in mitosis. But colchicine has not proven effective for cancer therapy to date because of its over-
bearing toxic effects that cause undesirable side effects at endovenously medication [38—40]. Using the
cobalamin leads to selective delivery of colchicine to tumor cells, the side effects associated with colchicine
can decrease drastically [38].

Joshua et al., developed colchicine-cobalamin conjugate (Fig. 3). By substitution at the C7 position of
colchicine by p-alkoxy-acetophenone and bonded with cobalamin via hydrazone, which has acid sensitive
nature. Malignant cells are more likely prone to cellular absorption of this scaffold. Upon interaction of this
scaffold with cancer cells occurs hydrolysis of the acid liable hydrazone linker inside the lysosome. Colchi-
cine behaves as a powerful antineoplastic agent, helps to balance the microtubule as well as shows cellular
apoptosis. This scaffold is highly stable at pH 7 and in the cellular medium, is more susceptible to hydrolysis
at pH 4.5, having a half-life of 138 min. This scaffold display LC50 values in nanomolar across the variety
of cancer cell such as brain, breast and melanoma in cellular medium. The increase of the drug's bioavailabil-
ity by overcoming the undesirable side effects associated with tubulin can be achived by adding colchicine to
cobalamin. The in vitro cytotoxicity of this bioconjugate is equivalent to that of existing chemotherapy med-
ications such as paclitaxel and docetaxel. However, bioconjugate is highly soluble in water and considerably
inexpensive than paclitaxel or docetaxel [38, 41-43].

a,b
CN
&
N,
0
O)LNH/\/\/\,NHz

( a) Glutaric anhydride in DMSO : (b) EDCI , NHS in DMSO ( 34% yield, 3 steps )
Figure 3. Synthesis of colchicine cobalamine conjugate

2 Folic acid-drug conjugate

Folic acid is one of the essential vitamins, and folate receptors act as a target for the cancer treatment
[44]. The folate receptors are recently emerged as a promising theragnostic target due to their great function-
al flexibility in multiple solid tumors [45]. The major problem is the delivery of anticancer drug due to non-
selectivity, which result in toxicity because having an inability to distinguish between cancer and normal
healthy cells. This problem can be resolved by conjugating anticancer drug with folic acid. Folic acid acts as
a targeting ligand to deliver many therapeutic agents towards growing tumors tissues. Folic is used as a tar-
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get because it easy conjugate with therapeutic, as well as diagnostic agent and also shows a high affinity to-
wards the folate receptor. Most important that folate receptor is limitly distributed in the normal cell, but
overexpressed in cancer cells [46]. This foremost approach involves linking FA to the anticancer drug form-
ing small molecule drug compound to get effectual clinical output. Folate conjugate attached to folate recep-
tor by means of endocytosis process, which is overexpressed in cancer cells and attached drug shows its
therapeutic output after cellular administration. [44].

2.1 Folic acid- Bleomycin conjugate

Most challenging step in cancer therapy is to deliver anticancer drug due to their non-selectivity and
systemic toxicity [47]. Bleomycin acts as an anticancer antibiotic. The problem associated with bleomycin is
short half-life, less clinical output and more undesirable side effect. Due to this problem, there is limited use
of bleomycin as a therapeutic agent in cancer therapy [48].

Geersing et al., developed a method which shows that bleomycin imitates conjugate of folic acid
(Fig. 4) where folic acid conjugate with pentadentate nitrogen ligand(N4Py) through a cleavable di-sulphide
linker. This conjugate exibits promising efficacy and selective delivery of the anticancer drug in cancer cells
which are overexpressed toward folate receptor. This conjugate also increases potency as well as selectivity
of cytotoxic anticancer agent. A significant effect was seen by the MTS assay conducted in KB cells on
N4Py-S-S-FA metabolic function after 48 h, which is enhanced after 72 hours. Pentadentate iron ligand con-
jugated with folic acid can induce selective apoptosis of FR (+) cancerous cells in contrast with a minimum
effect observed for FR (—) cells. Enhanced efficacy is observed after a duration of 72 hrs due to the existence
of a disulphide bond-containing cleavable linker moiety. These observations demonstrate the strength of
therapeutics targeted by ligands, with strong potency and improved selectivity relative to compounds without
targeted moiety [47, 49-51].
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Figure 4. Synthesis of N4Py-C-C-FA and N4Py-S-S-FA
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2.2 Arabinogalactan-folic acid-methotrexate conjugate

Folic acid exibits a high affinity toward the folate receptor (FR). We proposed a new selective delivery
mechanism based on the naturally occurring polymer AG for anticancer drugs and characterized their ability
to detect, penetrate and kill tumor cells with overexpression of folate receptor [52].

Pinhasi et al., developed a method, in this FR-AG-GFLG-MTX (Folate receptor Arabinogalactan
endosomal cleavable peptide of methotrexate) (Figureb) is the conjugate which delivers a cytotoxic agent in
FR overexpressing cells. In this conjugate, folic acid and methotrexate are bond to arabinogalactan (AG) via
endosomal cleavable peptide (GFLG). The formed conjugate FR-AG-GFLG-MTX shows 6.3-fold increase
in the cytotoxic activity. This research produces a new FA bound anticancer agent conjugate to deliver meth-
otrexate to the overexpressed cancer cells in FR [40-42]. An important potential benefit of this drug delivery
mechanism is that it exibits effective therapy for malignant cells and multidrug-resistant tumor cells [52, 55].

o. OH O, OH
o]
o
HO.
HO.
N NH;
N NH. H 2
H ’ (0] N
o] N. = X
U T ReP
A )\
CHy N /k o N N NH,
N N NH, Folic Acid
Methotrexate
1. DMSO , DDC, NHS
1.DMSO, DDC, NHS 2. Ether / acetone
2. Ether / acetone
MTX - NHS * FA-NHS
1.DMSO , TEA , GFLG 1. DMSO, DDC, NHS

2. Ether ‘ acetone 2. Ether / acetone

3
GFLG H
O, N

\/\/NHZ

o
HO.
N OH
H
0 N
N = Y
(11‘ H |
i, PN
N N NH

Methotrexate- GFLG® Folic Acid - PDAY

1.DMSO , DDC, NHS

2. Ether / acetone DMSO

MTX- GFLG-NHS*®

1.0xidized Arabinogalactan
1.DMSO, TEA , GFLG 2. Borate buffer 0.1 M pH 11
2. Ether / acetone 3.NaBH,

HO. OH

HO o)
© N XN OH OH
| 0 0
N )\ | HO/ﬁ
N N NH, O OH
7 HO NH
Methotrxate-GFLG-EDA ud \j
NH
HO HN
a Methotrexate-N-hydroxysuccinamid ester ]l:ouc ACID
b Folic acid-N-hydroxysuccinamide ester TH
¢ Gly-Phe-Leu-Gly GFLG
d Folic acidpropane-1,3-diamine
e Methotrexate-Gly-Phe-Leu-Gly-N-hydroxysuccinimide ester METHOTREXATE

[ Methotrexate-Gly-Phe-Leu-Gly-ethyleneamine
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2.3 Docetaxel loaded -PLGA-PEG Folate conjugated nanoparticles

Nanoparticulate formulations incorporating anticancer drugs have recently gained much interest due to
their accumulation the tumor cells [56, 57]. Esmaeilli et al., reported a method, in which Docetaxel nanopar-
ticles were developed for folate receptor-targeted cancer therapeutics using polylactideco-glycolide-
polyethylene glycol-folate (PLGA-PEG-FOL) conjugate (Fig. 6). The FOL-coupled di-block co-polymer
was obtained by the reaction of active Folic acid with the co-polymer of the PLGA-PEG-NH, di-block,
where the folate ligands were supposed to be revealed on the micellar layer. The docetaxel loaded folate con-
jugate was formed by an emulsification process, with an overall size of 200 nm in diameter.

In contrast with the non-targeted nanoparticles, the folate targeted ones exibited a higher degree of in-
tracellular absorption via Folate receptor-mediated endocytosis process, which plays an essential role in the
absorption of nanoparticles in Folate receptor-positive malignant cells (SKOV3). These studies indicate
Docetaxel loaded-folate targeted nanoparticles are a highly beneficial drug delivery system for the tumor
cells that are folate receptor-positive and which contribute to increased cytotoxicity [56, 58-60].
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Figure 6. Synthetic scheme of PLGA-PEG-FOL conjugate

2.4 Folic acid-PEG conjugate

Folate bond polyethylene glycol (PEG) liposome are obtained for effective cancer therapy because they
have an affinity to accumulate into the tumors due to increased permeability [61, 62]. Folic acid phospholip-
id conjugation (Fig. 7) is the best approach to transfer chemotherapeutic agent to folate receptor (FR) ex-
pressing tumor. In this case is used polyethylene glycol (PEG) liposome with folate linked to the outer end of
phospholipid attached PEG molecule. It seems to be a suitable way for liposome deposition in tumor and
binding of liposome to FR on cancer cells and release anticancer drug via receptor-mediated endocytosis
process. [61, 63]. In vitro studies demonstrate that increase in the antitumor activity of liposomal agents oc-
curs via folate targeting in the FR expressing malignant cells [61, 64, 65].
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Figure 7. Folate-PEG Conjugate

2.5 Folic acid-5-flurouracil conjugated nanoparticles

Wanget al., developed a method in which folic acid (FA) shows the low target efficiency, low conjuga-
tion ratios at loading as a carrier in PLGA drug delivery system. They used 1,3-diaminopropane as a
crosslinker in FA conjugated PLGA system to reach high conjugation ratio of 46.7 %(mol/mol). The pre-
pared PLGA (Polylactic-co-glycolic acid) [66, 67] was used to encapsulated drug 5-flurouracil (5-HT) into
nanoparticles on HT-29, cancer cells were observed to be 5-69 pg/ml in-vitro. In the experiment the value
IC50 is smaller for 5-FU and 5-FU loaded PLGA nanoparticles which is 22.9 and 14.17 pg/mL, respectively.
The fluorescent microscopy image showed that targeting nanoparticles have a high affinity for cancer cells
and nanoparticles with FA. This is more significant amount taken up by cancer cells of HT-29 than the pure
drug and untreated nanoparticles. 1,3 di-aminopropane forms a new polymer by facilitating conjugation of
FA to PLGA. This FU loaded PLGA-1,3-diaminopropane folic acid nanoparticles (Fig. 8) are one of the effi-

cient approaches to transfer the drug to tumor cells [66, 68, 69].
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Figure 8. Synthetic scheme of PLGA-1,3 diaminopropane-folic acid

2.6 Guar gum loaded methotrexate-folic acid conjugated nanoparticles

Prepared nanoparticles have excellent properties for drug delivery, such as small size, including the use
of biodegradable polymers, and advantages over other innovative drug delivery systems and provide protec-
tion, increased stability. Nanoparticles can easily accumulate into the tumor cells due to their small size and
provide effective cancer treatment [70-72].

This nanoparticles are developed to target colon cancer. Sharma et al. developed guar gum nanoparti-
cles (GG-NP) with methotrexate (MTX) loaded folic acid. Emulsion cross-linking methods are used to pre-
pare the MTX charged folic acid biocompatible guar gum nanoparticles. The formed conjugate MTX-FR-
GGNP shows promising release anticancer drug methotrexate to overexpressed folate receptor and treating
colorectal carcinoma. This formulation has dual benefits tend to release the drug in the colon and case of car-
cinoma [70, 73, 74].

2.7 Methotrexate-dendrimer-folic acid conjugate

Thomas et al., demonstrated that conjugating Folic acid and methotrexate with 5th generation
dendrimer [75-77] increases the therapeutic index of Methotrexate (MTX) comparing with methotrexate
administered alone [75, 78, 79]. Batch to batch discrepancies in the number of methotrexate (MTX) and folic
acid molecules associated with each dendrimer, mainly while scale up processing resulted in differing the
therapeutic action of conjugated batches [80, 81].

The biological differences might arise from the enzymatic activity of serum esterase enzyme and result
in differences in bioavailability of selected conjugate because methotrexate is bonded through an ester bond
[75, 78]. In this study, they attempted a new methodology to generate specialized G5-MTXn adduct via a
selective synthesis process by linking MTX to the pentavalent dendrimer using an esterase-stable amide cou-
pling. Synthesized G5-MTX adduct bind to the folic acid receptor via pentavalent coupling that displays
4300-fold more significant activity than free MTX, it was demonstrated by the results of surface plasmon
resonance linking studies. This adducts resist enzyme dihydrofolate reductase and also promote cytotoxic
effect in FR-expressing KB cells lines via the FR-specific cellular interaction process and by coupling of
MTX with pentavalent dendrimer, which plays a significant role as an anticancer agent and also a targeting
molecule. The G5-MTXn adduct acts as a promising FR-selective, cytotoxic agent for the treatment of can-
cer [75, 78, 79, 82].
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3 Biotin Drug conjugate

Biotin is one of the essential vitamins and acts as a promising targeting agent. Vitamin drug conjugate
is an approach to deliver a high dose of the targeted drug to cancer cells [83]. Biotin is an essential vitamin
and is transported through sodium-dependent multivitamin transporter, which is more expressed in many
cancers cell lines like colon, breast, lung cancer cell line. Biotin shows overexpression in folate receptor, so
growing tumors more need for biotin than normal cells.

It is reported that the conjugation of biotin with many organic molecules and protein shows selective
delivery of a cytotoxic agent to cancer cells [84].

3.1 Biotin-taxoid conjugate

Yang et al., developed conjugate in which biotin is combined with new generation taxoids 5BT-1214
[83]. The approach of this invention is simple for tumour-targeted drug delivery system. The use of biotin
5BT-1214 conjugate (Fig. 9) exploits the biotin receptor's upregulation on the cancer cells. The invented pro-
cess involved the drug delivery via endocytosis mediated by vitamin receptor [16, 83].

The testing result of biotin 5BT-1214 fluorescence conjugate showed the biotin drug conjugate easily
incorporate into tumor cell and shows reduced toxicity against normal cells and also shows well systematic
stability. Therefore it is one of the best novel targeted drug delivery system for tumor cells [83]. The findings
suggest that only the biocompatible biotin-dendrimer adduct may be a successful nano-platform towards
cancer treatment and cancer detection [85].
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Figure 9. Chemical structure of Biotin-SBT-1214 conjugate

3.2 Gemcitabine-Coumarin-Biotin conjugate

Maiti et al., developed target-specific anticancer prodrug moiety Gemcitabine-Coumarin-biotin conju-
gate (Fig. 10) to treat various cancers [16, 86]. In this method, they proposed the formulation, development,
spectroscopic analysis, and in vitro biological evaluation of Gemcitabine-coumarin-biotin conjugate. This
conjugate is a multipurpose molecule mainly consisting of a splittable disulphide bond with a thiol group,
fluorescent coumarin moiety, therapeutic action given by gemcitabine and biotin is serve as a cancer-
targeting component. Breakdown of the disulphide bond occurs when a free thiol group are added, which is
exceptionally high in cancerous cells and also release of therapeutic agent gemcitabine, as well as concur-
rently rise in fluorescence intensity [86, 87].

Confocal microscopic studies demonstrate that instead of W138 cells, this scaffold is selectively ab-
sorbed by A549 cells. Fluorescence-based colocalization experiments utilizing specific lysosome and endo-
plasmic reticulum additives indicate that splitting of thiol-containing disulphide bond of the conjugate can
occur in the lysosome by receptor-mediated endocytosis process. This is latest approach with a therapeutic
and diagnostic tool that provides both therapeutic benefit, and drug absorption at the cellular level is effec-
tively controlled by fluorescence imaging [86, 88, 89].
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Figure 10. Synthetic scheme of Gemcitabin Coumarin Biotin Conjugate

4 Vit-E-drug conjugate

Vitamin-E and a-tocopherol analogues have a pro-apoptotic property and can kill cancerous cells, also
helps in the prevention of cancer without any undesirable effects [90]. Vitamin-E and tocopherol analogues
are used in drug delivery system because of their many excellent advantages like drug solubility, biocompat-
ibility and antitumor activity. Upon esterification of vitamin-E succinate, the formation of non-ionic
amphiphile known as a-Tocopheryl polyethylene glycol succinate (TPGS) shows the ability to cluster for-
mation behaviour with other organic molecules. Hence it is helpful to develop many drug formulations
which show properties like increase bioavailability and targetability of many anticancer drugs [91].

4.1 Gemcitabine-Vit E Conjugate

The main aim of this study is to test in vitro anticancer activity of gemcitabine conjugate to the
tocotrienol isomer of vitamin-E (Fig. 11) against pancreatic tumor cells [92, 93]. Abu-Fayyad et al., reported
that the free tocotrienol isomer of vit E shows the anticancer activity of gemcitabine. By using 1H NMR and
mass spectrometry analysis technique, the conjugate was identified and tested for deamination sensitivity.
The anticancer activity of gemcitabine was studied in vitro for pancreatic cancer cells BX-PC3 and PNAC-1
in which [92, 94].

¥-T3 conjugation of gemcitabine studied in vitro for enzymatic deamination showed that it was least af-
fected comparing with free and conjugated gemcitabine in solution by deamination deactivation reaction. In
vitro cytotoxicity studies indicate that an increase of anticancer activity by entrapping gemcitabine lipid con-
jugate into a nano-emulsion compared to a free drug is observed. It was concluded that for effective delivery
of gemcitabine, conjugation with ¥-T3 isomer is one of the feasible options [92, 93, 95].
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Figure 11. Synthetic scheme of Gemcitabine Vitamin E (Tocotrienol) Conjugate

4.2 Ubiquinol-Polyethylene glycol-Vit E conjugate

Both Ubiquinol and vit E have medicinal value but drawback associated with the Ubiquinol and Vit E,
shows low bioavailability, potential toxicity because they have less soluble in aqueous media [96, 97].
Cateniet al., developed a method to overcome the challenge associated with vitamin-E and Ubiquinol. The
objective of the present study is to improve the bioavailability of ubiquinol and vit E; the mixed conjugate of
Ubiquinol-Polyethylene Glycol-Vitamin E (Fig. 12) was synthesized and characterized. By spectroscopic
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methods such as 1H NMR and mass spectroscopy, the synthesized mix conjugate of PEG was characterized.
The in vitro release of the conjugate was calculated and evaluation of ubiquinol and vit E also carried out in
different pH conditions in human plasma. The obtained result indicates that at pH 7.4. occurs more release of
ubiquinol and vit E from PEG conjugate in plasma within 24 hrs. The evaluation of antioxidant activity car-
ried out by DPPH assay and obtained results show that there is no effect on antioxidant activity of ubiquinol
and vit-E after esterification with PEG.

The novel CoQ10H2-PEG5000-Vitamin E combined conjugate was obtained and observed an en-
hancement in water solubility of CoQ10, Vitamin E is predicted by this conjugate. The increase of the bene-
ficial effects and reducing the undesirable side effects of the parent products are observed. [96, 98, 99].
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Figure 12. Synthetic scheme of PEGylated Ubiquinol-Vit E conjugate
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4.3 Vit-E-neomycin conjugate

Vit E conjugated neomycin derivative (Fig. 13) is a novel approach to deliver siRNA (small interfering
RNSs) to liver cells. In this approach the neomycin derivative exibited RNAi (RNA interference) activity in
liver cancer cell [100, 101].
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Figure 13. Synthetic scheme of Vit-E-neomycin conjugate

4.4 Docetaxel loaded Vitamin-E TPGS micelle with cetuximab:

Kutty et al., and Feng et al., developed docetaxel loaded vitamin E TPGS micelle to treat triple-negative
breast cancer. For the selective delivery of docetaxel as a design anticancer drug for the treatment of triple-
negative breast cancer (TNBC), produced a Cetuximab-conjugated vitamin E TPGS micelles. Hormone pro-
gesterone receptor (PR), estrogen receptor (ER) and epidermal growth factor receptor 2 (HER2) [102, 103]
are not expressed, therefore their treatment more challenging than positive breast cancer. In docetaxel loaded
vitamin E TPGS micelle cetuximab behaves like as targeting ligand. Vitamin E TPGS micelle is designed
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with small particle size, have more drug loading capacity, also shows excellent drug release pattern. Micelles
are characterized by surface appearance, charge. [102, 104].

TNBC cell lines like MDA MB468, MDA MB 231 and HCC 38 cell line with the expression of epi-
dermal growth factor receptor 2 at a high frequency are used. Moderate and low frequencies are used to
check in vitro, anticancer activity, as well as cellular absorption of docetaxel, loaded Vit.E TPGS micelles
with cetuximab in contrast to a free drug-like Taxotere. The evaluated IC50 value indicates that the therapeu-
tic agent's concentration can kill 50 % of malignant cells in desired time, like 24 hrs. By comparing the free
drug Taxotere, the IC50 value for the micelle is obtained. Thus it was found that docetaxel loaded vitamin E
TPGS micelle exibits a 205.6 and 223.8 fold increase in anticancer activity in TNBC compared to free drug
Taxotere [102, 105].

5 Vitamin-C Conjugate
5.1 Vitamin C-Saquinavir conjugate (Ascorbyl-succinic-saquinavir)

Luo et al., and Wang et al., developed the ascorbyl-succinic-saquinavir (Aa-Su-Saq) conjugate (Fig-
ureld). It was synthesized and evaluated to target sodium-dependent vitamin-C transporter (SVCT) in order
to improve the oral absorption of prodrug saquinavir. The affinity of Aa-Su-Saq regarding efflux pump
p-glycoprotein(p-gp) and recognition by SVCT of Aa-Su-Sag have also been studied [106, 108].
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Ascorbic-succinic-saquinavir Conjugate Intermediate

i)Acetyl chloride, acetone, 4, RT. ii))K2CO3, Benzyl chloride, DMF'60?C 8h iii)50%acetic
acid, methanol, 100?C , 5h, iv)DCC,DMAP, ?-(tert-butyl)Succinic acid,CH2C12,24 h,
v)TFA,RT,2h vi) DCC, DMAP, CH2CI2,24 h vii)H2,10% Pd/C,THF 24h

Figure 14. Synthetic scheme of Ascorbic-succinic-saquinavir Conjugate

Polarized MDCK-MDR1 and CaCO-2 cells were taken to determine transepithelial permeability, and
rat liver microsomes were used to study the metabolic stability of Aa-Su-Saq. Aa-Su-Saq is stable in DPBS
and CaCO-2 cells, having a half-cell life of 9.65 and 5.73 h. In MDCK-MDRL1 cells, saquinavir absorption
increased by 2.7 and 1.9-fold at the conc. 50uM Saq and Aa-Su-Sag. In MDCK-MDR1 and CaCO-2 cells,
cellular accumulation of AA was decreased by 50—-70 % compared to control in the presence of 200uM of
Aa-Su-Saq. In the presence of SMpu ascorbic acid, the uptake of AA-Su-Saq was decreased by about 27 % to
34 %, and absorptive permeability was increased about 4.5-fold. The efflux index was lowered about 13-15-
fold in polarized MDCK-MDR and CaCO-2 cells. Aa-Su-Saq not only free from cytotoxicity but also shows
an increase in metabolic stability because it shows less affinity toward CYP3A4 [106, 107, 109].
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6 Lipid-Drug conjugate
6.1 Stearoyl chloride-Isoniazid conjugate

Isoniazid is the first line anti-tubercular drug in the treatment of tuberculosis. However, there is some
limitation associated with its hydrophilic nature, therefore exibits low permeability and have less affinity to
cross blood-brain barrier, which results in the low therapeutic output. This problem can be solved by incor-
porating hydrophobic moiety of the covalently linked lipid-drug conjugate of Isoniazid with a small lipid
chain of stearoyl chloride (Fig. 15). Using the method of cold high-pressure homogenization also improves
the bioavailability of Isoniazid; lipid-drug conjugate nanoparticles were produced by using an agueous sur-
factant. The physicochemical analytical methods like transmission electron microscopy, differential scanning
calorimetry, X-ray diffraction method were applied to characterize nanoparticles. In vitro, drug release stud-
ies conclude that at pH of 7.4, in phosphate buffer solution shows sustained drug release up to 72 hrs. Higu-
chi model of diffusion is an attractive one to study the drug release profile of nanoparticle.

This lipid drug conjugate is effective in mycobacterium tuberculosis infection by intracellular traffick-
ing into endosomal and lysosomal vesicles and colocalization with intracellular protein like CD63, LAMP-2,
EEAland Rabl11. These nanoparticles exibit affinity to improve effective intracellular absorption of water-
soluble drug Isoniazid [110, 111].

N, N dimethylacetamide

X + Cl)j\/\/\/\/\/\/\/\/\ _—

F Steryl chloride Pyridine

Isoniazid

O

o JI\/\/\/\/\/\/\/\/\
NH

7 Stearoyl Isoniazid

Figure 15. Synthesis of Isoniazid- Stearoyl chloride conjugate

Other approaches for the treatment of cancer and other diseases
7 Polymer drug conjugate

Cancer is considered as chronic illness which responsible for the elevated mortality rate in the world.
The effective treatment for the cancer illness is the administration of the chemotherapeutic agent, even
though its clinical status is not acceptable. The use of antitumor agent is minimal because it may cause seri-
ous complication. Therefore, to protect the normal cells from the severe side effects associated with a
chemotherapeutic agent, «Polymer—Drug conjugate» is synthesized.

«Polymer—Drug conjugate» is a drug carrier system that consists of three components like a molecular
targeting moiety, solubilizing moiety and active ingredient. Polymer-Drug conjugate in which the active drug
is incorporated into the polymeric material. Polymer-Drug conjugate is also regarded as polymeric prodrug
[112-114].

7.1 Methotrexate-Poly(glycerol-adipate) conjugate

Polymer drug conjugate is specially designed and intended for cancer therapy. The present study men-
tions the first polymer-antitumor drug conjugate obtained by cobination of poly-(glycerol adipate) with anti-
tumor agent Methotrexate (Fig. 16). By using carbodiimide mediated reaction, MTX-PGA complex was de-
veloped with the reproducible result and with different high MTX molar concentration; the MTX-PGA ad-
duct is self-build into size nanoparticles. The size of the nanoparticles depends on medium pH and the quan-
tity of methotrexate. The change of particle size of NPs resulted in stearic hindrance and build bulkiness
within nanoparticles centre and separation of the free functional group of the active agent.

MTX-PGA nanoparticles exibit stability at ionic strength equivalent to 0.15M HCI, in the medium hav-
ing pH 5-9. They also show chemical stability at pH 7.4 in case of hydrolysis for 30 days, even though it
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undergoes enzymatic degradation and release of free drug in unchanged form. In comparison with MTX-
PEA NP, earlier reported studies indicated that by conjugating MTX with serum albumin exhibits > 300
times less potent than pure MTX. But MTX-PEA nanoparticles are slightly potent than free MTX in 791T.
Along with the studies on enzymatic degradation, these results show that a linker moiety is not a necessary
element with a useful biodegradable polymer. Therefore, these quickly produced PGA drug conjugates with-
out a linker moiety can be a practical new approach for polymer-drug conjugate growth [115].
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Figure 16. Methotrexate-Poly(glycerol adipate) conjugate

7.2 Docetaxel loaded polymeric nanoparticles

In this study, the drug is conjugated with a polymer producing polymeric nanoparticles to overcome ob-
stacles associated with chemotherapy.

Docetaxel loaded trans-retinoic acid with poly-B-amino ester (ATRA-g-PBEA) nanoparticles is pro-
duced by encapsulation. Docetaxel is conjugated with trans-retinoic acid(ATRA) with poly-B-amino ester by
the solvent displacement method. Using Zeta-sizer, the size and zeta potential of nanoparticles were meas-
ured and the morphology of nanoparticles was evaluated at pH 7.4, and 5.8. with the transmission electron
microscopy. The in-vitro drug release study was studied. The cytotoxicity, anti-angiogenic effect and blood
compatibility of this controlled release nanoparticles, also studied. The DTX loaded ATRA-g-DBAC nano-
particles show more cytotoxicity and better anti-angiogenic effect compared to free all trans-retinoic acid and
docetaxel in chemotherapy. ATRA-g-PBAE nanoparticles are an attractive controlled released system com-
pared to chemotherapy [116].

7.3 HPMA co-polymer-Dexamethasone conjugate

Liu et al., and Quan et al., developed pH-sensitive conjugate of N-(2-Hydroxypropyl) methyl acryla-
mide (HPMA) containing Dexamethasone polymeric conjugate is able to strengthen the therapy of rheuma-
toid arthritis. Reversible addition-fragmentation transfer (RAFT) polymerization technique is used to create
an unique pH-sensitive and cross-linked Dexamethasone-containing monomer (MA-Gly-Gly-NHN=Dex)
with HPMA. The scaffold of Dex-HPMA co-polymer conjugate was studied as well as its biological effec-
tiveness was also tested on rodents with adjuvant-induced arthritis (AlA). Polymeric Dexamethasone conju-
gate was obtained with poly-dispersity index and with controlled molecular weight. Dexamethasone contain-
ing monomer (MA-Gly-Gly-NHN=Dex) regulates feed-in proportion ration Dexamethasone material.

The molecular weight of polymeric Dexamethasone conjugate is 34KDa and PDI is 1.34. at in vivo and
in vitro assessment. The release of Dexamethasone from conjugate is caused due to low pH; it is demonstrat-
ed by in vitro drug release tests. Polymeric Dexamethasone conjugate has a significant and lengthy anti-
inflammatory effect and joint safety. These properties are revealed by the tests such as, endpoint bone miner-
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al density and histology grading. Conjugate of Dexamethasone—HPMA co-polymer is obtained with a very
well structure is effective against rheumatoid arthritis. In the treatment of rheumatoid arthritis, it also has a
specific therapeutic potential [117].

Conclusions

Chemotherapy is the golden method to treat a chronic disease like cancer, but there is some complica-
tion associated with chemotherapeutic agents causing undesirable side effects with systemic toxicity to the
normal cells. Therefore, to avoid this problem, a new approach called «vitamin-drug conjugate» is devel-
oped. Many research studies reported various vitamin-drug conjugate like folic acid conjugate, Vitamin B12
conjugate, vitamin-C conjugate, vitamin-E conjugate, Biotin drug conjugate etc. In the case of Lipid drug
conjugate, many drugs cannot cross the blood-brain barrier due to their hydrophilic nature. Thus, this prob-
lem can be solved by combining hydrophilic drug with short-chain of lipid resulting in new adduct is known
as «Lipid-Drug conjugatey.

The review describes vitamin drug conjugate which is the newly emerged concept for targeted drug de-
livery to the cancer cells with achieving desirable clinical output. The recent studies revealed that cancer
cells are more overexpressed to vitamins than normal cells, so using the method receptor-mediated endocyto-
sis system can deliver a cytotoxic agent to the cancer cells and may not harm any normal cells. To strengthen
this concept, many approaches were studied like conjugation with metals, conjugation with gums and conju-
gation with vitamins etc. Metal drug conjugate is the clinically approved method as it can deliver both thera-
peutic and diagnostic agents to the cancer cells with a fewer side effect.

Vit.B12 conjugate, in this cobalamin, is covalently bound to the anticancer drug and produce high bio-
logical activity. Therefore the conjugation of drug with vitamin exibits high efficacy and low systemic tox-
icity. In folic acid conjugate, folate receptor is highly overexpressed on cancer cells compared to normal
cells. Thus selective drug delivery of cytotoxic agent toward malignant cells can be achieved by binding with
folic acid. That is why it is one of the promising methods that have the potential to treat a variety of cancers
in future. a-Tocopherol polyethene glycol succinate is an ester form of vitamin E succinate that shows excel-
lent properties like increase selectivity as well as bioavailability of anticancer drugs. Another preparations
like biotin conjugate, Vitamin-C conjugate and vitamin-A conjugate also proved to be useful in cancer thera-
py and reducing the toxicity. The folic acid drug conjugate was found to be most active and pharmacologi-
cally effective amongst all the other conjugates for the treatment of cancer.

Few challenges may arise associated with vitamin drug conjugate, as a synthesis of the conjugate in
cobalamin drug conjugate and biotin drug conjugate. Vitamin B12- metal conjugate shows accumulation in
non-targeted organs and leads to a severe undesirable side effect. Thus, it is nessessary to design such conju-
gate that shows increased uptake and selectivity toward tumor in order to avoid accumulation in organs.

Tuberculosis infection treatment drugs develop multidrug resistance due to the more extended treatment
period. This problem can be resolved using vitamin as a target molecule to stop the spread of tuberculosis
infection. In addition to anti-tubercular therapy, the newer drug is conjugating with vitamins like vitamin-C
and vitamin-D are useful and one of the novels approaches against tuberculosis infection in the future.

In future vitamin drug conjugate is an attractive approach of targeted preparation delivery to the many
life-threatening disease like cancer, tuberculosis etc.

The summary of these methods and its advantage are shown in the Table.

Table
Vitamin drug Conjugates
Sr. . .
No Vitamin Drug Conjugate Advantages
1 2 3
1 |Vitamin B12-Metallodrug |- Vitamin B12-Metal conjugate can overcome the problems associated with anti-
conjugate cancer agents.

— The increase in tumor selectivity and enhance clinical output by conjugating metal
with cobalamin.

— In vitro cytotoxicity experiments carried out on adenocarcinoma cells of human
ovary and human breast cells demonstrated that Pt-11 Cyano complex exhibit anti-
tumor activity and quickly release antitumor drug in the body.
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Continuation of Table

1 2 3

2 |Colchicine- cobalamin — This scaffold is effective against variety of cancers like brain, breast and melano-

conjugate ma.

— Colchicine-cobalamin conjugate is one feasible option to resolve the problem as-
sociated with tubulin targeted anticancer drug.

3 |Folic acid-Bleomycin — This conjugate increase potency as well as selectivity of anticancer agents into

conjugate tumor cells which over expressed toward folate receptor.

4 |Arabinogalactan-folic acid- |- Folate targeted arabinogalactan linked methotrexate adduct shows 6-3-fold in-

methotrexate conjugate crease in cytotoxic activity as well selective delivery of antitumor agent into the
cancerous cells.

5 |Guar gum loaded metho- |- These nanoparticles were designed to target colon cancer.

trexate-folic acid conjugated [ Guar gum loaded methotrexate-folic acid nanoparticles play dual function, it pro-
nanoparticles vides robust treatment against the colorectal carcinoma and also show efficacy in
case of another carcinoma.

6 |Methotrexate-dendrimer- |- The coupling of methotrexates with 5th generation dendrimer result in increase of

folic acid conjugate methotrexate therapeutic index comparing to free methotrexate.

— This conjugate is not affected by serum esterase enzyme activity because it syn-
thesized by esterase stable amide coupling, so this adduct exibits 4300-fold greater
biological activity in contrast with free methotrexate.

7 |Docetaxel loaded -PLGA- |- Folate targeted docetaxel loaded NPs shows displayed a higher degree of intracel-

PEG Folate conjugated na- lular absorption in Folate receptor-positive malignant cells (SKOV3).
noparticles

8 |Folic acid-PEG conjugate |- It is novel approach to deliver anticancer agent to cancerous cells by conjugating
folic acid to phospholipid.

—Via folate targeted drug delivery system can be increased anticancer activity of
liposomal active agent in FR expressing cancerous cells.

9 [Folic acid-5-fluorouracil —5-FU conjugated nanoparticles have high affinity toward malignant cells HT-29

conjugated nanoparticles compared to pure drug and display the excellent anticancer activity in the 5-HT
cells, it is demonstrated by florescent microscopy.

10 |Biotin-Taxoid conjugate — Biotin conjugated with taxoid 5BT-1214, this scaffold is easily integrated into
tumor cells and reduce the cytotoxicity of the normal healthy cells. So, it is novel
approach and targeted drug delivery of cytotoxic agent to the tumor cells.

11 |Gemcitabine-Coumarin- — This conjugate is multipurpose molecule, which selectively absorbed by the can-

biotin conjugate cerous cells A549 instead of W138 cells.

— This multipurpose scaffold provides both therapeutic benefit and also drug absorp-
tion at the cellular level in malignant tumors.

12 |Ubiquinol-Polyethylene — Ubiquinol-PEG-Vit.E conjugate resolved the problem associated with ubiquinol

glycol-Vit E conjugate and vit.E like poor bioavailability, potential toxicity.

— In vitro study carried out at different pH conditions in human plasma obtained
results revealed that at pH 7.4 there is more release of ubiquinol and Vitamin-E
from PEG conjugate in plasma within 24hrs.

13 |Gemcitabine-vitamin-E — In-vitro studies demonstrate that by conjugating gemcitabine with vit.E which is

conjugate least affected by deamination deactivation reaction compared to free drug.

— In-vitro cytotoxicity studies revealed that increase of anticancer activity by en-
trapping gemcitabine in lipid conjugate compared to free drug is observed.

14 |Docetaxel loaded vit-E — DTX-loaded vit-E TPGS micelle have small particle size, have high drug loading

TPGS micelle with capacity and excellent drug release pattern.

cetuximab —The TNBC cell lines like MDA-MB468, MDA MB 231 and HCC 38 cell line
have been used to check in vitro activity and was found that docetaxel loaded vit-
amin-E TPGS micelle shows 205.6 and 223.8-fold increase in anticancer activity
in TNBC cell line compared to free drug Taxotere.

15 |Vitamin-C — Saquinavir |- In MDCK-MDR1 cells the absorption permeability of saquinavir is increased

conjugate (Aa-Suc-Saq) about 4-5-fold from Aa-Suc-Saq conjugate.

— Aa-Suc-Saq conjugate is free from cytotoxicity and show excellent metabolic sta-
bility because it shows less affinity toward CYP314.

16 |Stearoyl chloride -Isoniazid |- Isoniazid-stearoyl chloride conjugate is effective in tuberculosis infection, by in-

conjugate tracellular transfer into endosomal and lysosomal vesicles.

— The addition of hydrophilic drug isoniazid to short lipid chain stearoyl chloride
result into increase of Isoniazid's bioavailability.
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JlopymMeHi aapijlik KOHBIOTAT: (PAPMAKOJIOTHAIBIK
NMOTEHIUAJIBIH KYHeJai Typae Tanaay

Karepni icik emiMre okemyi MYMKiH CO3BUIMANIBI aypy Ooibin TaOpuIafbl. JlocTypii XuUMuoOTepamusga
LOUTOTOKCHKAJIBIK Mpenaparrap keOelin 6apa jkaTKaH KaTepdi iCiK yKacylIaJapblH jKOI0 YIIIH KOJJaHbUIaIbL.
LUTOYBITTEl areHTTiH TalfaMIbIFbl TOMEH OoJanasl, OHMOJOTUSIIBIK OCICEHIUIIK TaHBITHAMIBL, >KYHETiK
YBITTBUIBIK ITIEH JKarbIMCBI3 ocep eTemi. JKbUI calblH XaJbIKTBIH 1,8 MWIIMOHFA JKYBIFBI TyOepKyJses
MH(EKIUACHIH JKYKTBIPBIT, COHBIH calgapblHaH KaWThICc Oonaabl. TyOepKysesmi emaey Ke3iHe Iopilik 3aTka
TO3IMAITIKTIH JKOFapbUIaybl MaHbBI3ABI Macene Oonbin TaObutanbl. COHBIMEH, Jopire TYpaKTBUIBIKTHI,
TyOepKyJie3 HHEKIHUACHIHAFbl TOPUTIK CEeNEeKTHBTUIIKTI XKaHE LUTOYBITTHI areHT MeH TyOepKynesre Kapchl
npenaparTapblH KaHaMa dcepiepiH a3alTyAbl MEIyIiH *KaHa d/IiCiH HeMece TEPalmsAChIH JKacay oTe 03eKTi
Macene. by mony makanana jkaHamaH maiina OOJFaH «IOPYMEH—IOPUIIK KOHBIOTAThD) TYXKbIPhIMIaMachl
cumatTainraf. JJopyMeH—Iopiik KOHBIOTaT — OYJI MaKcaTThl OPBIHFA Kapail apHaibl )KETKI3UIETIH mpenapar,
KaTepJii iCiK jkoHe TyOepKyJie3 CHSAKTHI CO3BUIMAlbl aypyllaplIbl eMICYIiH KOHE TEpaleBTIK HOTHKEIEpl
JKaKCApPTYIbIH TEePCIECKTHBAIBI OMiCTepiHiH Oipi. JKYMBICTBIH MakcaThl — jKaHa KaTepii iCIKKe »oHe
TyOepKyJie3re Kapchl INpernapaTThlH KypaMblHa KipeTiH NOpYMEHHIH SCEpiH 3epTTeyre, CENeKTHBTI eMec,
JKYUEITIK YBITTBUIBIK YKOHE KO TOPUTIKKE TOIIMIITIK CHUSKThI KHUBIHIBIKTAP/IbI )KEeHYT'e OaFrbITTanFad. by Tocin
eMipre Kayil TOHIIpETiH KaTepli iCik, TyOepKyie3 CHSKTBI aypylapAbl eMJIeyJie KOHe KONTEreH BHUPYCTHIK
HHEKIusIIapaa THIMII.

Kinm ce3oep: xarepmi icik, TyOepKyse3, TopyMeH—Iopillik KoHbloraTel, B12 mopymeHi KOHBIOTATHI, (HOIHIA
KBIIIKBUIBIHBIH, KOHBIOTaThl, GHOTHH KOHBIOTAThI, E 10pyMEeHi KOHBIOTATHI, JTUIUATI 10pi KOHBIOTATHI.

P.I1. bxoure, Worura Munge, U.I'. bouae, P.JI. Bapxeiin

KoHnblorar BUTAMUH — JIeKapCTBEHHBI Npenapar:
cUCTeMAaTHYeCKHid 0030p (papMaKoJIOrH4ecKOro NOTeHIHAIA

Pak sIBISICTCS XpOHUYECKUM 3a00JIEBaHHEM, KOTOPOE MOXKET NMPHUBECTH K CMEPTH. B TpaguInOHHONW XHMHO-
Tepanuy HUTOTOKCHYECKUE MpenapaThl HCIOIB3YIOTCS UIsl YHUUTOXKEHHST IPOIU(EepHUPYIOIINX PAKOBBIX Kile-
ToK. LluTOTOKCHYECKHIA areHT 00J1aJaeT MEHBIIEH CIIEN(PUIHOCTHIO U OHOJOTHYEeCKO# aKTUBHOCTBIO, TAKKE
BBI3BIBACT CHCTEMHYIO TOKCHYHOCTh M HEXXeNaTeIbHbIe M0O0YHbIe 3 dekTrl. ExxeroqHo okoino 1,8 Mummona
YEeNOBEK 3apaXKar0TCs M YMHPAIOT OT TyOepKyie3Hoi nH(ekuuu. [1oBhIIeHNe JIeKapCTBEHHON YCTOWYABOCTH
BO BpeMsI JIeueHHs TyOepKyJie3a BRI3bIBACT CEPhE3HYI0 03a004eHHOCTh. TakuM 00pazoM, HEOOXOIMMO pa3pa-
00TaTh HOBBIN MOAXOA WM METOABI JEUSHUS ANl YCTPaHEHMs JEKapCTBEHHOW yCTOWYMBOCTH, JIEKApCTBEH-
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R.P. Bhole, Yogita Shinde et al.

HOH CEIEeKTHBHOCTH MPH TyOepKyJie3HOH MH(EKIMU U YMEHbIICHHS MT000YHBIX 3P (HEKTOB IUTOTOKCHIECKUX
areHTOB M NIPOTUBOTYOEPKYJIE3HBIX MpenapatoB. B naHHOI 0030pHOI cTaThe ONUCAHO HEABHO MOSBHBILEECS
HOHATHE «BUTAMHHHO-JICKAPCTBEHHBIII KOHbIOraT». KOHBIOraT BUTAMUH—JIEKAPCTBO — IIpenapar, KOTOPbIH
CIIEIMAIBHO JIOCTABIISIETCS] K MECTY Ha3HAUCHUS, W OJIMH M3 MHOTOOOEIIAIOIINX CIIOCOO0B JISUEHHsT XPOHHIEe-
CKHX 3a00JIeBaHHH, TAKUX KaK PaK ¥ TyOepKyJe3, H YIydIIeH!Us TepaleBTHIecKoro pesyabraTa. Lems paboTs
— W3YYUTH BUTAMUH KaK IIEJEBYIO COCTaBILIOLIYIO [UISI HOBOTO IPOTHBOOITYXOJICBOTO U IIPOTHBOTYOEpPKY-
JIE3HOTO Mperapara MpU MPEoJOJIeHNH TaKUX IPoOieM, Kak HEeCeIeKTHBHOCTh, CUCTEMHas TOKCHYHOCTH M
MHOYKECTBEHHAs JICKApCTBEHHAsl YCTOHYMBOCTb. DTOT MOAXO] IOJIE3CH M IIPH JICYEHUH OMACHBIX AN KU3HU
3a00JIeBaHNH, TAKUX KaK BUPYCHBIC HH(EKINH.

Kniouesvie cnosa: pak, TyOepKyne3, KOHbIOTaT BUTAMHH — JIEKapCTBO, KOHBIOTAT BUTaMuHa B12, KoHbIOTaT
(onueBoil KUCIOTHI, KOHBIOTAT OMOTHHA, KOHBIOIaT BUTaMHHA E, KOHBIOTAT JIMIHJ — JICKAPCTBEHHBIN Ipe-
mapar.
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Change in the volume of water crystallization
as a result of exposure to a high-frequency electromagnetic field

The influence of a high-frequency electromagnetic field on the process of water crystallization has been stud-
ied. Water irradiated by a field at 30-200 MHz was kept from 0 to 21 days, then it was frozen. Volumes of
ice at crystallization were compared for water irradiated and unirradiated by the field. Values located more or
less symmetrically near zero; 2) values with a predominantly positive shift, and 3) values for which the shift
is mostly negative. Positive shift was noted when combining 200 MHz and the exposure time up to 11 days.
The maximum effect of relative volume increase almost two times was observed at 200 MHz and one day ex-
posure time. The maximum compression of ice approximately three times compared to the unirradiated sam-
ple occurred twice: after field effect at 90 MHz and exposure time of 11 days, and at 140 MHz and exposure
time of 21 days. The similarity of time dependence at 170 MHz with the dependence of thermal effect of glu-
cose dissolution found in early works was noted. The data obtained confirm that field effect results in both
strengthening and loosening of water structure.

Keywords: electromagnetic field, water structure, ice structure, defects in ice structure, frequency of field ef-
fect, post-effect changes in water structure, loosening of water structure, strengthening of water structure.

Introduction

The effect of physical fields on water and water-containing systems is of interest not only from an aca-
demic standpoint, but also from a practical point of view, since water is one of the most common substances
on the earth's surface and is a part of living objects. Interest in liquid water, to which the presence of internal
structure is attributed, is due not only to the presence of physical anomalies, but also to a crucial role in bio-
logical processes. Magnetic field as well as mechanical (ultrasonic), electrical and electromagnetic ones pre-
vail among the factors of influence. There is a wide variability of influencing factors taking into account the
diverse frequency range and field strength. The effect of magnetic field on water and aqueous solution prop-
erties are most often presented in literature [1-4]. One of the important issues is to explain the nature of
changes in structural organization of water and water solutions due to field effect. Some models assume the
presence of monomolecular water and polymolecular formations, which was expressed many years ago by
Samoilov, and then by other researchers [5]. We studied crystallization processes when a magnetic field is
applied to answer the question about the strengthening or loosening of the structural organization of water
[6, 7]. O.M. Rosenthal and his team investigated the kinetics of ice crystal nucleation and growth. It was
found that the share of fine-crystalline ice increases, while the dispersion of their size distribution decreases
simultaneously in the 3 kE constant magnetic field [6]. O.M. Rosenthal as well as V.S. Dukhanin [3] be-
lieved, that the effect of magnetic field loosens the structure of water and promotes the formation of a skele-
tal rather than a close-packed ice structure. It was shown in [8], that the volume of ice increases by about
1.4 % under the influence of magnetic field.
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In turn, electromagnetic fields have a very significant effect on the properties of water and aqueous so-
lutions, which is manifested in changes of pH, electrical conductivity, redox potential, oxygen solubility [9],
as well as in changes of the substances reactivity and of the crystalline hydrates thermodynamics [10, 11].

Although the term «water structurey is criticized and perhaps deservedly is applied to liquids, many
properties of liquid water can be explained only by the presence of internal structural organization.
D. Eisenberg and V. Kautsmann did not find the term «water structure» controversial, including it in the title
of their monograph [12]. Zatsepina [13] agrees with them, using the term «structure» as well. However, this
term is hardly applicable to dynamic systems, to which liquid water should be attributed. The majority of
authors, describing the structural organization of liquid water, refer to the structure of ice, as noted in later
reviews [14].

All models mention the nonideal structure of both ice and water to one degree or another. In this regard,
it can be expected that structural defects of liquid water will influence the process of its crystallization and
affect the properties of ice. There are many methods to study the structural organization of liquid water, such
as IR, UV, NMR spectroscopy, dielcometry, etc. However, it is the structure that can be reliably studied di-
rectly or indirectly by transferring water to a crystalline state.

Naturally, the question of how the electromagnetic high-frequency field affects the process of water
crystallization and the volume of ice was of great interest in order to find out if the water structure is
strengthened or loosened due to the field effect.

Experimental

Water preparation. The field impact did not fundamentally differ from the methods used in earlier
works. The cell is described in [15]. The experiment was conducted at 30—200 MHz frequency; the exposure
time was 90 minutes. A G4-119A generator was used as the source of high-frequency signal. The difference
was that the water after field exposure was kept in a closed container for a certain time (from 0 to 21 days),
and then it was used in the experiment. This was due to the fact that a complex relationship between fre-
guency and exposure time was found after the field effect [11]. Since we used common equipment, the main
attention was paid to the crystallization process which allowed us to obtain the primary experimental data.
To increase the reliability of the estimation parameter, it was necessary to determine the ice core size as ac-
curately as possible. For this purpose, the crystallization was implemented in a narrow polypropylene tube
with an inner diameter of 5 mm and a length of 125 mm. The tubes were precisely measured in length using
a micrometer, sealed on the burner, checked for tightness, and calibrated in length again. The main problem
was to organize the process of ice crystal growth so that it starts from the top of the tube, not from the bot-
tom. Since we used a freezing chamber of the refrigerator as a cryochamber, we measured the temperature of
mixture of water and glycerin in glasses and studied the temperature field; afterwards we chose a homogene-
ous area of 10x15 cm?, where the temperature differed by no more than 1 K. The cassette for tubes was made
of PVC foam. It was 10x15 cm? in area and 3 cm thick, in which holes were made equal to the diameter of
the tubes. The selection of conditions involved changing the distance between the lower edge of the tube and
the cooling surface.

If the distance was not optimal, either swelling occurred in the lower part of the tube followed by its de-
struction, or water was squeezed out and flowed downward with a distortion of the cylindrical shape, or the
shape of the ice core deviated from the cylindrical one. The temperature during the experiment was
-2 °C. The choice of temperature was based on preliminary experiments to obtain the correct core. This was
also an important parameter, since the crystallization temperature determined the cooling rate and, conse-
guently, the rate of crystal growth. Each tube was marked individually, and the dimensions were taken into
account when calculating the relative change in the core length. Water was poured into the tubes with a thin
needle. The control of homogeneity and volume (including the absence of bubbles) was monitored visually
in front of the window. The tubes were filled on a level with the upper edge, placed in the cassette holder and
put into a cryochamber. The core was measured every other day. Ordinary distilled water was frozen concur-
rently with the field-exposed water. Each tube was measured exactly before the experiment. After crystalli-
zation, we measured its length with a protruding core and determined how much the core was above the edge
of the tube, or below it. The measurement was more complicated when the core was below the edge of the
tube. In this case, the tube was shone through and the length of the ice column was determined by the shad-
ow contour.

The mean and the confidence interval were determined using five parallel measurements. To quantify
the effect of field and time exposure, we determined Al =1 — |y, where | is the core above the edge of the tube
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for the affected sample and |, is the same for the unaffected water. To reduce the effect of error mean square,
we estimated the relative effect 6l = Al/l,. The exposure time was chosen using the data obtained in [11],
which indicated that the most significant changes took place within about 20 days. The scale of exposure
time after the field effect was as follows: 0 (immediately after the field), 1, 3, 6, 9, 11, and 21 days. Com-
pared with work [11], we increased the number of frequencies of the field effect, making a series of 30, 60,
90, 110, 140, 170, and 200 MHz.

Based on measurements and calculation of the relative change in the core length, the dependences of the
relative size of the ice core on the frequency and exposure time of water after the field effect were construct-
ed.

Results and Discussion

Figures 1 and 2 show the dependences of the relative change in the length of the ice core at different
exposure time for all frequencies used in the experiment. To simplify the analysis, we present the depend-
ences in two figures.

05
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Figure 1. Dependence of the relative change in the length of the ice core on the exposure time
after the field effect at given frequencies
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Figure 2. Dependence of the relative change in the length of the ice core on the exposure time
after the field effect at given frequencies
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As can be seen from the data presented in Figures 1 and 2, there are three groups of frequencies can be
distinguished: 1) values located more or less symmetrically near zero; 2) values with a predominantly posi-
tive shift, and 3) values for which the shift is mostly negative. Frequencies 30, 60 and 140 MHz are included
in the first group, frequencies 170 and 200 MHz are included in the second group, the remaining frequencies
are included in the third group. Although this is not a completely deterministic feature, the individuality of
the frequency factor is clearly visible. The specific nature of time dependence can also be noted. For exam-
ple, the dependences on the exposure time are antiphase both for absolute values and 4l in the frequency
range of 30 and 60 MHz. At the same time, beats are observed for up to nine days at 90 MHz, and then a
sharp shift to the negative region with a large dl takes place. The higher frequencies show a significant dif-
ference of 4l dependence on the exposure time after the field effect. High positive values are observed at 200
MHz and noticeable negative ones at 110 MHz; beats close to zero are found at 170 MHz, and all curves are
close to zero on the 21st day.

The frequency of 140 MHz stands apart; it showed an abnormally negative 4l after 21 days of exposure.

Figure 3 shows the time dependence of the core length at 170 MHz.
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Figure 3. Dependence of the relative change in the length of the ice core on the exposure time
after the field effect at 170 MHz

Comparison of the dependence form with the data given in [11] shows a sufficiently clear coincidence
of the curve up to 21 days. It shows that certain changes in the structural organization of the water network
are manifested in the same way in different processes. In this case, these are the hydration processes during
the dissolution of glucose and the process of solvent crystallization (water).

When analyzing the exposure time for different frequencies presented in Figures 4 and 5, it should be
noted the multidirectional influence of the frequency factor at short exposure time, which was observed in
Figures 1 and 2. Nevertheless, an unidirectional effect of the 200 MHz field is clearly visible: an exposure
from 0 to 6 days leads to close values of the relative core size. There is a similarity of dependences for 0 and
3-day exposure for all frequencies. If the exposure time is longer (9-21 days), the frequency dependence is
more individual, though the location relative to the zero line is similar: most values are located in the nega-
tive area.

The models, detailed in [13], can be used to explain. First of all, it should be noted that water molecules
in a liquid state have several types of motion: vibrational, rotational and translational. In addition, proton
transfer along structural defects also occurs. These motions have significantly different transformation time.
Taking this into account, it is possible to exclude fast processes and leave only slow ones, coincident or close
to the frequencies of external influence. These include the rotation of a water molecule in the surrounding
field of other molecules, which may coincide with the frequency of the field effect. Consideration of rota-
tional processes and their peculiarity is associated with the fact that usually the ice I is not an ideal structure.
It has D and L defects, the relaxation of which is caused by the rotation of individual molecules. The struc-
tural organization of water at 300 K is polymorphic according to modern models, i.e. consists of domains of
(Hzo)n type'
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Figure 4. Dependence of the relative change in the length of ice core on the frequency of field effect
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Figure 5. Dependence of the relative change in the length of the ice core on the frequency of the field effect
for different exposure times

Taking into account this fact that, it can be assumed that for each domain group there is the resonance
frequency of oscillation under the effect of an external electromagnetic field. This may lead to a redistribu-
tion of the ratio of the amount of monomolecular water (or the corresponding structural domain) and the
polymolecular domain with a certain n. In turn, such a reconstruction either promotes the «healing» of de-
fects in the ice structure, or stimulates their generation. Oscillation of the field effect in time can be associat-
ed with the fact that crystallization does not occur instantaneously, but takes a certain period of time, includ-
ing the metastable state of supercooling. During this time, the relaxation of water structure to the closest en-
ergy state can occur either with a large or smaller number of defects. Thus, it follows that when the defects
are «healed» and water does not tend to include single molecules in the cluster cavities, the volume of ice
increases in comparison with uneffected water. If the number of defects increases, the structure becomes
denser and shrinks.
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Conclusion

It is shown that the effect of an electromagnetic field of 30—200 MHz on water subsequently causes a
change in the crystallization volume of ice. The effect of changing the crystallization volume depends both
on the frequency of field action and the time of water exposition after the field action before crystallization.
Both increase and decrease in the ice volume as compared to the uneffected sample were found. The maxi-
mum effect of volume increase was observed for the frequency of 200 MHz and exposure time of 1 day. The
maximum ice compression occurred after the field effect at a frequency of 90 MHz and exposure time of 11
days as well as, at 140 MHz and exposure time of 21 days. It is considered as both loosening and strengthen-
ing of water net structure.
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b.I1. Hlunynos, M.B. 3axaposa

KoFapbIKMUTIKTI 2JIEKTPOMATHUTTIK OPICTIiH
dcepiHeH CyIbIH KPUCTAJNIAHY KOJeMiHiH o3repyi

CyIpIH KpHUCTallaHy HPOIeciHe >KOFAPBDKHUINIKTI IEKTPOMArHUTTIK epicTiH acepi 3eprrenmi. 30-man 200
MI 1 neiiiHTi )KULTIKTET1 JajaiblK OHAey e YIIbIparaH cy kaOblK biapicTa 0-m1eH 21 KyHTe AeiiH cakTasbl,
coflaH KeWiH My3/1aThUIabl. J{ananblK OHAEIMEreH CyAbIH KPUCTANaHybl Ke3iHAeri My3/bIH KOJIeMi JIaalbIK
OHJICY/IeH KeHiH Cy/bIH KpUCTAIaHybl Ke3iH/IeTi My3/IbIH KOJIEeMIMEH CalbICThIPbULABL JKuinmikTepin 3 ToObI
Gap: onap yIIiH HIamanap coylielieHOereH CyJaH ajlbIHFaH MY3/IbIH MOH/AEPiHE KATHICThl CHMMETPHSIBI TYPIE
a3/IpI-KONTi HOJIre JKaKbIH OpHAllacKaH, oJap YIIIH OH aybiCy OachlM jKoHE aybIChIM HeridiHeH Tepic. OH
KakTBUTBIK 200 MI'T KWiiriHge JKoHe OSKCIO3MIUS YakbIThl 11 KyHre neifin Oaiikanmmel. KenemHiH
CaITBICTBIPMAITBI YIIFAIOBIHBIH MaKCUMAJIIIBI dcepi mamameH 2 ece, 200 MI'n xwuinikre Oaifkanapl, 1 Toymikke
OKCIIO3UIHSAMEH, MY3JbIH MaKCHMAJIbl CBIFBLTYBI, COYJIEICHOCTeH ChIHAMAaMEH CallbICTBIPFaH/a IIaMaMeH
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3 ece, 90 MI'u xwuinikrere epic acepineH keitin 11 Toynik ycray yakbITel KesiHze sxkone 140 MI'm xuimiri
yiiH 21 Toymik ycTay yakbIThl Ke3iHAE HajlaliblK ocep eTy opbiH anabl. 170 MITI KHUiTIKTeri SKCTIOo3UIus
YakbITBIHA TOYCIAUTIKTIH epTe >KyMbICTap[a alblHFaH TJIIOKO3aHBIH €pyl JKBUIYJIBIK dCepiHe TIyeNIiIiri
YKCACTBIFBI aTall oTUIl. AJIBIHFAH MOJIIMETTEp AlalbIK SPEKSTTIH HOTIKECIHAE CY KYPBUIBIMBIHBIH KYIIEI01
e, KOIICHITYBI J1a OOJIaTBIHBIH PacTaibl.

Kinm ce30ep: 3MeKTPOMAarHUTTIK OPIC, Cy KYPBUIBIMBI, MY3 KYPBUIBIMBI, My3 KYPBUIBIMBIHAAFHl aKayJap,
OpICTIH acep eTy JKUIJITi, coyeTeHyAeH KeHiHTi Cy KypBUIBIMBIHIAFBI ©3TepicTep, Cy KYPBUIBIMBIH O0carTy, Cy
KYPBIIBIMBIH HBIFAHTY.

b.I1. Hlunynos, M.B. 3axapoBa

H3menenune 00néMa KpuCTAJUIM3allUA BOABI B pE3yJIbTaTE BO3)1€ﬁCTBHﬂ
BBICOKOYACTOTHOI'O 3JICKTPOMAIrHUTHOIO IMOJIA

M3ydeHo BiMsHHE BHICOKOYACTOTHOTO SJIEKTPOMArHUTHOTO MO Ha MPOIecC KPUCTANIN3anuy Boasl. Bona,
MOABEPIIIAsiCS TOJIEBO 00paboTke yacToToi B auamazone ot 30 mo 200 MI'm, BemepkuBanack ot 0 mo
21 nus, 3ateM 3amopaxuBanack. O0BEM Nblla MPH KPUCTAIUIU3AIMHA HEOOPaOOTAHHOW TIOJIEM BOJBI CPaBHU-
BaJICS ¢ 00BEMOM JIbJja MPU KPUCTAIUTU3ALNH BOJBI IIOCIE MMOJIeBOH 00paboTky. Brineneno 3 rpymmsl yacTor
TIOJIEBOTO BO3ACHCTBHS: 1) Te, AIst KOTOPBIX 3HAYCHHS PACIIONAraloTCs BOIM3H HYJICBOrO 3HAYCHUS; 2) Te, y
KOTOPBIX IPEBAIUPYET MOJIOKUTENBHBIN CABUT U 3) T€, Y KOTOPHIX CMEIICHHE, B OCHOBHOM, IMEET 3HAK MH-
Hyc. [lonoxwurensHoe cMmemenne otMedeHo npu couetanun 200 MI'w, u BpeMst BeLAEpKKH — 10 11 cyTok.
MaxkcuMansHbIH 3)(HEKT OTHOCHTENBFHOTO YBenuueHus 00bEMa, MouTH B 2 pasa, HaOIromancs Uil 9acTOTHI
200 MI', npu BbIIepxKe | CYTKH, MAaKCUMATBHOE CKATHE JIbJia, MPUMEPHO B 3 pasa, Mo CPaBHECHHIO C HEOO-
JTy4EHHBIM 00pa3IoM, MPOUCXOIIIIO MOCTe MOJEBOro Bo3aciicTBus Ha yactore 90 MI'I| mpu BpeMEHHU BHI-
nepxku 11 cyTtok, u uig yactotel 140 MI'y mpu BpeMeHH BbLAEpKKU — 21 cyTku. OTMEUYEHO CXOJCTBO 3a-
BHUCHMOCTH OT BPEMCHHU BBIICPKKHU JUTA 4acToThl 170 MI'I] ¢ 3aBHCUMOCTBIO TEIUIOBOTO 3 (deKTa pacTBope-
HHS TIIIOKO3BI, TIOJy9€HHOE B PAaHHUX paboTax. Pe3ynbTaTsl MHOATBEPKAAIOT, YTO MPH IIOJIEBOM BO3IEHCTBUI
MPOUCXOAUT KaK YIIPOUHEHHE, TaK U Pa3pBIXJICHNE CTPYKTYPHI BOABL

Kniouesvie cnoga: 3neKTpoOMarHUTHOE TI0JIE, CTPYKTYpa BOJBI, CTPYKTYpa JIbJa, 1e(eKTsl B CTPYKTYpe JIbJa,
YacTOTa MOJIEBOTO BO3JCHCTBHA, H3MEHEHHS B CTPYKTYpe BOJBI MOCIIE OOTYUCHUS, Pa3PBIXJIICHHE CTPYKTYPhI
BOJIbl, YKPEIUIEHHE CTPYKTYPbI BOABL.
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Synthesis and characterization of isoniazid immobilized
polylactide-co-glycolide nanoparticles

This article considers some aspects of synthesis and characterization of polylactide-co-glycolide nanoparticles
immobilized with the antituberculous drug isoniazid. The influence of some synthesis parameters of
nanoparticles (the ratio of drug substance: polymer and surfactant concentration) on properties of the obtained
nanosomal drug form of isoniazid has been studied. Optimal conditions for obtaining the nanoparticles with
the best physicochemical parameters such as: particle size, polydispersity, conversion, etc. have been found.
These nanoparticles can be used as drug carriers.The results revealed that a polymer: drug ratio of 1:1 and the
use of 3 % Twin 80 are necessary to obtain stable emulsions of nanoparticles of polylactide-co-glycolide with
satisfactory characteristics. Average size of the obtained particles was 196.4 nm, and the polydispersity value
was 0.323. The aggregation stability of nanoparticles during 4 hours at temperatures of 4°C and 20°C has
been evaluated. The morphology of the obtained nanoparticles has been studied. Analysis of nanoparticles
was characterized by various instrumental methods including gas chromatography and thermogravimetry
techniques. The resulting nanoparticles of polylactide-co-glycolide immobilized with isoniazid are stable in
time and can prolong the action of the drug. In vitro release of isoniazid from polylactide-co-glycolide
nanoparticles has been studied.

Keywords: nanoparticles, polylactide-co-glycolide, isoniazid, antituberculousdrug, immobilization, polymers.

Introduction

Tuberculosis (TB) is one of the top 10 reasons of death worldwide; and the leading cause of death from
a single infectious agent (ranking above HIV/AIDS) [1]. lIsoniazid (INH) is an important first-line
antituberculosis drug (anti-TB) and is used in combination with other anti-TB drugs (Fig. 1, a). The anti-TB
drugs are encapsulated in polymer-based nanoparticles (NPs) in order to achieve the best therapeutic effect.

One of the promising polymer carriers is polylactide-co-glycolide (PLGA), which has low toxicity, ex-
cellent biological compatibility, and characterized by the absence of inflammation in contact with living or-
ganisms (Fig. 1, b). All listed characteristics combined with the controlled mechanical properties, makes
PLGA the best polymer for the creation of prolonged systems [2].

PLGA NPs are extremely common in nanosystems, and have been used to encapsulate some anti-TB
drugs (Table 1). Examples, such as liposomes/niosomes, polymeric NPs, microspheres composed of different
polymers (PLGA, alginate, gelatin and SLNSs) have been extensively described in various reviews as reported
by Costa et al. 2016 [3].

0
H
Oy _No
’ \ HO » 07|
N CHg o)

a) INH b) PLGA

Figure 1. Structural formula of isoniazid and polylactide-co-glycolide
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Table 1
Polymeric NPs of anti-TB drugs
: Loading . .
NP Size Drug(s) efficiency Method for producing polymeric NPs Ref.
. .. Lactose-PLGA-NPs were prepared
_ 04—, 0
PLGA |121-184 nm| Rifampicin (RIF) | 38 %-42 % by the solvent displacement method [4]
RIF, INH, Pyra- RIF: 57 % Drug-loaded NPs were prepared
PLGA 1186-290 nm zina{mide ’(P§A) INH: 66 % b thgmulti le emulsiongecﬁni ue [5]
PZA: 68 % y P i
RIF: 54 % .
PLGA |180-400 nm| RIF, INH, PZA | INH: 649 | Wheat o agg'“t'”'“'coa;e‘f'jf'-%A'NPs e | e
P7A-67 05 | Prepared by a two-step carbodiimide procedure
RIF, Drug-loaded NPs were prepared using
PLGA 1200-400 nm D-cycloserine N/A a technologically available production method [7]
PLGA  |200-250 nm RIE 40-53 % NPs were produced by homogenization _ 8]
under pressure followed by solvent evaporation

The entrapment of the therapeutic agents in biodegradable polymeric nano-systems is designed to en-
hance targeted entry, slow-release, and retention of the antibiotics in the cells for longer periods. It has to not
only achieve an improved minimum inhibitory concentration, but also reduce dose frequency. Thus, it sup-
posed to improve patient compliance and reduce systemic side effects associated with conventional free anti-
TB drugs [9]. In this regard, in order to increase the therapeutic effect of the anti-TB drugINH, we studied
the possibility of binding this drug to PLGA NPs.

Experimental

Preparation of INH loadedPLGA NP

PLGA (the copolymer of lactide-co-glycolide (50:50), molecular weight 24,000 to 38,000) and INH
was purchased from Sigma Aldrich. PLGANPs immobilized with INH were prepared using the same method
as in [10]. Briefly, INH and PLGA (drug/polymer: 1:1-1:5 by weight), D-mannite (1-5 %), Twin 80 (1-7 %)
and Dimethylsulfoxide (DMSQO) are sequentially loaded into a three-necked flask equipped with a stirrer, a
backflow condenser and a thermometer at temperatures of 293-298 K. The mixture is stirred and heated up
to 323-333 K for 15-20 min until the solid phase is completely dissolved; then cooled down to room tem-
perature for 20-30 min. The above-mentioned product is a transparent homogeneous liquid of light yellow
color. The resulting suspension volume was regulated to 10 mL, and NPs were washed three times with de-
ionized water and collected by centrifugation at 14000 rpm for 15 min (Eppendorf, Hamburg, Germany).

Determination of the size of particles, their polydispersity, and morphology

Particle size and polydispersity of NPs were determined using a dynamic light scattering (DLS) on
Malvern Zetasizer Nano S90 (Malvern Instruments Ltd., Malvern, UK). For all measurements, each sample
was diluted to the appropriate concentration with deionized water. Each size analysis lasted for 120 s and
was performed at 25 °C with an angle detection of 90°. The surface morphology of PLGA NPs was analyzed
via atomic-force microscope (JSPM-5400 Scanning Probe Microscope «JEOL», Japan).

Encapsulation efficacy (EE%) within PLGA NPs

The amount of INH encapsulated within PLGA NPs was determined by measuring the amount of non-
encapsulated INH in the aqueous solution recovered after ultracentrifugation and washing of the particles.
Encapsulation efficacy was determined by UV spectrophotometer at a wave length of A= 262 nm. The EE
was calculated using the following formula:

Mass of the total Drug — Mass of free Drug %100 %
Mass of total Drug

Encapsulation efficiency (EE%) =

In vitro study of drug release from PLGA NPs

The in vitro release of INH from PLGA NPs was determined by dialysis in a phosphate-buffered saline
(pH 7.4) at 310 K. Liquid samples were placed in a prepared dialysis tube using a pipette. The tube, sealed
with clamps, were placed in dialysis vessels with 250 mL of buffer solution, closed with a lid, and stirred on
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a magnetic stirrer at 200 rpm. Dialysate samples (3 mL each) were collected periodically. The amount of
drug released was recorded on a UV spectrophotometer (Promecolab) at a wavelength of An.x = 262 nm for
the drug, against a pure buffer solution.

Results and Discussion

The direct introduction of the drug into the reaction medium helps to increase the drug content in the
NPs during the synthesizing drug loaded-NPs. However there is a question about the stability of the drug in
the reaction, its compatibility with the components of the system, etc. [11]. In order to identify this effect,
excerpts were conducted in the presence of the drug and without it. Drug-freePLGA-NPs (empty NPs) were
prepared by the same procedure omitting the drug. In reactions with the drug INH was used. PLGA was used
as a polymer carrier, and Twin-80 was used as a stabilizer. Characterization of polymers with and without
drug is shown below (Table 2).

Table 2
Characteristics of empty and INH immobilizedPLGANPs
Polymer Average particle size, nm Polydispersity index Intensity, %
PLGA NPs 338.7+36.4 0.268+0.02 98.7+2.25
PLGA-INH-NPs 272.2426.7 0.431+0.07 93.1+1.27

The lower value of the size of immobilized NPs seems to be related to the compactization of structures
caused by the presence of INH.

In continuation of our research, we have made attempts to immobilize the anti-TB drug INH in PLGA
NPs and have selected optimal conditions for the synthesis of NPs with satisfactory characteristics.
According to the method proposed in Ref. [10], PLGANPs immobilized by INH with the use of different
polymer/drug ratio and surfactant concentrations were obtained. The physicochemical characteristics of
polymer NPs were determined usingDLS. The investigations results of the effect of PLGA/INH ratio (Ta-
ble 3, section 1) and Twin-80 (Table 3, section Il) concentrations on particle size and PDI are given in the
Table 3.

Table 3
Physicochemical characteristics of the obtained PLGA-INH-NPs

PLGA/INH Concentration Average particle Polydispersity index Intensity, % Encapsulation
ratio of Twin-80 (%) size (nm) ' efficiency (%)
I
1:1 1 272.2+26.7 0.431+0.07 93.1+1.27 49.4+1.91
1:2 387.3+56.8 0.420+0.07 74.7+17.34 53.5+0.95
2:1 341.8+43.3 0.419+0.13 94.6+4.93 62.6+0.63
5:1 373.8+16.6 0.472+0.07 90.7+6.91 63.5+£2.72
11
1:1 1 272.2+26.7 0.431+0.07 93.1+1.27 49.4+1.91
1.5 248.6+18.8 0.485+0.09 94.1+£2.03 64.9+0.44
3 196.4+19.5 0.323+0.06 95.6+2.83 75.7+3.48
7 220.1+24.3 0.364+0.08 88.8+3.80 65.0+1.66

It was found that PLGA-INH-NP with satisfactory characteristics are formed at a ratio of polymer/drug
1:1 and using 3 % Twin-80 to obtain stable emulsions. Thus, the average size of the prepared particles was
196.4 nm, the value of polydispersity was 0.323, and encapsulation efficiency was equal t075,7 %.

For detailed study of morphology of the prepared PLGA NPs immobilized withINH, we took polymer
images on a scanning microscope (Fig. 2).
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Figure 2. Microphotographs of scanning probe microscopy of PLGA-INH-NPs

All samples prepared for the atomic-force microscope study had a similar topography as presented in
Figure 2. The scale at the top right corner of the image is the Z scale depicting the features that are
protruding on the surface. The line scan of the image showed a relatively smooth surface on top of the parti-
cle [9]. A small standard deviation was obtained illustrating an overall smooth morphology of the particles.
Thus, it is shown that using different ratios of INH and PLGA, as well as Twin 80, NPs of spherical shape
with a controlled diameter can be obtained.
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Figure 3. Size (a) and polydispersity index (b) of PLGA-INH-NP within 4 hours

The use of developed PLGANPs in further studies and in practice, suggests that the NPs’ suspension
must be stable for some time [12]., NPs’ aggregation stability therefore was studied during 4 hours at tem-
peratures of 277 K and 293 K. NPs’ sizes in the suspension were determined both with and without stirring,
preceding the determination of NPs’ sizes.The results presented in Figure 3 demonstrate that in the specified
time interval, the particle size practically does not change (as evidenced by both average NPs size and
polydispersity index, which should have increased with the appearance of larger fractions and aggregates).
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Figure 4. Mass spectra of empty (a) and immobilized with INH (b) PLGANPs

Empty and immobilized with anti-TB drugPLGANPs were analyzed by gas chromatography and
thermogravimetry techniques. The results of analysis using gas chromatograph with mass-selective detector
of the polymer with and without drug are given in Figure 4.

As it can be seen from mass spectra of PLGA NPs, polymers have a wide molecular weight distribution.
In both spectra the main compounds are DMSO (94 %), water (2.66 %) and Poly(D-lactide) (0.3-0.78 %). In
addition to the main peaks, one additional peak corresponds to INH (1,22 %). This suggests that a drug did
not change the chemical nature as a result of immobilizing INH in the NPs, this information corroborated
with thermogravimetric analysis (TGA) results.
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Figure 5. Thermogravimetric curves of INH (a), PLGA-NPs (b) and PLGA-INH-NPs (c)

A TGA of the individual system components and the resulting NPs was performed to confirm the inclu-
sion of INH in the complex of PLGA NPs. Figure 5 shows the TGA curves of INH, empty PLGA NPs, and
PLGA NPs immobilized with INH. For INH, a characteristic endothermic peak was observed at 162 °C with
enthalpy changes (Fig. 5a), which was not accompanied by a mass loss and characterized the INH phase
transition (a value close to the melting point). Next, an exothermic peak was observed at 282 °C. In the inter-
val of 260-360 °C there was a mass loss up to 68 %, which might correspond to the decomposition tempera-
ture of the drug. Empty PLGA NPs showed an endothermic peak at 172 °C (Fig. 5b), which might corre-
spond to their melting period, with a mass loss of about 90 %. On the TGA curve for INH immobilized in the
nanoparticle (PLGA-INH-NPs) (Fig. 5c¢), there was an endothermic peak at 159 °C. The next peak on the
TGA curve corresponds to the NPs” decomposition of the polymer at temperature of 150—-200 °C with a mass
loss of more than 70 %. From the observed curves, it can be concluded that the thermal degradation of PLGA
with the drug is slower than the degradation of empty PLGANPs (Fig.5). The data obtained by
physicochemical methods of analysis (gas chromatography and thermogravimetry) allow to conclude that a
certain amount of the drug was immobilized in the matrix of PLGA NPs.

When creating polymer-immobilized INH complexes, it is crucial to study the kinetics of drug release
from NPs. The release of a drug from nanoparticles has usually been shown to be biphasic, initially by
diffusion through the polymer matrix and later by diffusion of the drug and degradation of the polymer
matrix itself. PLGA copolymers are degraded in the body by hydrolytic cleavage of the ester linkage to lactic
and glycolic acid (Fig. 6). These monomers are easily metabolized in the body via the Krebs cycle and
eliminated as carbon dioxide and water [13].

0 0
+
o +H H OH HO
HO - oy ko + \[(\OH
CHs 0 CHs 0

PLGA Lactic acid Glycolic acid
Figure 6. Degradation of polylactide-co-glycolide to lactic and glycolic acid

The principle of the delivery system with controlled drug release is to regulate the kinetics of its release
by changing the properties of the polymer matrix. It is also necessary to take into account the kinetic
characteristics of the drug. As a result, polymer dosage forms guarantee a constant concentration of the drug
in the blood which improves its therapeutic effect. Ideally, the transporting system of drug should ensure its
slow absorption by the body tissues. This condition is met by kinetic first order or zero-order release profiles,
i.e., extended forms or forms with controlled release can be referred here [14].

The kinetics of drug release from PLGA NPs were studied in phosphate-buffered saline at pH 7.4 for
several days by UV-spectrophotometry. Figure 7 shows graphs of drug release obtained by comparing three
dosage forms: prolonged release — curve 1, controlled release — curve 2, conventional — curve 3.
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Figure 7. Dependence of INH release rate on time of the samples PLGA-INH-NPs
at INH/PLGA ratio: 1:5 (1), 1:1 Twin-80 3 % (2); and INH (3)

The drug in the conventional dosage form (free INH) provides a single and short-term release of the
drug. The drug was released from the dosage form in 5 hours, and the concentration is exponentially reduced
until the next dose. Prolonged-release pharmaceutical forms also have a high rate of release in the first 5
hours, although less significant than conventional dosage forms. The drug concentration in blood cannot re-
main at the same level for long, so it starts decreasing gradually. Drug systems with controlled release elimi-
nate leaps in blood concentration levels of the drug. They maintain a constant therapeutic concentration over
a long period of time and result in a stable pharmacological effect [14]. The data presented in Figure 7 show
that the release was prolonged for a long time. This property of release kinetics of INH can be used for long-
term chemotherapy.

Conclusions

Thus, the work shows the possibility of including the drug into polymer-carriers directly at the stage of
the synthesis of polymeric NPs. The obtained NPs have satisfactory physicochemical characteristics, as
evidenced by DLS data. When the obtained NPs were diluted with water, a stable opalescent suspension was
formed. The possibility of dilution with water can be used to regulate the dosage of the drug depending on
the individual characteristics of the patient. The obtained results should be used for the creation of the drugs
with prolonged effect. The data obtained using physicochemical methods of analysis (gas chromatograph and
thermogravimetry) reveal that some drugs are immobilized in the matrix of PLGA NPs.
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N3ouna3uaned UMMOOMIN3ANUSVIAHFAH MOJUIAKTH/-CO-TJIMKOJIU/
HAHOOOJIIEKTEePiH CHHTE3/1eY JKJHe 3ePTTey

TyOepkyiesrekapcsl — mperapar  H30HHA3HINEH  MMMOOWIM3ALMSUIAHFAH  ITOJIMJIAKTHI-CO-TIIMKOJIH
HAHOOOIIIICKTEPiH CHHTE3/ICY KOHE 3epTTEYAiH KelOip acmekTiiepi KapacTelpbUiFaH. HanoOeimekrep/ii
CHUHTE3JICYIIiH Keibip mapameTpiepiHiH (IOpidiK 3aT KaThIHACHI : MOJMMEp *oHe BB3 KOHIIEHTpaIMsCH)
QIBIHATHIH M30HMA3UITIH HAHOCOMAJBIK JSPLIIK TYPiHIH KacueTTepiHe acepi 3eprrenai. Jlopiik 3aTTapabt
TachIMaJIIAylIbl PETiHAe MaijanaHy YIIH Y3IiK (HU3UKa-XUMHUSIIBIK TapaMeTpiepi OonaTelH HaHOOeI-
HIEKTEpl amyAblH OHTAMIBI mIapTTapbl (OemeKkTep MeJepi, MONMUANCIEePCTLNr, KOHBepCHs XoHe T.0.)
aHBIKTANABL. [OMMIaKTHI-CO-TIIMKOIH]] HAHOOOIIEKTEPiHIH TYPAKTHl SMYJIbCHSUIAPBIH ally YIIiH HoiuMmep /
nopimik KateHackl 1:1 sxoHe 3 % TeuH-80 KOnmaHy KaKeT €KEHJIr aHBIKTaIIbl. AJIBIHFaH OOIIEKTEepIiH
oprama memmepi 196,4 Hm, an noiauaucnepcrinik MaHi 0,233 kypansl. HanoGesnmuekTepiiH TypaKThUIBIFbI
4 °C xone 20 °C temmeparypanga 4 carar 0Oiibl 3epTTesmi. ANBIHFAaH HaHOOONIIEKTEPIiH MOPQOIOTHACH
3epTTeNi. AJNBIHFAH MOJHMIAKTH/-CO-TIIMKOJIUATIH HaHOOGIIeKTepl ra3jibl XpoMmatorpadus >KoHE TepMo-
rpaBUMETpHs dficiMeH TekcepinreH. V3oHWa3naAneH MMMOOWIN3AUMSUIAHFAH IOJIMIAKTHI-CO-TIMKOIHITIH
HaHOOOIIIEKTepPl YaKbIT OOHBIHIIA TYPAKTHl KOHE TOPUTIK 3aTTHIH OcepiH y3apra amanpl. M3oHWa3uATiH
MOJTAIIAKTHI-KO-TJIMKOJIUITI HaHOOeIIeKTepeH iN Vitro 6ocar byl 3epTTeNIi.

Kinm ce30ep. HaHOOOIIIEKTED, TOTMIAKTHA-CO-TIMKOIUA, H30HUA3H], UMMOOWIN3AIHS, TIOJIMMEDPIIED.

E.M. Tax06aeB, A.P. I'anuesa, T.C. XXymaranuesa, M.JK. Bypkees,
A.T. Kaxxmyparona, 2.K. Kakynoexosa, JI.JK. XKanaposa, A.A. bakubaes

Cunre3 n XaApaKTEePUCTHKA HAHOYACTHI IMOJIUJTAKTH/I-CO-TJIMKOJIN/IA,
HMMOOMJIM30BAHHBIX H30HHUA3ZUA0OM

PaccMoTpeHBI HEKOTOpEIE aCTeKTHI CHHTE3a U XapaKTEPUCTUKN HAHOYACTHI] MOJTHIAKTH/I-CO-TIUKOIUIA, M-
MOOWIM30BaHHBIX MTPOTHBOTYOEPKYIE3HBIM MPETapaToM H30HHA3UAOM. 3ydeHo BIMsHHAE HEKOTOPHIX Mapa-
METPOB CHHTE3a HAaHOYACTHUIL (COOTHOIICHHE JICKAPCTBEHHOE BEIIECTBO | MOJIMMEp U KoHuUeHTpaius [TAB) Ha
CBOIfCcTBa MOJyyaeMol HAaHOCOMANIbHOU JIeKapCTBEHHON (opMbI M30HMA3KAa. HaiiieHbl onTUMaNbHbBIE YCII0-
BHS JUIS TIOJYYSHHS] HAHOYACTHI[ C HAWIYYIIUMHU (PU3UKO-XMMHUYECKUMH IOKa3aTelsiMH (pa3Mepa 4acTHll,
MOJIMIMCIIEPCHOCTH, KOHBEPCUU U T.J.) AJIsl IPUMEHEHUsI B KAYECTBE HOCUTENEH JICKAPCTBEHHBIX MPENaparToB.
YcTaHOBIEHO, YTO JUIS MOJyYEHHsI YCTONUMBBIX AMYJIbCUHA HAHOYACTHUI] MOJIMIAKTHI-CO-TJIIMKOJINU/A C YIOB-
JIETBOPUTEIBHBIMU XapaKTEPUCTUKaMH HEOOXOAUMBI COOTHOIIICHHE TTOJIMMED : JIEKApPCTBEHHOE BemecTBo 1:1
u ucnons3zosanue 3 % Teuu-80. Cpennuii pa3mep MOIydSHHBIX YacTHI] cocTaBHI 196,4 HM, a 3HaUeHHE ITO-
muaucnepcHoctd — 0,323, M3ydena arperaliuoHHasl yCTOMUMBOCTh HAaHOYACTHUL PA3JIMYHOTIO COCTaBa B Te-
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yeHue 4-x 4 npu temneparypax 4 u 20 °C. HccnenoBana MopQosiorus moiyueHHbsIX HaHovacTul. HaHoua-
CTHLBI MOJNUIAKTHA-CO-TIIMKOJIM/IA U3y4aliCh METOIaMH Ta30BOil XpoMarorpaguu U TepMOrpaBUMeTpuH. B
XOJIe aHAJIM3a BBISABICHO, YTO HAHOYACTHIIBI MONMIAKTHA-CO-TIIMKOINA, IMMOOWIM30BaHHBIE H30HUA3UIOM,
CTabMJIBHBI BO BPEMEHU M CIIOCOOHBI MPOJIOHIMPOBATh JIeHCTBHE JiekapcTBa. Kpome Toro, McciemoBaHo in
Vitro BeICBOGOK/ICHHE N30HHA3H/Ia U3 HAHOYACTHII MOJTMIAKTHA-CO-TIIHKOIIH/IA.

Knrouesvie cnosa: HaHOYaCTHULBI, NOJHUJIAKTUI-CO-TJIMKOJIN A, H30HUA3H/I, I/IMMO6I/IJ'II/I33HI/IH, NOJIMMEPHIL.
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1D and 2D NMR spectroscopy for identification
of carbamide-containing biologically active compounds

Urea (carbamide) is the main end product of amino acids' metabolism in mammals. Extensive research in the
field of urea chemistry has contributed to the creation of many biologically active and other compounds based
on the carbamide fragment NH-CO-NH. The substituting groups of urea directly affect its properties and
characteristics which are reflected in the NMR spectral data and this circumstance can be the basis for the
identification of urea derivatives. In this work, chemical shifts in the NMR spectra of urea and its acyclic
structure, barbituric series, imidazolidinone series and bicyclic structure derivatives were studied and identi-
fied. A system analysis was carried out to determine the effect of the type of substituents on the positions of
signals of the NH-CO-NH fragment in the NMR spectra. The possibility of 2D NMR spectroscopy using to
simplify the identification procedure for complex mixtures was shown in the paper. The combined use of 1D
and 2D NMR spectroscopy is convenient and informative to establish the structure of biologically active
compounds. These methods make it possible to determine the presence and type of impurities, as well as to
establish the destruction processes leading to the corresponding impurities.

Keywords: urea, urea-containing compounds, barbiturates, glycoluril, imidazolidinone, NMR spectroscopy,
hydrolysates, impurities.

Introduction

It is known that the urea (carbamide) I is a product of nitrogenous compounds’ metabolism in mammals
[1, 2]. In some sources there is an information about an independent biological role of the urea [3-5]. The
urea | is presented in the form of resonance structures la and Ib (Fig. 1) to explain some of the physicochem-
ical processes that occur with the participation of this compound. The studies carried out in the field of urea
chemistry made it possible to create a variety of biologically active and other compounds of acyclic and het-
erocyclic structures containing the urea NH-CO—-NH fragment [6-10].

Obviously, the substituting groups of urea directly affect its properties and characteristics which are re-
flected in the NMR spectral data, and this circumstance may be the basis for the identification of urea deriva-
tives. In this study, the chemical shifts in the NMR spectra of various heterocyclic derivatives of ureas were
studied and identified to assess the effect of the type of substituents on the NH-CO-NH fragment. There are
heterocyclic urea derivatives of barbituric series (pyrimidine-2,4,6-trione 11, 5,5-diethylpyrimidine-2,4,6-
trione 11, 5-ethyl-5-phenylpyrimidine-2,4,6-trione 1V, 1-benzoyl-5-ethyl-5-phenylpyrimidine-2,4,6-
trione V, 1-benzoyl-5-ethyl-5-isoamylpyrimidine-2,4,6-trione V1), of imidazolidinone series (imidazolidin-
2,4-dione VII, 5,5-diphenylimidazolidine-2,4-dione VI11), bicyclic structure (2,4,6,8-tetraazabicyclo(3,3,0)-
octanedione-3,7 (glycoluryl) 1X, 4,6,8-tetramethyl-2,4,6,8-tetraazabicyclo (3.3.0) octanedione-3.7 X), and of
acyclic urea (N-(benzyl)urea XI, 1-[(3-chlorophenyl)(phenyl) methyl] urea XI1I, N-(phenylacetyl) urea XIII).
The structures of these compounds are shown in Figure 1.

Substances 11-XI11 were previously known and identified by various analytical methods [11, 12].
However, a systematic analysis of the effect of different chemical environments on the position of signals in
the NMR spectra of biologically active compounds 11-XII1 has not yet been carried out. Previous NMR
spectroscopy studies did not provide sufficient explanations for the chemical shifts of compounds 11-XI11
relative to the carbamide fragment of NH-CO-NH in accordance with the shielding and deshielding effects
of the substituents.
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Figure 1. Structures of substances I-XI11

Therefore, the goal of our research was to identify and study the patterns of changes of chemical shifts
in the 1D and 2D NMR spectra for a number of biologically active compounds 11-XI11, urea | derivatives,
and hydrolysates of these compounds XIV-XXIV.

Experimental

Samples of analyzed compounds I1-XI11 were provided by the Tomsk National Research Medical Cen-
ter of the Russian Academy of Sciences (Scientific Research Institute of Mental Health). Samples of com-
pounds XIV-XVII and XVIII, XX were synthesized according to the procedures [13, 14] and
N-methylglycoluryls XXI-XXIV were obtained by the method described Kurgachev et al. [15].

NMR spectra were recorded on a Bruker AVANCE |1l HD spectrometer (Bruker Corporation, Germa-
ny) with an operating frequency of 400 and 100 MHz for 'H and **C nuclei, respectively, in DMSO-dg solu-
tion (0.001 mol : 0.5 ml of solvent). The internal standard was tetramethylsilane (TMS).

Results and Discussion

First of all, the analyzed compounds 11-XI11 are structurally intramolecular bisacetylated urea 11-VI
and mono-acetylated urea VII, VIII, bicyclic bisurea IX, X, arylmethylurea XI, XII and linear acetylurea
XIII. Table 1 presents the chemical shifts of the key protons and carbonyl carbon atoms of the urea I (as a
parent) and the carbamide-containing compounds 11-XI11.
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Table 1
Chemical shifts in the NMR spectra for substances I-XV111
Sub- "H NMR spectrum,s, ppm (J, Hz) 3C NMR spectrum,3, ppm (Hz)
stance 1 3 4 5 Substituents 2 4 5 6 Substituents
593 | 593
' lens)| @eHs | - - - 1615 - | - | - -
1112 | 1112 3.46
k| ans) - 2H.9) - 151.9| 1685 | 39.8 | 1685 -
1153 | 1153 1.81 (4H, q, J=7.6, CH,), 31,8 (C7, O,
M lang| amse | - - 074 (6H, 1,J=76,CHy) | T°0-4) 1736 | 570 | 1736 9.7 (C°,C)
7.31-7.40 (5H, m, Ph),
VAR G Bt - 231 (2H,q,3-7.2,CHy), |150.3| 1720 | 604 | 1720 | 1267, 1287, 1206, 138.9 (Ph),

(1H,s)| (1H,s) 29.0 (C"), 10.2 (C%

0.87 (3H, 1, J=7.6, CHz)
7.42-750 (SH, m, Ph),

7.98 (2H, d, J=7.6, Ph), 9
1241 7.78 (2H. dd, Ph), 169.1 (C%), 129.2, 130.1, 130.87,

\Y - - - 149.0| 170.8 | 61.4 | 171.0 | 137.7 (Ph), 131.5, 126.8, 129.8,

(1H, s) 7.59 (1H, dd, Ph), ¢ s
2.5 OH, g, 972, CH), 136.5 (Ph), 29.0 (C7), 10.3(C?)

0,99 (3H, t, J=7.2, CHa)
7.96 (2H, d, J=8.0, Ph),
7.81 (1H, dd, Ph,)

7.63 (2H, dd. Ph), o
1.97°1.91 (2H. m, CHy), 169.5 (C%), 130.5, 131.0, 131.7,

136.8 (Ph), 36.5 (CY), 34.2 (C"),
vio|o- | AR - 191-188 @H,m, CHa), 149 41 1758 | 575 | 1734 [325(CH,, i-Bu), 28.3 (CH, i-Bu),
(1H, 5) 1.48-1.41 (1H, m, CH), :
22.9 (CHg, i-Bu),
1.14-1.09 2H, m, CH), 22.9 (CHs, i-Bu), 10.0 (C%)
0.88 (3H, t, J=7.6, CHs (E), -9 (CHs, 1-Bu), 10.
0.81 (61, t, 3=6.4, 2CHj,

(i-Bu))
10.66 7.72 3.84
VIl aH,s)| am,s) | @H.s) - - 158.8 47.7 | 174.4 - -
11.34 9.55 8.00 (5H, m, Ph), 7.32 (5H, m,
VI (H,s)| aH,s) - - Ph) 156.6| 70.5 | 175.3 - 140.2, 129.7, 128.3, 126.8 (Ph)
7.16 5.24
IX (1H, 5) - (2H, 5) - 160.3| 64.6 - - -
5.06 5,6
X - - (2H, 5) - 2.82 (12H,s) 159.1| 71.9 - - 30.4 (C>®)
572 6.56 4.23
Xl (2H 5) (1H,t, | (d.2H, - 7.29 (5SH, m, Ph), 159.5 43.4 - - 128.7,127.5, 127.0, 141.3 (Ph),
' J=48) | J=6.3)
7.04 560 5.85 126.2,126.4, 127.6, 144.1 (Ph),
X1l | (1H,d, (2H 5) (1H, d, - 7.22-7.38 (9H, m, (Ph, Ar). |158.0| 56.6 - - 135.8,128.1, 126.9,
J=8.4) ' J=8.8) 140.8 (CI-Ar)
7.74 10.40 3.61
X1 @H, )| (H, 5) - (2H, s) 7.23-7.33 (5H, m, Ph) 154.9( 173.7 | 43.3 - 127.7,129.2, 130.1, 135.5 (Ph)

The following patterns can be identified based on the data in Table 1:

1. Significant shielding of C=0 group compared to the urea | (C*-carbons, up to 12.5 ppm) occurs with
intramolecular (compounds II-VIII) and linear acylation of the urea |1 (compound IX). While N-
arylalkylation (X1, XII) and bicyclization (IX, X) causes a slight change in the chemical shifts of C=0
groups (A = 2 ppm).

2. It is interesting to compare the chemical shifts of acyl carbonyl groups in the series of barbiturates
(C?-carbon). Any type of N- and C-substitution in the pyrimidinone cycle (I11-VI compounds) causes a
higher-field C-carbon shift compared to the chemical shifts of this carbon of the barbituric acid 11 itself (up
to 2 ppm). This circumstance may be due to some changes in the geometry of the pyrimidinone cycle under
the influence of substituents at C>-carbon.

3. The chemical shifts of C*-carbon in C,C-disubstituted derivatives of the barbituric acids 11-V1 are
well distinguished in the **C NMR spectra: in the dialkyl-substituted 111, VI (57.0-57.5 ppm), and in the
phenylalkyl-substituted compounds 1V, V (60.4-61.4 ppm).

4. The data of the *H NMR spectra indicates that any type of N-substitution in the urea | leads to regular
lower field shifts of NH-protons from 6.56 ppm (arylmethylation: acyclic compounds XI-XIII); up to
12.41 ppm (cyclic urea V11, V111, barbituric derivative V and its analogues).

One of the main ways of transformation of the studied compounds I1-XI11 is the process of their hy-
drolysis or oxidative destruction in the biogenic medium. Initially, formation of the corresponding acylureas
from compounds 11-VI111 or the corresponding amide from the urea XII and even from the urea itself can be
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expected during the series of such type of reactions. In this regard, the *H and **C NMR spectra of a number
of hydrolysates XIV-XVII of studied biologically active compounds 11-XIIl were taken and identified
(Table 2).

Table 2
Chemical shifts in the NMR spectra of probable hydrolysates X1-XI1V for compounds of urea derivatives 11-X

o Pn R, = CHaC(O)NH, Re=Ph (XIV);
)I\ )\ R, = i-CsH/C(O)NH, Rs=H (XV):
4R 2 H 4 Rg Ri=H, Rs= 3'C|'C6H4 (XVI),
3 R]_ = (3'C|'C6H4)(Ph)CHNH R5:3'CI'C6H4 (XVI I)
"H NMR spectrum,3, ppm (J, Hz) °C NMR spectrum,3, ppm (Hz)
1 3 4 Substituents 2 4 Substituents
X1V 10.77 9.49 6.27 7P4h])'_;g§ Egn’ ;n' 153.2 | 57.2 173.7 (CORy), 142.5, 126.9, 128.9,
(1H,s) |(IH,d)| (1H,d) ! ol 127.6 (Ph), 24.0 (CHs)
7.45-7.50 (5H, m,
1053 | 9.02 | 470 |Ph),3.91 (1H, sep,

Substance

174.6 (COR), 139.4, 128.5, 127.3,

XVl @Hs) |@aH,d)| @H,s) | CH), 117 (6H, d, | 1238|420  127.0 (Ph), 38.0 (CH), 23.6 (CHy)
CH, i-Pr)
141.6, 128.6, 127.3, 127.2 (Ph), 1448,
052 | 847 | 661 |7.41-7.62(9H, m,
XVE v [ | e | oh ol | 1604 542 | 1260,1304,128.1, 1333, 126.3,
(CI-CeHy)
701 | 700 | 601 |7.49-7.54 (9H, m, 142.6,126.9, 128.5, 127.0
XVIV L aqnay |(aH,d)| @iLd) | Ph, Cl-CeHy) | 126-97|96:57 (Ph, 3-CI-C3H,)

According to the result of the initial hydrolytic transformations of barbituric acid derivatives 11-VI and
imidazolidinone compound V111, formation of the corresponding N-acetylureas is quite predictable. There-
fore, N-alkyl (aryl)-N-acylurea XIV-XV was used as a model substance in the NMR spectra. Its data-were
also compared with the spectra of compounds 11-VI, VIII. It was found that the chemical shifts of carbonyl
group (NH-CO-NH) of barbiturates 11-V1 is located in a higher-field (149-151 ppm) than in N-acylureas
XIV-XV (153 ppm). However, the chemical shifts of NH-protons of the barbituric acid and its derivatives
11-VI are more strongly deshielded (11.20-12.41 ppm) than those of N-alkyl(aryl)-N-acylureas XIV, XV
(9.02-10.77 ppm). Detailed analysis of the chemical shifts values (Table 1) of the compared compounds 11—
VI, VI makes it possible to distinguish intramolecular acylated urea 11-VI, VIII from their acyclic inter-
mediates X1V, XV.

One of the most possible products of the hydrolysis of m-chlorobenzhydrylurea XII is m-chloro-
benzhydrylformamide XVI1. The chemical shifts of compounds XVI and m-chlorobenzhydrylurea XI1 were
recorded and identified (Table 2). Comparison of the chemical shifts of these compounds makes it possible
to reliably and distinguish them due to the perceptible difference in the chemical shifts of methine CH
(A = 2.5 ppm), CO-carbons (A = 2.39 ppm), and NH-protons (A = 1.4 ppm).

In our opinion, the NMR identification of di(m-chlorobenzhydryl)urea XVII is extremely important,
since the synthesis of compound XII always results in its di-derivative XVII, which accompanies the sub-
stance of the preparation as a minor impurity. When NMR spectra of compounds XII and XVII were com-
pared, a significant difference of the chemical shift of the carbonyl groups was observed (approximately
2 ppm). The observed difference in the chemical shift of the C=0 groups makes it possible to establish the
presence of an impurity of compound XVI1 in substance XI1 by NMR. Using *C, N NMR spectroscopy
and quantum chemical calculations, it was shown that the CS in the *3C spectra of C=0 groups of urea does
not correlate well with the electron density on the carbon atom [16]. It was found that the shielding of the
carbonyl carbon atom in the di(m-chlorobenzhydryl) derivative of XVII in comparison with XII in the N-
substitution of urea | is due to the presence of «bulky» radicals. The reason is an increase in steric stresses
(compression) in compound XVII due to the «bulkiness» of symmetric diarylmethyl radicals, and an in-
crease in the order of the amide bond, as a result.

The possible products of the initial hydrolytic transformations of hydantoin VII and a bicyclic urea 1X
were examined (Table 3). Thus, the formation of 4,5-dihydroxyimidazolidin-2-one XVI11 is possible in the
reaction mixture as an intermediate of synthesis of component compounds VI, IX, and the product of their
long hydrolysis, therefore, its identification as an impurity is important.
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Table 3

Chemical shifts in the NMR spectra of the probable products XVI11-XXIV of hydrolytic transformations of
substances VII, IX and X

R1 R! R? R2
\ \ \ /
NH N OH N N
—~ ~ 1 o~ T =
NH N OH N N\
R/ R/ R/ R3
R3:R1:R2:1R3:2H (I1X);
R=R!=H (1) R=R!=H (XVIII) R=R'=Me, R", R'=H (XX1);
R=R'=Me (XIX) R=R'=Me (XX) R=R"=Me, R’, R'=H (XXII);
R=R'=Me, R?*=R=H (XXIII);
R=Me, R'=R*=R*=H (XXIV):
Chemical shifts of "H NMR spectrum, 8, ppm (J, Hz)
Substance CH,q CH | CH NH OH
I — — 5.93 (2H, 9) —
XVIII 4.48 (2H, d) 6.98 (2H, 9) 5.76 (2H, d)
IX 5.24 (2H, s) 7.16 (2H, 9)
XIX 2.51 (6H, 9) — 6.12 (2H, s)
XX 2.65 (6H, 9) 4.50 (2H, s) - 6.24 (2H, s)
X 2.81 (12H, s) 5.06 (2H, s) —
XXI 2.78 (6H,s) [5.15(1H,d)] 5.18 (1H, d) 7.39 (2H, 9)
XXII 2.60 (6H, 5) 5.10 (2H, 9) 7.57 (2H, 9)
XXIII 2.64 (6H, 9) 5.12 (2H, 9) 7.54 (2H, 9)
XXIV 2.60 (3H,s) [5.14 (1H,d)] 5.19 (1H, d) 7.20 (1H,s) | 7.30 (2H, s)
Chemical shifts of °C NMR spectrum, 3, ppm (Hz)
Substance CH;, CH | CH Cc=0
I — — 161.5
XVIII — 84.3 160.9
IX — 64.6 160.3
XIX 26.8 — 160.8
XX 27.2 86.1 158.3
X 30.4 71.9 159.1
XXI 29.7 60.6 | 75.6 159.5 | 160.2
XXII 27.4 67.4 159.7
XXI11 28.2 76.7 158.2
XXIV 276 625 | 69.9 159.8 | 161.8

A combined analysis of the chemical shifts of NH protons in the series of acyclic urea | (5.93 ppm),
monocyclic urea XVI111 (6.98 ppm) and bicyclic urea 1X (7.16 ppm) allows them to be reliably distinguished
in the NMR spectra. Probably, the cyclization (XVIII) of urea | affects the displacement of the chemical
shift of the NH groups to 6.98 ppm, and the bicyclization deshielding this signal to 7.16 ppm. (1X). Methine
protons in cycle XVI11 are shifted by 0.76 ppm in a higher-field relative to CH-CH glycoluryl (1X), and, due
to the structural features, resonate with a doublet. However, when comparing the chemical shifts of methine
carbons in the *C NMR spectra, an antibatical shift of the peaks is observed: the CH—CH signals of urea
XVIII are shifted to a weak field by 21.7 ppm relative to bicycle 1X. The positions of the signals of the car-
bonyl C=0 groups in the **C NMR spectra for substances 1, XVI11, IX are almost the same, but the signal
C=0 group in acyclic urea | is the most deshielded. It can be noted that for the identification of compounds
I, XVIII, IX proton NMR spectra are more informative.

In study Kurgachev et al [15], we isolated and characterized by chromatography and mass spectrometry
analytical methods all possible N-methyl derivatives of glycoluril XXI-XXIV, which can be present as
probable products of mebicar X transformation in hydrolysis conditions. In this study we compare the values
of chemical shifts in the NMR spectra of N-methylglycoluryl (hereafter, MeGU) X, XXI-XXIV and
N,N'-dimethylurea XIX (Table 3). However, it is also necessary to take into account the possible presence of
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the monocyclic analogue of 1,3-dimethyl-4,5-dihydroxyimidazolidin-2-one XX as an intermediate in the
synthesis of urea X and its half-life product, the NMR characteristics of which are described in Table 3.

'H and *C NMR methods are highly informative for the identification of methyl derivatives of urea-
containing compounds XIX-XXI1V. The presence of CHsz-groups in MeGU X, XXI-XXIV leads to shielding
of CH protons (5.24-5.06 ppm) and to deshielding of NH protons (7.16-7.55 ppm) of these compounds rela-
tive to IX in 'H NMR spectra. A similar antibate effect was found in the **C NMR spectra for chemical shifts
of compounds X, XXI-XXIV. There is a general deshielding of CH-carbons and a higher-field shift of C=0
groups relatively to bisurea IX (Table 3).

In MeGU X, XXI-XXIV the most sensitive fragments to changes in the structure of the bicyclic skele-
ton are CH-CH fragments (Table 3), where the shielding range for *H signals is 0.18 ppm, and the range of
changes for *3C signals is observed from —4.0 ppm up to +12.1 ppm and —14.2 ppm for XX relative to MeGU
X. Symmetric MeGUs X and XXI1, XXII regularly give singlet peaks of CH-protons in the regions of 5.10,
5.12, and 5.06 ppm and annelated carbon atoms in the region of 67.4, 76.7, 71.9 ppm (Table 3). In asymmet-
ric MeGUs XXI and XXI1V, due to their nonequivalence, protons and carbons resonate in pairs in the regions
5.14-5.19 ppm, 5.15-5.18 ppm (*H NMR) and 62.5-70.0 ppm, 60.6-75.6 ppm (**C NMR). It is seen, that
CHs groups have a symbiotic effect of de-shielding of CH signal in the **C NMR spectra of monocycles
XVI11 (84.3 ppm) and XX (86.1 ppm).

When comparing the chemical shifts of unsubstituted urea (I, XVIII, 1X) and N,N'-methylureas (X,
XX, XIX) (Table 3), it can be noted that N-methyl substituents cause weak shielding of the carbonyl atom
carbon N-CO-N in *C NMR spectra. It can be determined by the effects of steric inhibition of conjugation
in the amide fragment with a corresponding decrease in the order of the amide bond [16].

Thus, variations of the chemical shifts in the NMR spectra of substances X, XX-XXIV can be addi-
tionally caused by an increase in the effect of steric compression from methyl groups in the CH-N-Me
fragment. This effect is progressive with an increase in the number of methyl groups in nitrogen atoms, as
indicated by spectral data in Table 3.

In our opinion, the characteristics of the NMR spectra of compounds XIV-XXIV are suitable for de-
termining the possible products of hydrolytic or oxidative transformations of urea-containing biologically
active compounds H-XIII.

The *H (Fig. 2) and *C (Fig. 3) NMR spectra of the model mixture consisting of urea I, barbituric acid
11, phenobarbital 1V, N,N'-dimethylurea XIX and N-methylglycoluril X in DMSO-dg were for visual inves-
tigation of the environmental effect on chemical signals of C=0 in a carbonyl fragment.
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Figure 2. "H NMR spectrum of a model mixture of substances: urea I, barbituric acid 11, phenobarbital 1V,
N,N'-dimethylurea X1X and N-methylglycoluryl X in DMSO-dg (5 2.50 ppm)
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Figure 3. ®C NMR spectrum of a model mixture of substances: urea I, barbituric acid 11, phenobarbital 1V,
N,N'-dimethylurea X1X and N-methylglycoluryl X in DMSO-dg (6 39.5 ppm)

Resonance signals can overlap with solvent peaks when registering 1D spectra (Fig. 2 and 3) of mix-
tures of compounds 1, I1, 1V, XIX, and X in DMSO-ds. But these substances are always distinguishable,
since the same compound gives several signals in different regions of the NMR spectrum. In our example the
difference in the chemical shifts of the urea NH-CO-NH fragment of compounds I, I1, 1V, XIX, and X is
also noticeably. The position of the C=0 signals depends on the substituent groups in NH-CO-NH.

Thus, the presented data of NMR spectra of the model mixture of substances 1V, X and possible impuri-
ties I, 11, XIX (Fig. 2 and 3) allows to reliably identify compounds and reliably distinguish them from each
other. However, for this identification example (Fig. 2, 3), it is necessary to pre-record the spectra of the
standards or to separate the components of the analyzed mixture.

In this paper, the possibility of using two-dimensional 2D NMR spectroscopy to simplify the identifica-
tion procedure in the composition of complex mixtures was shown. Such widely recommended techniques
[17-19] as *H-"H COSY homonuclear correlation spectroscopy (Fig. 4) and heteronuclear correlation meth-
ods (*H-"3C HSQC (Fig. 5) and "H-""N HSQC (Fig. 6)) were used. Determination of correlations in the spec-
tra of COSY (Fig. 4) and HSQC (Fig. 5, 6) between the functional groups of compounds I, I, IV, XIX, and
X in the mixture was shown.

It can be seen (Fig. 4) that the protons NH-CO-NH of phenobarbital 1V have common cross peaks with
the protons of their own molecule. The signal at 11.99 ppm correlates with the protons of the phenyl substit-
uent 7.13 ppm, with a quartet at 2.25 ppm and triplet at 0.84 ppm of ethyl radical, which also have a peak of
interaction (0.84 ppm; 2.24 ppm). Barbituric acid protons 11 (NH-CO-NH) have a common cross-peak with
the signal of the CH, group (11.24 ppm, 3.46 ppm). Signal of the NH-group of N,N'-dimethylurea XIX at
5.82 ppm correlate with the doublet of the methyl radical at 2.53 ppm, and the methyl protons CH; of
N-methylglycoluril X have a cross-peak with the methine group CH-CH (2.81 ppm; 5.04 ppm). Urea | NH
protons at 5.32 ppm correlate with themselves due to equivalence and there is no cross-peak in the *H-'H
COSY spectrum.
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Figure 4. *"H-"H COSY spectrum of a model mixture of substances: urea I, barbituric acid 11, phenobarbital 1V,
N,N'-dimethylurea X1X and N-methylglycoluril X in DMSO-dg (5 2.50 ppm)

After the correlation of the proton groups of individual substances was established, the data of the
heteronuclear *H-**C HSQC spectrum were used (Fig. 5).
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Figure 5. "H-"*C HSQC spectrum of a model mixture of substances: urea I, barbituric acid 11, phenobarbital 1V,
N,N'-dimethylurea X1X and N-methylglycoluril X in DMSO-dg (3: 2.50 ppm; 39.5 ppm)

It is shown (Fig. 5) that previously established multiplet signals of Ph-protons of compound IV at
7.34 ppm have cross peaks with carbon signals at 126.6 ppm and 129.5 ppm, probably the carbon signal of
the para position at 128.7 ppm is hidden. The proton signals of ethyl radical IV (0.84 ppm and 2.24 ppm)
correlate with the signals of carbons (10.0 ppm and 28.9 ppm), respectively. Protons of the CH, group of
barbituric acid Il at 3.46 ppm directly bonded to carbon at 60.3 ppm. The signal of the methine CH-CH
group of the N-methylglycoluril X has a common peak in the regions: 5.04 ppm for *H and 71.9 ppm for **C,
and methyl groups at 2.81 ppm correlate with a carbon signal of 30.4 ppm. Doublet of protons of the CH;
group of N,N'-dimethylurea XIX at 2.53 ppm intersects with a carbon signal in the region of 26.9 ppm.

Chemical shifts of nitrogen atoms of N amino groups of ureas I, 11, 1V, XIX, which have a direct N-
H bond, can be determined in the *H-"*N HSQC spectrum (Fig. 6).
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Figure 6. "H-""N HSQC spectrum of a model mixture of substances: urea I, barbituric acid 11, phenobarbital 1V,
N,N'-dimethylurea X1X and N-methylglycoluril X in DMSO-dg (5 2.50 ppm)

It can be seen (Fig. 6) that the chemical shift of the N amino group of N,N'-dimethylurea XIX at
67.6 ppm is located in a stronger field relative to the signal *°N of urea | (76.7 ppm) due to the electron-
donating effect of methyl groups. A comparison of the >N chemical shifts of phenobarbital 1V and barbituric
acid Il showed that the signals are in the same region (153.3 ppm), and this fact makes them indistinguisha-
ble. Almost twofold deshielding of the signals of the N NH groups of compounds I1 and 1V in comparison
with the chemical shifts of urea | occurs due to intramolecular bisacetylation, causing an electron-
withdrawing effect.

Conclusions

Thus, the data of chemical shifts of carbamide-containing biologically active compounds 1-XI11 (Ta-
ble 1) make it possible to identify these substances, on the one hand, and, on the other, to reliably distinguish
them in the *H and **C NMR spectra, including compounds of the same class of azaheterocycles (barbiturates
11-VI1, hydantoins VII, VIII, glycolurils IX, X, XXI-XXIV). It was shown on a model mixture of some
urea-containing biologically active compounds 1V, X and probable impurities I, 11, XIX (Fig. 2, 3) that they
can be easily identified by NMR spectra.

In addition, this study demonstrated the convenience of using two-dimensional 2D NMR spectroscopy
to analyze a model mixture of I, 11, IV, XIX, and X (Fig. 3-5), where the presence of standards and prelimi-
nary separation are not required to identify chemical shifts of compounds. The use of 2D methods of NMR
spectroscopy can provide comprehensive information for the identification of all components of the analyzed
sample.

In summary of the studies, it can be noted that the combined use of 1D and 2D NMR spectroscopy is
convenient and informative to confirm the structure of biologically active compounds I-XI11l. These meth-
ods make it possible to determine the presence and type of impurities XIV-XXIV, as well as to establish the
destruction processes leading to the corresponding impurities XIV-XXIV.
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A.A. bakub6aes, C.1O. Ilanpmuna, O.B. [ToHomapeHnko,
B.C. Manbskos, O.A. Korenpaukos, A.K. TameHoB

MoueBrHAa KYpaMbIHAAFbI OHOJIOTHSVIBIK 0eJICeHdi KOChLIBICTAPABI AHBIKTAYFa
apaasarad 1D kone 2D NMR cnekTpockonusichbl

MoueBnHa (KapOaMuI) — CYTKOPEKTiJIepleri a30TThl KOCBUIBICTAPIBIH aJIMAacybIHBIH OHIMi eKeHi Oenrii.
MoueBrHa XHUMHUSHBIH CAlACBIHIAFHI OIpTYTac 3epTTeyJepi KONTereH OMONOTHSIBIK OelceHNl KoHe Oacka
KOCBUTBICTap, KypambiHaa modesmHa NH—CO-NH ¢parmenti 6ap KypbUIBIMIApBIH JKacayFa MYMKIHJIK
Oepai. HecemHop/i amMacThIpaThiH TOMNTAp OHBIH KACHETTEPi MEH CHIATTaMaliapblHA TiKeJeW ocep erenl,
onap SIMP crniekTpiaik ManmimMeTTep/e KopiHic Taba/bl )KoHe OyJ1 jKaFaail MOYSBHHA TYBIHIBUIAPBIH aHBIKTAayFa
Heri3 Oona amazapl. JKymbIcTa MOYEBHHA MEH OHBIH TYBIHABUIAPBIHBIH SIMP crektprepiHmeri XUMHUSIIBIK
aypICyJIap 3ePTTEINl KOHE aHBIKTANABL: alMKIAIK KYpPbUIBIM, 0apOUTYpabIK CepHsiap, HMUAA30IUANHOHIAD
CepHACH JKOHE OWIMKINIK KypbUibiM. Opsmabacap tumiHiE s-re NH-CO-NH dparmentinin NMR
CIIEKTPJICPIH/IET] TO3UIISIIAPEIHBIH oCepiH aHBIKTAY YIIIH JKYHemik Tanaay xyprizinni. Connaii-aK, KemeHii
KOCTanap KYpaMBIHIAFBl COMKEeCTEHIipy mpolenypackiH keHurgery ymin 2D NMR chnekTpockonusiceiH
KOJIIaHy MYMKiHAiri kepcerinreH. 1D sxone 2D NMR cnekTpocKomusChH Oipre KOJIaHy KOCBUIBICTap
KYPBUIBIMBIH KYPY YIIiH BIHFAWJIBI )KOHE aKHapaTThUIbIKKa He. by axmicrep Kocmanap/blH 60ybl MEH TYpPiH
aHBIKTayFa JKOHE THICTI KOCIaNapra dKeJEeTiH JKOI0 MPOIeCTEePiH OpHATyFa MYMKIHIIK Oepei.

Kinm ce30ep: xypamplHAa kapbamun Oap KocwuibicTap, OapOutypartap, NMR chekTpockomuscsl,
TU/IPOSIH3aTTap, Kocmanap.
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1D and 2D NMR spectroscopy for identification ...

A.A. bakub6aes, C.1O. ITanpmuna, O.B. [ToHomMapeHko,
B.C. Manskos, O.A. Korenpaukos, A K. TamenoB

1D u 2D AMP-cnekTpocKonus 1 HAeHTU(PUKAIUN KapOaMUICOAePKAIUX
0MO0JIOrHYeCKH aKTHBHBIX COeIMHEHHU M

M3BecTHO, UTO MOUEBHHA (KapOaMua) ABISETCS MPOAYKTOM MeTaboau3Ma a30THCTHIX COSAMHEHUH y MIIEKO-
nuraromux. LleneHanpaBieHHBIE CCIEIOBAaHNS B 00JIACTH XHMHUH MOYEBUHEI TTO3BOJIMIIH CO31aTh MHOXKECT-
BO OMOJIOTHMYECKH aKTHBHBIX W JPYTUX COCAWHEHHH allMKINYECKOH M reTepOIUKIMIeCKON CTPYKTyp, colep-
skammx NH-CO-NH kap6amMumHBIH (pparMeHT. 3aMECTHTENH B MOJICKYJIE MOUEBHHBI HANIPSMYIO BIMSIOT Ha
€e CBOWCTBA M XapaKTEPHUCTHUKH, KOTOPBIE OTPAKAIOTCS B AaHHBIX creKTpoB SIMP, m 310 06GCTOSATENHCTBO
MOKET OBITh OCHOBAHHEM JUIsl HICHTH()UKALNY MOYEBHHBI U €€ TIPOU3BOAHBIX. B cTaThe M3yueHbl U HAECHTH-
(bUIMPOBaHBl XMMHUYECKHE CABUTH B criekTpax SIMP MO4eBHMHBI M €€ MPOU3BOIHBIX: AlMKINYECKOTO CTpOe-
HHA, 6apOUTYPOBOTO psifa, MMUIA30IUANHOHOBOTO Psiia U OMIIMKIMYIECKOTO CTPOCHUs. Bbu1 mpoBeneH cuc-
TEMHBIA aHaTU3 AJIs ONpEACCHU BIUSHUSA TUIA 3aMECTUTENel Ha IOJIOKeHHs cUrHanoB ¢parmenta NH-
CO-NH B cnektpax SIMP. ABropamu moka3aHa BO3MOXXHOCTb Hcnonb3oBanus 2D SIMP-criekTpockonuu st
YIPOILIEHUS IPOLEyPhl HACHTH(GHUKAINK CIIOXKHBIX CMeceH, Ilie coBMecTHOe ucnons3oBanne 1D u 2D SIMP-
CIIEKTPOCKOIHHU JTOCTATOYHO yIOOHO M WH(OPMATHBHO I YCTAaHOBJICHUS CTPYKTYP OMOJOTHUECKH aKTHB-
HBIX COEJMHEHUH. JJaHHbIe METO bl IO3BOJIAIOT HaM ONPEAEIUTh HaJIM4YKe U TUIl IPUMEceH, a Takxke Ipolec-
CBI IECTPYKLIUH, TIPUBOISIIIIE K COOTBETCTBYIOIIUM IPHUMECSIM.

Kniouesvie cnosa: ModeBUHA, KapOaMHICOAepKallie COSANHEHHs, 6apOUTypaTsl, TITHKOIYPUII, UMHIA30II1-
JuHOH, SIMP-criekTpocKkonus, TUIpoan3aThl, IPUMECH.
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Hydrogen distribution in primary coke oven tar and its fractions

The aim of this work is to determine the hydrogen distribution in primary coke oven tar and its fractions. The
hydrogen distribution in the primary coke oven tar of «ShubarkolKomir» JSC, its distillate fractions and dis-
tillation residue have been determined by the methods of elemental analysis, IR and PMR spectroscopy. The
atomic ratio of C: H in the primary coke oven tar is 0.79. All fractions of the tar contain a large amount of al-
kyl-substituted aromatic compounds, phenols and other substances with alkyl groups. The initial tar charac-
terized by a high content of hydrogen in the a- and B-positions to the aromatic ring, 29 % and 34 % respec-
tively, which indicates a large number of alkyl substituents in the aromatic rings and near double bonds. The
total amount of aliphatic and aromatic hydrogen in the tar is 79 % and 21 % respectively. Olefinic hydrogen
is presented in the initial tar in an amount of 8 %. It is possible to make a choice of techniques for further
processing (hydrogenation, coking, thermal cracking) to obtain products with high added value on the basis of
determination of the elemental composition, quantitative distribution of hydrogen in the primary coke oven
tar and its fractions by the using of above mentioned physical and chemical methods.

Keywords: primary coke oven tar, IR spectroscopy, PMR spectroscopy, elemental analysis, tar fractions, hy-
drogen distribution.

Introduction

Recently a decrease in reserves of low-viscosity, so-called «light» oils is observed. This requires the use
of unconventional sources of hydrocarbon raw materials, new for oil refining, such as heavy oils and petro-
leum bitumens [1]. In addition, other types of alternative raw materials for oil refining and petrochemistry
are coal products, which are not inferior in characteristics to their counterparts isolated from oil, and some
have no analogues. This coal product is coke oven tar. Coke oven tars are obtained by the thermal processing
of coal, which contain a significant amount of various organic compounds (hydrocarbons of all types and
classes, heteroatomic, polyaromatic hydrocarbons, phenols and others). They can be used in oil refining,
petrochemistry, ferrous and nonferrous metallurgy, nuclear industry. Coke-chemical tar is divided into two
types: primary coke oven tar (PCOT) and high temperature coal tar [2-4]. It should be noted that high-
temperature coke oven tar is used in industry, but primary coke oven tar doesn’t find industrial application
abroad and in our country, due to the high content of phenols (3545 %) [5] and unstable low-boiling and
resinous components [6]. The PCOT manufacturer in the Republic of Kazakhstan is «ShubarkolKomiry JSC
[7]. All their products are sold in the near and far abroad as well as the entire produced volume of PCOT,
which does not stimulate the development of innovative processes for obtaining multipurpose valuable low
molecular weight hydrocarbons. Coke-chemical tar, consisting mainly of condensed aromatic hydrocarbons
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and other high-molecular compounds, refers to a difficult-to-process raw material. Knowledge of the primary
coke oven tar chemical composition and its fractions allows to determine the choice of methods for further
processing (hydrogenation, coking, thermal cracking) to obtain products with high added value.

The aim of this work is to determine the hydrogen distribution in the initial tar and its fractions by the
methods of elemental analysis, IR and PMR spectroscopy. The quantitative distribution of hydrogen in the
initial coke oven tar and its fractions of «ShubarkolKomir» JSC was established using physicochemical
methods for the first time.

Experimental

Physicochemical characteristics of the tar are determined according to the indicators listed in [8]. In ad-
dition, the fractional composition has been determined by the method described in [9, 10].

Due to the close values of the density of tar and water, dehydration of tar by sedimentation is practically
impossible, which complicates the process of tar fractionation. Toluene was added in an amount of 10 % of
the coal tar in order to separate water from the tar before distillation. After distillation of the azeotropic mix-
ture of toluene with water, fractionation was carried out, and the temperature was measured both in the vapor
and in the liquid phase. Fractionation has been stopped when the temperature in the liquid reached 390—
405 °C, in order to avoid significant changes in the primary tar due to thermal reactions in the boiler. The
fractions were selected as in the distillation of high-temperature coking tar. Fractions were selected in ac-
cordance with the range of their boiling points: up to 180 °C; 180-210 °C; 210-230 °C; 230-270 °C; above
270 °C and up to the end of distillation. A comparative analysis with the high-temperature coking tar of
«ArcelorMittal Temirtau» JSC was carried out.

Determination of the carbon, and nitrogen content in the solid residue of pyrolysis has been carried out
by «CHN PE 2400-11» an automatic analyzer of «PerkinElmerInstruments». The sulfur content has been
determined by the method of barium titration.

IR spectra of pyrolysis solid residues were obtained by FTIR diffuse reflection spectroscopy on a spec-
trometer with a Fourier transducer «Perkin-ElmerSpectrumBX-1I». The samples for the spectral recording
were prepared by applying a thin layer of a carefully ground sample on a special holder plate. IR transmis-
sion spectra of liquid products were obtained by taking of layer.

The PMR spectra of the fractions obtained by distillation of the semi-coking tar were recorded by a
Broker DRX 400 spectrometer with TMS, as an internal standard in a CDCIs solution, at room temperature.

The hydrogen distribution in the samples was determined by the PMR spectra according to the follow-
ing signal assignments for chemical shifts:

0-1.0 ppm — corresponds to the protons of methyl groups that are not bound with aromatic rings or are
in the y-position to them, further (H,);

1.0-2.0 ppm — corresponds to the protons of methyl, methylene and methine groups located in
B-position with regard to the aromatic ring and double bond, as well as methylene groups in saturated struc-
tures (Hg);

2.0-4.4 ppm — corresponds to the protons in all alkyl groups in the a-positions of aromatic rings and
double bonds (H,);

4.5-6.7 ppm — corresponds to the protons of olefinic structures (Hoef);

6.7-9.0 ppm — corresponds to the protons of aromatic groups (H,,).

Results and Discussion

Tar main characteristics

Provided by manufacturer two samples of tar with 12.5 % and 2.2 % of water content were studied (Ta-
ble 1).

The main characteristics of «ShubarkolKomir» JSC tar in comparison with the high-temperature coking
tar are shown in Table 2.

In comparison with the high-temperature coking tar, the studied tar is characterized by: low density
(1.045-1.062 g/cm?); low content of insoluble substances in toluene and the absence of insoluble substances
in quinoline; a reduced yield of distillation residue (pitch); a high content of phenols and a low content of
naphthalene.
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Table 1
Technical analysis of «ShubarkolKomir» JSC tar samples
i 1% sample 2" sample
Description March 2019 April 2019
Tar density at 20 °C, g/cm® 1.039 1.061
Tar density in terms of anhydrous at 20 °C, g/cm® 1.045 1.062
Water content, % 12.5 2.2
Mass fraction of substances insoluble in toluene, % 1.3 1.4
Mass fraction of substances insoluble in quinoline, % — —
Ash content, % 0.12 —
Table 2

Comparison of the characteristics of tar from «ShubarkolKomir» JSC and «ArcelorMittal Temirtau» JSC

No.

Indicator

Tar types

«ShubarkolKomir» JSC tar

«ArcelorMittal
Temirtau» JSC
high-temperature coke

Determination method

oven tar
1 |Density at 20°C, g/lcm® 1.062 1.190 State Standard [11, 12]
Fractional composition, mass frac-
tion (from anhydrous tar), %
till 180 °C 51 0.5
180-210 °C 4.4 25
210-230°C 4.8 10
230270 °C 15.8 8
2 |up to 270 °C by vapor Specification [9], [10]
till 390 °C in a still 19.7 19
up to 270 °C by vapor 26.1
till 405°C in a still
Distillation residue (pitch) yield, %
at 390 °C in a still 49.8
at 405 °C in a still 40.0 60
3 Mass fraction of substances insolu- 14 6-10 State Standard [13],
ble in toluene (a-fraction), % ' specification [8]
4 Mass fraction of substances insolu- 3 16 State Standard [14],
ble in quinoline (al-fraction), % specification [8]
5 |Ash content, % 0.12 <0.3 Specification [8]
Calculated by the con-
6 |Phenol content, % 20.6 1-2 tent of phenols in dis-
tillate fractions up to
390 °C in a still
According to GLC/MS
7 |Naphthalene content, % 1.6 7-12 data of distillate
fractions
Elemental analysis of fractions
Data on the density of fractions and the elemental composition of fractions and pitch are shown in Ta-
ble 3.
From the data in Table 3 it follows:
— the carbon content reaches 80.6-82.5 % in the fractions, and 83-84 % in pitch;
— the hydrogen content is 9.1-9.8 % in the fractions and it decreases to 7.4—7.8 % in the pitches;
— the atomic ratio of C: H is at the level of 0.71-0.79 in the fractions and it increases to 0.90-0.94 in
pitch;
— fractions and pitch contain more than 9-10 % of the total oxygen and sulfur, while the sulfur content
is less than 0.3 %, the oxygen content declines considerably in the distillation residues.
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Table 3
Density of fractions and results of elemental analysis
Density, Content, % mass.
Name product 9 /Cm_%’ c H N 510 C/H atom
Dehydrated tar 1.039 81.45 8.57 0.69 9.29 0.79
180-210 °C fraction 0.954 80.60 9.11 1.07 10.29 0.74
210-230 °C fraction 0.965 80.64 9.41 1.06 8.89 0.71
230-270 °C fraction 0.970 80.89 9.23 0.93 8.95 0.73
up to 270 °C fraction by vapor 82.46 8.73 0.91 7.98 0.79
till 405 °C in a still 0.993 83.39 9.78 1.29
up to 390 °C distillation residue in a still - 83.11 7.40 0.87 8.62 0.94
up to 405 °C distillation residue in a still - 84.10 7.78 0.68 7.44 0.90

Description of IR spectra
Figure 1 shows the IR spectrum of the initial tar.
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Figure 1. IR spectrum of dehydrated tar

The general view of the spectra for fractions and residues of tar distillations is similar, which indicates
the presence of identical organic functional groups in all samples.

The most important information is the absorption in the region of 3.040-2.800 cm™. Strong absorption
below 3.000 cm™ (C-H bonds of methyl and methylene groups) indicates a significant amount of alkyl
groups. In addition, the vibrations of -CH; and -CH, groups correspond to absorption bands at about 1,450
and 1,375 cm™. At the same time, the absorption of aromatic hydrogen at 3.020 cm™ is weak.

The second feature is a wide band with a maximum at 3.380-3.370 cm™ which is related to phenolic
hydroxyls.

The bands in the region of 900-700 cm™ correspond to the vibrations of the aromatic ring c-h bonds.
The most pronounced bands are at 815 cm™ (1,4-substituted aromatic ring) and a peak at about 750 cm™
(1,2-substituted aromatic ring). Strong absorption around 1,600 cm™ belongs to the aromatic ring. The bands
in the range of 1,280—1,050 cm™ refer to the Ar-O group in phenols.

The following small changes in the IR spectra for the coal tar and pitch fractions can be noted: the frac-
tions (up to 230 °C and 230-270 °C) are characterized by stronger absorption at 1,514 cm™ (vibration of the
benzene ring) and in the region of 900-700 cm™, which indicates a higher content of compounds with one
benzene ring.
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Description of PMR spectra

Figures 2, a-c show the PMR spectra of the initial tar, distillate fraction 230-270 °C and distillation res-
idue. Quantitative data on the distribution of hydrogen types according to the PMR data in tar, distillate frac-
tions and distillation residues are given in Table 4.
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Figure 2. PMR spectra of dehydrated tar (a), 230-270 °C distillate fraction (b)
and up to 405 °C distillation residue
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Table 4
Distribution of hydrogen types in tar, distillate fractions and distillation residues
sample Proton distribution, %
Hy HB Ha Holef Har
Tar 8.42 33.84 29.38 7.74 20.62
180-210 °C fraction 8.57 28.79 28.36 10.03 24.25
210-230 °C fraction 8.95 32.59 29.36 10.29 18.81
230-270 °C fraction 8.55 32.65 31.28 10.51 17.01
up to 270 °C by vapor and till 405 °C in a still 8.46 39.93 28.54 7.70 15.40
up to 390 °C distillation residue in a still 11.66 40.56 26.57 — 21.21
up to 405 °C distillation residue in a still 9.79 43.29 25.17 — 21.75

All fractions and distillation residues are characterized by high content of hydrogen at the a- and
B-positions to the aromatic ring. The number of alkyl groups with more than three carbon atoms in the chain
is small, as H,<H,.

The total amount of aliphatic hydrogen is several times higher than that of aromatic hydrogen. The 180—
210 °C fraction contains the largest amount of aromatic hydrogen.

Olefinic hydrogen (unsaturated compounds) is present in the initial primary coke oven tar and distillate
fractions, its relative amount decreases for the heaviest fraction, and olefinic hydrogen is not found in the
distillation residues.

Conclusions

Thus the results of IR spectral studies show that all fractions of the coke oven tar and the pitch obtained
from it contain a large amount of alkyl-substituted aromatic compounds, phenols and other substances with
alkyl groups. Aromatic compounds generally contain substituents at the ortho- and para- positions. The IR
spectrum of the pitch does not fundamentally differ from the IR spectra of the fractions, i.e. it also contains
hydrogen mainly in alkyl groups and contains phenolic groups.

According to the results of the elemental analysis the atomic ratio of C: H in the primary coke oven tar
is 0.79.

Primary coke oven tar has a high content of hydrogen in the a- and B-positions to the aromatic ring,
29 % and 34 % respectively, which indicates a large number of alkyl substituents in the aromatic rings and
near double bonds. The total amount of aliphatic hydrogen is 79 %. It is several times more than the amount
of aromatic hydrogen, which is 21 %. The high content of alkyl substituents in aromatic rings allows using
180-230 °C distillate fractions of the tar to increase the octane and cetane number in the production of motor
fuel.

Fractions with a boiling point above 270 °C can be used to obtain boiler fuel, carbon black, coke and
needle coke.

The products manufactured by oil refinery or coal chemical enterprises can be diversified through
knowledge of the hydrogen distribution and the use of the compounding method.

Thus the results obtained in this study can be the basis for choosing the most preferable direction for
further processing of raw materials.

References

1 Dmitriev D.E. Transformations of resins and asphaltenes during the thermal treatment of heavy oils / D.E. Dmitriev,
A.K. Golovko // Petroleum Chemistry. — 2010. — Vol. 50, No. 2. — P. 106-113. https://doi.org/10.1134/S0965544110020040

2 bBeitnmuna H.1O. CoBepliieHCTBOBaHHE TEXHOIOTHH NepepaboTki kameHHoyronbHo#t cmonbl / H.JO. beitnuna, B.B. 3amanos,
A.A. Kpnuko, A.A. O3epenxo, E.A. O3epenxko, C.b. ®pocun // Kokc n xumust. — 2006. — Ne 7. — C. 35, 36.

3 Kpuuko A.A. TlonyuyeHne ¥ IpHMEHEHHE MICEBJOIOMOTCHHBIX KaTaan3aTOPOB AJsS TMAPOTEHU3ANH U KPEKHUHra YriIeBOI0-
poasoro ceipbst. CooOrienne 2. [IpuMeHeHNe ICeBIOIOMOTEHHBIX KaTaln3aTopoB il TITyOOKOH mepepaboTK HETSIHOTO U KOKCO-
xuUMHUYecKoro ceiphbsi / A.A. Kpuuko, A.A. O3zepenko, E.A. Ozepenko, C.b. ®pocun, JI.A. 3ekens, A.C. Masnonetaes, M.A. Inupr,
B.B. 3amanoB // Karamu3 B npomsimuierHoctd. — 2007. — Ne 3. — C. 23-32.

4 Lapidus A.L. Characterization of pitch and coke obtained from the semicoking tar of high-sulfur oil shale from the Volga ba-
sin / A.L. Lapidus, D.S. Khudyakov, F.G. Zhagfarov, N.Y. Beilina // Solid Fuel Chemistry. — 2020. — Vol. 54, No. 1. — P. 21-24.
https://doi.org/10.3103/S0361521920010048

CHEMISTRY Series. No. 1(101)/2021 87


https://doi.org/10.1134/S0965544110020040
https://doi.org/10.3103/S0361521920010048

D.E. Aitbekova, D.K. Makenov et al.

5 Baikenov M.l. Cavitation extraction of phenols form coal tar / M.l. Baikenov, S.K.Amerkhanova, G.G. Baikenova,
R.M. Shlyapov, A.E. Tuktybaeva // Solid Fuel Chemistry. — 2013. — Vol.47, No.1l. — P. 27-33.
https://doi.org/10.3103/S0361521912060031

6 Burkeev M.Zh. Thermal destruction of copolymers of polypropylene glycol maleate with acrylic acid / M.Zh. Burkeev,
A.Zh. Sarsenbekova, E.M. Tazhbaev, 1.V. Figurinene // Russian Journal of Physical Chemistry A. — 2015. — Vol. 89, No. 12. —
P. 2183-2189. https://doi.org/10.1134/S0036024415120067

7 Tateyeva A.B. Researching of physicochemical properties of the special coke of «ShubarkolKomir» JSC / A.B. Tateyeva,
M.1. Baikenov, V.I. Parafilov, Ye.N. Martynova, S.K. Mukhametzhanova, D.Ye. Aitbekova // Bulletin of the Karaganda University.
— 2018. — Vol. 91, No. 3. — P. 120-125.

8 Cmona kameHHOYyTOJbHAS 1t iepepaboTku. Texuudeckue ycmopus: TY 2453-203-00190437-2005 [BeexneH B aeiicTBuEe OT
2005-03-09]. — Peectp PocroTpebHaa30pa CaHUTAPHO-3MHAEMHOIONHUCCKUX 3aKIFOYCHHH Ha MPOEKTHYIO JIOKYMEHTAIIUIO.

9 TI'mysman JLJI. JlaGopaTopHbIif KOHTpOJb KOKcoXuMuueckoro mpomsBoictsa / JI.J. I'mysman, W.U. Dpensman. — M.:
Mertamnyprus, 1968. — 472 c.

10 IMarent Ne 0002512620 P®. Cmoco6 ompeneneHUss TPYNIOBOrO (PaKIHOHHOTO COCTaBa KAaMEHHOYTOJNBHBIX CMOJT /
Kocapesa M.A., 3araiinos B.C., Konaparos B.K., Ounmyk H.W. Omy6u. 10.04.2014.

11 Hedrenpoxykrsl. Meronsr ananmm3a. Yacts 1: Coopruk HanmoHanbHBIX craHgaproB: [OCT 3900-85 Hedrs n HedTenpo-
Iyktel. Metonpl ompeneneHusi mwiotHoct (¢ M3menenuem N 1, ¢ Ilonpaskoit) [Beenen B aeiictBue ot 1987-01-01]. — M.:
Cranngaprundopm, 2006. — (FCoceranmapt CCCP).

12 ChIpbe KOKCOXHMUYECKOE TSl IPOU3BOJICTBA TeXHUYecKoro yriepona. Texuuueckue yciosus: TOCT 11126-2019. [Benen
B neiictBue ot 2020-03-01]. — M.: Crangaprurdopm, 2019. — (Poccranmapr).

13 Tlex xkaMeHHOYTOJBHBIH. MeTo]| onpeeneHns] MacCOBOH JIOJH BELIECTB, HEPACTBOPUMBIX B Toiryose (¢ M3menennsmu N 1, 2,
3, 4): TOCT 7847-73. [Beenen B naeiictBue ot 1975-01-01]. — M.: UIIK UzparensctBo cranmapros, 1997. — (Foccranmapt
CCCP).

14 Tlex kKaMEHHOYTOJBHBIN ANeKkTpoaHbIA. Texaudeckue ycnous: TOCT 10200-2017. [Benen B neiicteue ot 2019—03-01]. —
M.: Craumaptundopm, 2018. — (Poccranmapr).
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I'.I'. baiikenosa, A. Tycinxan, A.A. Mypar6exoBa, M./. baiikenos

Bipinmiiik TackeMip maibIpbl MeH OHbIH (PPAKIMSVIAPBIHAA CYTETiHIH Tapaaybl

Onemenrrik tangay, UK- xone [IMP-cnekrpockomns amicrepiMen «llly6apken Kemip» AK Oacramker
TacKeMip IaWbIPBIH/A, OHBIH JUCTHULATTHIK (paKIusuIapbIHIA JKOHE MUCTHLIALMS KaJIBIFBIHAA CYTEKTiH
Tapainybl aHbIKTanAbl bipiHminik kemip maiieipeigarel C: H aromaelk katbiHacel 0.79  kypaiiabl
laitsipapIH 6apablK GpaKIIsIapbIHAA ATKHIOPHIHOACKITFAH apOMATTEl KOCBUTBICTAp, (PEHOIAP JKOHE aTKII
TonTapbl 0ap 0acka KOCBUIBICTAp Kem. bacTamksl mIaifblp apoMaTThl CaKWHara o- >KoHE [-kKargaimapma
OpHAJIaCKaH CYTEKTIH JXOFapbhl KypaMbIMEH CHIATTanmaisl, coifkecinme 29 % xone 34 %, Oyl apoMarTs
CaKHHAIap/Ia KoHEe KOC OailaHBICTap IbIH KaHBIH/A ANKHJIII OPBIHOACYIIBUTAP IBIH KOII MOJIIEPIH KOPCETEl.
BipiHminik TackeMip mailbIpbIHAarsl ATU(ATTHI )KOHE apOMAaTThI CYTEKTiH JKaJIIlbl Melepi colikecinmre 79 %
sxoHe 21 % kypaiinpl. Bipinmninik maiieipna onedunai cyreri 8 % xypaitnsl. XKorapwiia atanran ¢usuka-
XUMHSUIBIK OiCTep/iH KeMeriMeH OipiHIILIIK TacKeMip IIaWbIPbIHAAFEI JKOHE OHBIH (paKuusIapbIHIAFbl
CYTEKTIH 2JIEMEHTTIK KypaMblH, CaHJBIK TapalyblH aHBIKTAy JKOFapbl KYHIb! OHIMAEPl aly YIIiH ofaH api
KaiiTa eHzey (THAPOTeHU3AIHS, KOKCTEY, TEPMHUSIIBIK KPEKHUHT) 9ICTEPIH TaHAayabl aliKbIHAAyFa MYMKIHIIIK
Oeperi.

Kinm ce30ep: OipiHminik Tackemip maifeiper, MK-cnekrpockomus, ITMP-criekTpockomusi, 3JI€MEHTTIK
Tanaay, maislp GpakuusIIapel, CYTETiHIH TapaTybl.

JI.E. Aiit6exosa, JI.K. Makenos, E.11. Auapeiikos, A.I'. llayp, ®en IO Ma,
I'.T". baiikenoBa, A. Tycunxan, A.A. Mypar6ekoBa, M.. baitkenos

Pacnpenesienne Boopo/ia B NePBUYHONH KAMEHHOYT0JIbHOI cMoJie U ee ppakuusxX

Meronamu anemenTtHoro ananusa, UK- n [IMP-cnekTpockonuu yCTaHOBJIEHO paclpesesieHne BoJopoJa B
nepBUYHON KaMeHHOYyronbHOU cMolnie AO «1llybapkois Komupy, ee TUCTHIDIATHRIX (QPaKIUsIX H HETEpero-
HSEMOM OCTaTKe NUCTHLULAIUH. ATOMHOEe cooTHomieHne C : H B mepBHYHON KaMEHHOYTOJBHOW CMOJIE CO-
craeisiet 0,79. Bce dpakimu cMoJBI comepkar GOJBIIOE KOJHYECTBO ANKHI3aMEIICHHBIX apOMaTHYEeCKUX
COeTMHEHNUH, (PCHOJIOB U IPYTHX COCANHEHHH C aJKWIbHBIMU TPYNITUPOBKaMH. FcXoaHas cMoia XapakTepu-
3yeTcst BBICOKUM COJIep)KaHUEM BOJOPO/Ia, HAXO/SIIETOCs B O- M -IIOJOKEHUSIX K apOMAaTHIECKOMY KOJIbILY,
29 1 34 % COOTBETCTBEHHO, YTO CBUAETEILCTBYET O OONBIIOM KOJIMYECTBE AIKMIBHBIX 3aMeCTUTENeH B apo-
MaTHYeCKUX KOJIBIAX W PSIOM C JABOMHBIMHU CBsi3siMH. OOIee KOJIMYECTBO alu(aTHIecKoro W apoMaTHde-
CKOTO BOJIOpoJa B cMoJie coctaBisieT 79 u 21 % coorBeTcTBeHHO. B McX0mHOM cMoute 01euHOBEINA BOIOPOL
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MPHUCYTCTBYET B KolnuecTBe 8 %. YCTaHOBIEHHE 3JEMEHTHOTO COCTaBa, KOJIMYECTBEHHOTO pacHpeeeHus
BOZIOpO/ia B NEPBUYHON KAMEHHOYTOJBHOH cMoJe M e¢ (PaKUUsX ¢ MOMOIIbIO HAa3BaHHBIX BBIIE (hU3UKO-
XMMHYECKHX METOJIOB MO3BOJSET ONPENEIUThCA B BBIOOpE METOIOB JalbHelell mepepaboTku (THIPOTeHN-
3a1us, KOKCOBaHHE, TEPMHIECKHH KPEKUHT') JUIS OTyIEeHHS NIPOIYKTOB, MMEIONIUX BBICOKYIO J00aBIEHHYIO
CTOMMOCTE.

Kurouesvie cnosa: nepuuHas kameHHOyrojbHast cmoina, MK-cnekrpockonus, [IMP-cniekrpockonus, sie-
MEHTHBIN aHaIN3, GpaKkiuu CMOJIBI, pacipeieiieHHe BOIOPOIa.
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Synthesis and properties of oligochitosan ascorbate from Bombyx mori

Oligochitosan samples were obtained by acid hydrolysis of high molecular weight chitosan isolated from
Bombyx mori (B.M.). Carrying out acid hydrolysis for 6 hours, it was found that after 4 hours and further with
increasing duration, the molecular weight of chitosan decreases to a value corresponding to the ranges of mo-
lecular weights of oligochitosan 2-16 kDa. It has been seen that the optimal duration of hydrolysis, leading to
the production of oligochitosan with a molecular weight of less than 16 kDa, should be considered 4-5 hours.
Depolymerization of chitosan with a molecular weight of 177 kDa was carried out using sodium nitrite in so-
lution to obtain oligochitosan with a molecular weight of 6 kDa. On the basis of oligochitosan samples ob-
tained by two methods, their ascorbates were received. Under constant conditions with varying the ratio of
the components (ChS:AA) and the pH of the solution, the reaction of chitosan ascorbate formation was car-
ried out on the basis of the suspension method. The composition, structure, and molecular weight characteris-
tics of oligochitosan ascorbate and oligochitosan Bombyx mori samples were confirmed by physicochemical
methods. It has been seen that the obtained samples have antimicrobial properties against Fuzarium
oxysporum.

Keywords: Bombyx mori chitosan ascorbate, Bombyx mori oligochitosan, ascorbic acid, donor-acceptor bond,
degree of binding, degrees of acetylation, depolymerization.

Introduction

One of the most promising and relevant areas of modern chemistry and technology is the production of
water-soluble natural polymers, the study of the structure, properties, physical and chemical modifications,
their application in various fields. The production of water-soluble chitosan derivatives expands the range of
applications of this natural aminopolysaccharide in agriculture and biomedical sphere. The solubility of chi-
tosan in water depends on a number of factors including the molecular weight and deacetylation degree (DD)
of the polymer, the degree of protonation of amino groups in the macromolecule (pH of the solution) [1, 2].
Chitosan macromolecules are characterized by different molecular weights (degree of polymerization), de-
gree of deacetylation, degree of protonation (pKa value), viscosity of solutions, arrangement of acetylated
and deacetylated residues in the polymer chain and molecular weight distribution. Most of the mentioned
characteristics affect the solubility of chitosan in water, while the manifestation of biologically active proper-
ties by chitosan largely depends on the solubility [3-4]. In [5, 6], the antibacterial activity of narrowly dis-
persed samples of oligochitosans, varying in molecular weight, at different pH values was studied. It was
shown that under acidic conditions a stronger inhibitory effect is characteristic of samples with a higher mo-
lecular weight, while under slightly alkaline conditions, chitosan forms close to oligomeric are more active.
It is assumed that the antibacterial activity of chitosan is determined by the protonation degree of its amino
groups, which is variable and depends on both the molecular weight of the substance and the pH of the me-
dium.

The analysis of numerous studies shows that the water solubility of low molecular weight chitosan
(oligochitosan) increases with biological activity, especially antiviral and antibacterial activity, as well as
biocompatibility with a decrease in molecular weight compared to the high molecular weight chitosan [6-8].

Chitosan derivatives are of great interest in the world, including chitosan ascorbate, which has bacteri-
cidal, growth-stimulating and antifungal properties. It should be noted that water-soluble forms of
oligochitosan with organic acids have the most pronounced antimicrobial properties against the following
bacteria: Streptococcus mutans, Lactobacilli brevis using in vitro and in vivo methods compared to similar
forms of high molecular weight chitosans [9]. Chitosan ascorbate also has antioxidant properties against a
number of bacteria, such as E. coli, P. aeruginosa, S. typhimurium, L. monocytogenes, and S. aureus at low
concentrations [9-11]. In order to obtain biologically active, water-soluble derivatives of oligochitosans with
ascorbic acid, the synthesis was carried out by the suspension method with varying the pH of the solution.
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Experimental part

Two samples of high molecular chitosan which were achieved from pupae of the silkworm Bombyx mo-
ri with a molecular weight of 123 kDa (ChS-1) and 177 kDa (ChS-2) have been used in this experiment. The
molecular weights of the samples were determined by viscometry, and the degree of deacetylation was
measured by conductometric titration, where the value was 94 % and 80 %, respectively. The degree of
deacetylation was also confirmed by PMR spectroscopy. The molecular weight of the initial chitosan was
determined by the viscometeric method using an Ubellode viscometer based on the Mark-Kuhn-Houwink
equation, and the kinematic viscosities of the starting chitosans and oligochitosan were measured at constant
temperature. The average weight (Aw) and average number (An) molecular weights of oligochitosan and
oligochitosan ascorbate, and the value of the polydispersity index (pl) were determined by gel-penetrating
chromatography. In this case, we used 0.3 M CH;COOH / 0.225 M CH3;COONH, (pH 4.5) buffer solutions
and hydrophilic polyvinylidene membranes for preliminary filtration of the analyzing solutions. Next, IR
spectroscopic studies were carried out using an IR spectrometer from Bruker (Germany). The process of acid
hydrolysis of chitosan ChS-1 in a solution of hydrochloric acid at 75 °C for 6 hours was studied, while
6 samples were taken (variants were encrypted depending on the duration of the reaction, for example, ChS-
1/1 was taken from the reaction mixture for 1 hour) every 60 minutes. Oligochitosan ascorbate Bombyx mori
(ChA-1 B.M.) was obtained on the basis of the formed oligochitosan by the acid hydrolysis method. The re-
action of chitosan ascorbate formation was carried out on the basis of the suspension method under constant
conditions with varying the ratio of the components (ChS:AA) and the pH of the solution [12]. The
depolymerization of chitosan ChS-2 was carried out using an inorganic sodium nitrite salt in solution to ob-
tain oligochitosan ChS-2/1 with a molecular weight of 6 kDa. The reaction was carried out at room tempera-
ture during 60 minutes. A chitosan derivative — oligochitosan ascorbate Bombyx mori (ChA-2 B.M.) was
formed on the basis of the oligochitosan.

Results and Discussion

The results show that with an increase in the duration of the chitosan hydrolysis reaction, a significant
decrease in the average number and weight mass of the obtained samples is observed up to 6 kDa Mn and
11 kDa Mw. The degree of acetylation of the samples was determined by the PMR method. For this,
oligochitosan samples were dissolved in D,0O, and chitosan samples — in D,O + DCI. The results obtained
are presented in Table 1. The molecular weight and the degree of acetylation (DA) of the initial chitosan
ChS-1 are 123 kDa and 20 % according to the GPC and PMR data, respectively.

Table 1
The chromatography results of oligochitosan and oligochitosan ascorbate samples

The samples Synthesis time, min *'\]/-I83 L\%\é *'\{Iég *'\fgg (MVSIIM n) CA+1, %
Chs-1/1 60 15.9 28.3 41.5 28.5 1.77 16.7
Chs-1/2 120 11.8 22.1 34.3 19.0 1.88 15.3
ChSs-1/3 180 13.0 21.7 317 21.8 1.67 14.0
Chs-1/4 240 8.56 15.6 24.7 9.28 1.82 13.8
Chs-1/5 300 8.16 14.1 22.0 9.15 1.73 9.1
ChSs-1/6 360 6.06 10.8 18.2 5.60 1.75 9.0
ChSA-1 B.M. 60 7.68 14.8 26.3 7.63 1.93 9.0

As can be seen from the data obtained, with an increase in the duration of the reactions, a strong cleav-
age of the glycosidic and acetamide bonds of chitosan macromolecules occurs, therefore, due to
depolymerization, a noticeable recession in the molecular weight and the degree of acetylation is observed.
Carrying out acid hydrolysis for 6 hours, it was found that after 4 hours and further the molecular weight of
chitosan falls to the value corresponding to the molecular weights of oligochitosan 2—16 kDa [6]. The yield
of the final product comparing with the original chitosan is approximately 40 % after 6 hours of hydrolysis.
The optimal duration of hydrolysis under these conditions should be 4-5 hours. After the completion of the
hydrolysis the product was isolated by sedimentation with an aqueous ammonia solution, followed by wash-
ing with distilled water. The oligochitosan ascorbate ChSA-1 B.M. was formed on the basis of obtained
product. In order to compare the properties of the oligochitosan and its ascorbate, the oxidative
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depolymerization of chitosan ChS-2 was carried out using a 0.2 % NaNO, solution. The results show that the
nitrite method causes deep depolymerization even at room temperature in a short time. The obtained
oligochitosan ChS-2/1 was used to prepare oligochitosan ascorbate ChSA-2 B.M. The results are shown in
Table 2.

Table 2
The results of chromatography of oligochitosan and oligochitosan ascorbate samples
Synthesis time, Mn Mw Mz M
The samples y min *103 *103 *103 *183 pl Mo/Mn) | CA+1,%
ChS-2/1 60 4.13 5.93 8.23 4.0 1.46 9.6
ChSA-2 B.M. 60 3.73 6.20 9.93 3.48 1.66 6.1

The data given in the table above inform that the average number and average weight masses of the
oligochitosan and oligochitosan ascorbate samples practically coincide. Also, during hydrolysis with sodium
nitrite, in comparison with the acid hydrolysis method, the molecular weight characteristics of the samples
decrease. Despite this, the literature data show that redistribution of functional groups is observed in the
structure of oligochitosan, and aldehyde groups are also formed [11].

In addition to the GPC (gel-penetrating chramotography) data, the kinematic viscosity of the samples of
the initial chitosan and its ascorbate was determined. For measurements, 1 % aqueous solutions of the sam-
ples were prepared. Viscometers of the VPJ-2 type were used for measurements (the radius of the capillary is
0.34 or 1.31 mm). Kinetic viscosity (V, mm?/s) was calculated by the formula:

V =(g/9.807) xK x T,

where: K is the constant of the viscometer, 0.0045632 or 0.30215 mm?/s?, respectively; T is the liquid flow
time (s); g — acceleration due to gravity (m/s?). The obtained results are shown in the Table 3.

Table 3
Kinematic viscosity of samples of initial chitosans and oligochitosan ascorbates
Capillary Solution Kinetic viscosity, Molecular weight C%,
The samples radius, mm flow time, s mPas of samples, kDa N, % AK
Chs-1 1.31 39.0 13.0 M 123 8.36 -
Chs-2 1.31 59.0 19.6 WM 177 8.56 -
ChSA-1 B.M. 0.34 265.0 1.33 M, 14.8 6.18 26
ChSA-2 B.M. 0.34 233.0 1.17 M, 6.2 4.10 52

The results show that the Kkinetic viscosity of oligochitosan ascorbate ChSA-1 B.M. in comparison with
the initial chitosan, ChS-1 decreases almost 10 times, and the kinetic viscosity of the obtained sample by the
nitrite method decreases 16.7 times. The results indicate that oxidative depolymerization degrades the chi-
tosan macromolecule more actively in comparison with acid hydrolysis. The ratio of oligochitosan was de-
fined: ascorbic acid in the product was determined by elemental analysis for nitrogen content. The results
show that with the growing of ascorbic acid content, a decrease in the amount of total nitrogen and kinetic
viscosity of the samples is observed.

The structure of the samples was confirmed using IR and PMR spectroscopy. In order to compare the
structural characteristics the IR spectra of the initial chitosans, oligochitosans, and their ascorbates have been
obtained.

The results are shown in Figure 1. In the IR spectrum of chitosan (Fig. 1 b), characteristic absorption
bands at 1645 and 1574 cm™ were found corresponding to the functional groups of acetamide (amide 1) and
amine. In the range of 1310-1420 cm™ and at 2900 cm™, absorption bands of methylene groups were re-
vealed. In the range 3200-3350 cm™, absorption bands of the hydroxyl group were found.
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Figure 1. IR-spectra of ascorbic acid (a), chitosan-1 (b) and oligochitosan ascorbate Bombyx mori (c)

There are absorptions of stretching vibrations of C2 and C3 hydroxyl groups in the IR spectrum of
ascorbic acid in the range of 3200-2900 cm™. The absorption bands for the methylene group in the range of
2915-2900 cm™ also have been found (Fig. 1.). At 1750 cm™, an absorption band is observed for the carbon-
yl group included in the lactone ring of ascorbic acid; at 1650 cm™ — absorption band characteristic of
C=C groups. Along with this, at 1320, 1270, 1140 cm™, absorption bands of C3-, C2-, C5- hydroxyl groups
are found.

In the IR spectrum of the obtained oligochitosan ascorbate, a mixing of absorption bands appears, com-
pared to the absorption bands of chitosan and ascorbic acid. Slight difference was observed due to the mixing
of absorption bands towards lower wave numbers from 1645 and 1568 cm™, which means the formation of
oligochitosan ascorbate in the presence of amino groups. In the range of 1400-900 cm™ absorption bands
appear which are characteristic of chitosan with low intensity which indicate a decrease of the hydrogen
bonds. The change in the intensity and shift of the characteristic absorption bands in the IR spectrum of
oligochitosan ascorbate in comparison with the IR spectra of the initial components — ascorbic acid and chi-
tosan — indicate the formation of a water-soluble derivative of chitosan — oligochitosan ascorbate.

NMR spectroscopic studies were also carried out. NMR spectra were recorded on a VARIAN-400 spec-
trophotometer (USA). In all experiments, the D,O solvents were used with the addition of DCI. It is known
that the NMR spectra of chitosan are characterized by resonances in the range of 4.6-4.9 ppm, which coin-
cide for the proton at C-1, which indicates glucosidic bonds. Further, chemical shifts of the C-2, C-3, C-6
protons are observed in the range of 3.7-4.0 ppm. There are also resonances in the 3.2 ppm and — 2.1 ppm
region, which correspond to the protons of the amino group and the acetamide group of this polysaccharide
(Fig. 2) [12]. The obtained NMR spectra of the initial chitosan and oligochitosan are shown in Figures 3, 4.

The degrees of acetylation (DA) of the samples were also calculated. Based on the equation of
CA =n/(n-100) = (0.1/3) / (1/6) = 0.199 then 1.199 n = 19.9, and n = 0.167 or CA (%) = 16.7 %. The results
show a gradual decrease in the content of acetamide groups can be seen in the spectrum of the achieved
oligochitosans, for example in the spectrum of samples ChS-1/6 (Fig. 3).
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Figure 2. H'-NMR spectra of the initial chitosan ChS-1
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Figure 4. H'-NMR spectra of chitosan oligoascorbate ChSA-2
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As can be seen from the spectrum (Fig. 3), the degree of acetylation (DA) based on the equation
DA = n/(n-100) = (0.05/3) / (1/6) = 0.099 then 1.099 n = 9.9 and the value of the n = 0.09 or CA = 9 %.
Thus, it can be concluded that as a result of acid hydrolysis up to 6 hours, the degree of acetylation decreases
from 16.7 % to 9 %.

In the NMR spectrum of oligochitosan ascorbate, a shift of signals compared to the signals of the initial
oligochitosan from 2.8 ppm to 3.1 ppm was found, which can be explained by the interaction of the amino
groups of oligochitosan with ascorbic acid [12, 13]. An increase in the intensity of signals in the range of
3.5-4.1 ppm is also observed, which indicates the surge in the polydispersity of the sample and proton sig-
nals at C-6, C-5, C-4 due to the formation of oligochitosan ascorbate (Fig. 4.).

In the spectrum of ascorbic acid, characteristic signals are observed at 3.6 ppm, which correspond to the
C-6 carbon protons and two protons in the CH,OH group of ascorbic acid molecules. Peaks 3.8, 3.9 ppm.
refer to the protons associated with the C-4, C-5 and C-3 atoms of the lactone ring of ascorbic acid, respec-
tively. The detected signals in the range of 4.9 ppm correspond to protons at C-4 in the furanose ring of
ascorbic acid, which corresponds to the literature data [13].

0.5 % solutions of oligochitosan ascorbate were prepared in order to realize these studies. Experiments
were carried out on the basis of the obtained solutions 4 times. Certain biologically active properties of
oligochitosan ascorbate showed that the obtained samples have antimicrobial properties against Fuzarium
oxysporum in comparison with the reference and control. It was revealed that oligochitosan and
oligochitosan ascorbate have antimicrobial properties, the zone of suppression of which is 22 mm on aver-
age, and no zone of suppression was found in the control (water).

Conclusions

Thus, the process of acid hydrolysis of chitosan ChS-1 in a solution of 1 M hydrochloric acid at 75 °C
for 6 hours has been studied. It has been shown that the optimal duration of hydrolysis, leading to the pro-
duction of oligochitosan with a molecular weight of less than 16 kDa, should be considered as 4-5 hours.
Depolymerization of chitosan ChS-2 was carried out using sodium nitrite in solution to obtain oligochitosan
with a molecular weight of 6 kDa. On the basis of the achieved oligochitosan samples by two methods, their
ascorbates were prepared. The composition, structure, and molecular weight characteristics of oligochitosan
ascorbate samples were confirmed by physicochemical methods. Certain biologically active properties of
oligochitosan ascorbate showed that the obtained samples have antimicrobial properties against Fuzarium
oxysporum in comparison with the reference and control.

This work was carried out with the financial support of the «El-Yurt Umidi» Foundation of the Republic
of Uzbekistan. There is no conflict of interest. K.K. Pirniyazov with the leadership of S.Sh. Rashidova and
V.E. Tikhonova carried out synthesis and calculations. All authors participated in data processing and in the
discussion of the results.
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K.K. ITupuusszos, B.E. Tuxonos, C.I11. Pamugosa

Bombyx mori-nen aapiHFaH 0JTHroXUTO3aH
acKOpOATHIHBIH CHHTE3I K9He KacueTTepi

Onuroxurto3aH chlHamamapsl Bombyx mori-meH oxmiayigaHFaH JKOFapbl MOJICKYNATBIK XHTO3aHHBIH
KBIIIKBUIIBIK THAPOIN31 apKbUIbl albIHABL. 6 carar imIiHAe KBIIIKBUI TMAPOJIM3IH JKYprisreHae, 4 caraTtaH
KeHiH OHE ONaH opl Y3aKTBIFbl apTKAH CaibIH XHTO3aHHBIH MOJEKYJIAJbIK CaJIMarbl ONHTOXHUTO3aHHBIH
2-16 x/la MoyeKynalblK CaJMaKTapBIHBIH JHaNa30HbIHA COHKEC MOHIre JSHiH a3asThIHIBIFBI aHBIKTAJIBL.
Mornekynanslk canmarbl 16 kJ{a-maH a3 OJMrOXWTO3aH OHAIpICIHE OKeJeTiH T'MIAPONN3AIH OHTAIIbI
Y3aKTHIFBIH 4—5 caraT Jiel caHay KepeK eKEHIITi KepceTinreH. Momekynanbik canmarsl 177 k/la XuTo3aHabl
JeTIouMepiiey HaTpUi HUTPHUTIH NalJaJIaHbI, MOJIEKYJIAlTbIK Maccackl 6 k/la ONMIOXWTO3aH aiy YIIiH
Kyprizinmi. Exi omicmeH anbplHFaH OJHMIOXWTO3aH ChIHAMAJAaphl HETi31HAE OJapAblH acKopOaTTapbl
CUHTe3ei. XHUTO3aH acKOPOATBIHBIH TY3UTy PEaKUUACHl CYCIIEH3US OiCi Heri3iHAe KOMIIOHEHTTEpIiH
(X3:AA) xone epiTiHaiHiH pH KaTbIHACBIHBIH €3repyiMeH TYpaKThl jKargaima Kyprizingi. OIUroxurosan
ackopbar meH omuroxurozan Bombyx mori celHamanapbIHBIH Kypambl, KYpPBUIBIMBI JKOHE MOJEKYIIabIK
cUIaTTaManapbl (GU3MKAIBIK-XHMUSUIBIK 9/IICTEPMEH pacTalAbl. AJIBIHFAH YIATLIEpAiH MUKPOOKaKapchl acepi,
sFHE Fuzarium oxysporum-ra kapcsl acepi 6ap eKeH/IIr Ao ICHTeH.

Kinm ce30ep: xuto3aH ackopoar Bombyx mori, onuroxuro3an Bombyx mori, ackopOHH KBIIIKBUIBI, JTOHOP-
aKIENTOPJIBIK OallyIaHbIC, GailIaHbIC TOPEXEC, AUSTHIACHY TOPEKeCi, NeMOTUMEPU3aLHs.

K.K. ITupnuszos, B.E. Tuxonos, C.111. Pamunosa

CuHTe3 U CcBOIiCTBA acKopdaT omroxuro3ana uz Bombyx mori

Tlomydaensr 00pa3mbl OMUTOXUTO3aHA KUCIOTHBIM THAPOIN30M BBICOKOMOJICKYIISIPHOTO XHTO3aHA, BBIICICH-
Horo u3 Bombyx mori. B xoxe mpoBeneHusi KHCIOTHOTO THAPOIH3a B TeYeHHE 6 4 OBUI0 OOHAPYKEHO, YTO
4yepes 4 9 ¥ Jajee ¢ yBEeIHUCHNEM MTPOIODKUTEIBHOCTH MOJIEKYIIIPHAs Macca XUTO3aHa CHIDKAETCS 10 3Ha-
YeHUs], COOTBETCTBYIOIIEr0 HHTEpBaJIaM MOJIEKYJISIpHBIX Macc onuroxuroszana 2—16 x/la. Ilokazano, 4to om-
TUMAJIBHOH TPOJOJDKUTEBHOCTBIO THAPOIIN3a, IIPUBO/SIIIET0 K MOTYyYESHHIO OJIUTOXUTO3aHa C MOJISKYJISIPHON
Maccoil MeHee 16 k/la, cienyer cuutarh 4—5 u. OcyliecTBlIeHa AENOJMMEPU3alisl XUTO3aHa C MOJICKYIIAp-
Hoi Maccoit 177 x/la ¢ HOMOIIBIO HUTPUTA HATPHUSI B PACTBOPE € MOIYUYEHHEM OJIMTOXUTO3aHA C MOJICKYJIIp-
HOH Maccoit 6 k/la. Ha ocHOBe MOydeHHBIX JBYMS METOJaMH 00pa3IloB OJIMTOXHUTO3aHA CHHTE3WPOBAHBI X
ackopbatbl. Peaknust oO6pa3zoBaHms ackopOaT XHTO3aHA IPOBOMIN HA OCHOBE CYCIIEH3HOHHOM METOJIOM IIpH
MIOCTOSIHHBIX YCJIOBHSIX C BapbUpoOBaHHMEM cooTHomeHni xommoHeHToB (X3:AK) m pH pactBopa. Cocras,
CTPYKTYpa ¥ MOJICKYJISIPHO-MacCOBBIE XapaKTEPUCTUKH 00pa3IIoB acKopOaTa OJMIOXUTO3aHa M OJMTOXUTO3a-
Ha Bombyx mori moarBepikaeHbl HH3UKO-XUMHUCCKUME METOJaMH. [10Ka3aHO, YTO MOJydYEHHBIC 0Opasiibl
00J1a1a10T aHTHMHUKPOGHBIM JieiicTBHeM npoTuB Fuzarium oxysporum.

Kuioueswvle crosa: ackop6at xuro3ana Bombyx mori, onuroxurozan Bombyx mori, ackopGuHoBast kucsora,
JOHOPHO-aKIENTOPHAsA CBA3b, CTCIICHb CBA3BIBAHHNSA, CTCIICHD AlICTUIIMPOBAHUA, ACTIOJIUMEPHU3ALInA.
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Modification of magnetic FesO, nanoparticles for targeted delivery of payloads

The development of methods for targeted delivery of payload is a rapidly developing area of research. For
this reason, iron oxide nanoparticles have potential to be used in delivery of substances by using external
magnetic field. However it is necessary to develop methods of their modification, which will lead to the pos-
sibility of immobilization of payloads with the required concentration for therapeutic use. In this article,
supermagnetic iron oxide nanoparticles (Fe;O,) were modified with silanes such as (3-chloropropyl)-
trimethoxysilane, (3-mercaptopropyl)trimethoxysilane, (3-aminopropyl)trimethoxysilane and (3-glycidyl-
propyl)trimethoxysilane by reaction of polycondensation. Then carborane compound (payload) was success-
fully attached on the modified nanoparticles via covalent bonding. Structure, size and element composition
were studied by Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM) and
Energy-dispersive X-ray spectroscopy (EDA). It was found that resulting nanoparticles contain 16.6 % of bo-
ron (according to EDA), and their average size is 3249 nm (according to SEM). In vitro test using HeLa (cer-
vical cancer cell) and PC-3 (prostate cancer cell) shows low cytotoxicity in concentration range of
1-200 pg/ml.

Keywords: Fe;O,4 nanoparticles, silane, surface modification, targeted delivery of payload, BNCT, carborane,
biological test, cytotoxicity.

Introduction

The science and engineering of nanometer-sized materials is currently being used to develop numerous
scientific, industrial, environmental, and technological fields. Biology, medicine, chemistry, pharmaceuti-
cals, agriculture, food industry and materials science are the main areas that have benefited from the techno-
logical progress achieved in the field of nanoscience. In recent years, significant growth has been observed in
the biomedical application of nanostructured materials [1-4]. Nanostructures of different composition and
shapes form the basis for a huge variety of pharmaceutical and medical applications, including diagnosis and
drug delivery, and they have particular potential in cancer therapy. According to the International Agency for
Research on Cancer [5], 18.1 million new cancer cases and 9.6 million cancer deaths were reported in 2018.
Kazakhstan mortality index is 140.2 while average of worldwide is 102.4 and it is predicted that this index
will grow. Despite all the preventive measures and therapeutic efforts of the last decades, the upward trend in
incidence continues [6]. Typical chemotherapy drugs cannot be sufficiently concentrated in the area of the
tumor and have a negative effect on the entire body. Thus, one of the problems is the development of meth-
ods of targeted therapy, which selectively affects the tumor, while maintaining healthy tissue and increasing
the effectiveness of the drugs used. Biomimetic properties as well as an unusual surface-to-volume ratio
make nanoparticles promising tools for the treatment of diseases [1].

Nanoparticles have unique physical and chemical properties due to their size, which can be comparable
with the sizes of antibodies, receptors, nucleic acids, proteins, and other biological macromolecules. In addi-
tion, the use of nanostructures may allow the use of compounds that have poor solubility in water or low
chemical and biological stability, metabolic barriers and etc. For these purposes, various nanostructures are
used: liposomes, polymer and protein nanocapsules, micelles, gold and silicon nanoparticles [7]. Moreover,
magnetic iron oxide nanoparticles have wide potential applications in biomedicine [8-12], including magnet-
ic resonance imaging, magnetic hyperthermia, cancer therapy, and targeted drug delivery; in catalysis [13—
15] and magnetic separation [16, 17]. Despite these promising results, their successful transition into clinical
conditions depends strongly on their physicochemical properties, toxicity, and functionalization possibilities.
Iron oxide nanoparticles are low stable, have a tendency to agglomerate in solutions, they have lack of bio-
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compatibility. Various materials, such as silanes, metals, polymers, fatty acids and amino acids, are used to
functionalize the surface and to stabilize magnetic nanoparticles [18-20]. Among other materials, silane
based compounds are the most promising because they have high biocompatibility, stability, low toxicity,
low cost, and high capacity for functionalization [21-23]. Moreover, the modification of magnetic nanoparti-
cles with silanes with various functional groups will allow immobilization of drugs with different chemical
nature. One of such drugs can be carborane derivatives for potential use in neutron capture cancer therapy
(NCT) and chemotherapeutic drugs.

In this article, we present the results of synthesis and modification of iron oxide nanoparticles with var-
ious silanes and immobilization of carborane compound (payload) on their surface. Moreover, the biocom-
patibility was evaluated in vitro using human cancer cell lines: HelLa (cervical cancer cell) and PC-3 (pros-
tate cancer cell).

Experimental

Synthesis and modification of iron oxide nanoparticles

FesO4 nanoparticles were obtained by co-precipitation of a mixture of iron chloride (I1) and iron chlo-
ride (111) with the addition of ammonium hydroxide according to the method described in the our previous
published article [24].

Modification of the surface of iron oxide nanoparticles with silanes such as (3-chloropropyl)-
trimethoxysilane (Si-Cl), (3-mercaptopropyl)trimethoxysilane (Si-SH), (3-aminopropyl)trimethoxysilane
(Si-NH,) and (3-glycidylpropyl)trimethoxysilane (Si-epoxy) was performed by reaction of polycondensation.
With this aim, 0.5 g of Fe;O, was dispersed in 100 ml of o-xylene, 3 ml of silane was added, the reaction
mixture was purged with argon. The reaction was carried out at 90 °C for 5 hours. After that, the obtained
nanoparticles were separated with a magnet, washed in o-xylene, acetone, and dried.

Immobilization of carboranes to functionalized Fe;O, nanoparticles

Commercial available isopropyl-o-carborane (0.016 M) was dissolved in 30 ml anhydrous benzene. The
solution was bubbled with argon, then freshly prepared butyl lithium solution (0.016 M) was added, isopro-
pyl-o-carboranyl lithium was precipitated after 1 hour of stirring. Diethyl ether was added to the reaction
mixture to dissolve the precipitate. After that, suspension of Fe;O,~Si-epoxy in benzene was added. The re-
action was carried out at room temperature during 6 hours. The resulting suspension was magnetically sepa-
rated, washed with benzene and diethyl ether several times, dried at 50 °C.

Methods of characterization

FTIR spectra were recorded on InfraLum FT-08 FTIR Spectrometer (Lumex, Russia) with Single Re-
flection Diamond ATR accessory (GladiATR, PIKE) to study chemical group shifts before and after nano-
particles modification. Measurements were taken in the range of 400 to 4000 cm ™. All spectra (25 scans at
2 cm”' resolution) were recorded at 21-25 °C.

JEOL JSM-7500F scanning electron microscope (SEM) was used for characterization of nanoparticle
morphology and size during functionalization. Nanoparticle distribution were evaluated by analyzing SEM
images using ImageJ. EDX analysis was done using Hitachi TM 3030 with microanalysis system Bruker
XFlash MIN SVE at 15 kV. Before the analysis, the samples were glued to carbon tape and sputtered with
gold on magnetron JFC-1600. The analysis of the elemental composition was carried out evaluating the spec-
tra from various points of the sample, the average values of the element content were calculated based on the
10 spectra.

Cytotoxicity Assay

In order to monitor the cytotoxic effect of functionalised magnetic nanoparticles different human cancer
cell lines were used: HeLa (cervical cancer cell), PC-3 (prostate cancer cell). As recommended, fibroblasts
like cells of L929 obtained from subcutaneous adipose tissue of mouse were used as normal cells (PN-EN
ISO 10993-5:2009 norm). The cell culture for HeLa and PC-3 was described previously [25].

Cytotoxicity of nanoparticles was evaluated using in vitro model and day 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide [26, 27]. All cancer cell lines were plated into 96-well plates in volume of
8-10-10%100 ul/well. After 24 hours incubation, the samples were added in a concentration range of
1-200 pg/ml and a volume of 100 pl/well into wells with suspensions of particular cell lines. Subsequently,
cells were incubated for next 24 hours and 72 hours under standard conditions (37 °C and 5 % COy,). In ex-
periments two types of cell culture medium were used: with fetal bovine serum (FBS+) and without (FBS-).
After that time, fresh prepared MTT solution (5 mg/1 ml PBS) was added in volume of 20 ul to each well
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and cells were incubated for the next 3 hours under the same conditions. Then, the wells contents were re-
moved and lasting crystals were dissolved by the addition of 100 ul DMSO to each well. Absorbance was
measured using BioTek Power Wave XS spectrophotometer at the wavelength of A=570 nm. Prior to investi-
gation the nanoparticles solution in PBS probes were sonicated in order to disintegrate particles with ultra-
sounds. Control values were absorbance measurements received for the wells with cells incubated without
the addition of the studied compounds. For each concentration of the nanoparticles 6 absorbance measure-
ments were carried out, for which average values + SEM were calculated. Obtained MTT results were pro-
cessed using GraphPad Prism 7 Program, into graphs, which depict inhibition of cell viability in relation to
compound concentration.

Results and Discussion

At the first stage of the study, methods of coating magnetic iron oxide nanoparticles with a silane shell
were studied. Silanes can serve as an intermediate link between inorganic nanoparticles and organic/organo-
element payloads. Trimethoxysilanes with different reactive groups such as chlorine-, amino-, epoxy- and
mercapto- were chosen to be able to attach different payloads at next stage. To create the shell, the
polycondensation reaction of silanes was used, which occurs both with silane molecules and with hydroxyl
groups that are on the surface of iron oxide nanoparticles. Thus (3-chloropropyl)trimethoxysilane, (3-
mercaptopropyl)trimethoxysilane, (3-aminopropyl)trimethoxysilane and (3-glycidylpropyl)trimethoxysilane
were chosen. The reaction was carried out in 0-xylene under argon. Magnetic separation made it possible to
well purify magnetically modified nanoparticles from non-magnetic silane nanoparticles, which were a by-
product. Figure 1 shows the results of Fe;O4 modification with (3-chloropropyl) trimethoxysilane. It was
found out that size of nanoparticles increased from 21+4 nm (initial Fe3O,4) to 29+5 nm according to SEM
analysis. At the same time, the weight gain was 2.8 %. Elemental composition according to EDA analysis is
as follows (Fig. 1c¢): Fe — 13 %, O — 43.6 %, C — 40.2 %, Cl — 0.6 %, Si — 0.5 %, Au — 1.1 %, Cu —
1 %. It should be noted that gold and copper appeared as a result of magnetron sputtering before SEM analy-
sis to avoid surface charge. The FTIR spectrum (Fig. 1d) of the initial Fe;O4 nanoparticles is characterized
by absorption at 3500-3000 cm™ (OH), 1614 cm* associated with O—H vibrations in combination with Fe
atoms, as well as at 544 and 399 cm ™ (Fe-O). The coating of nanoparticles led to the appearance of new
peaks at 1040 and 1146 cm™ (Si—O-Si) and 628 cm™ (C—CI). The absence of peak at 913 and 940 cm™ allow
us to conclude that the reaction of polycondensation completed.

—— Fe,0,-Si-SH
——Fe,0,

1 —Fe,0,sici
] —Fey0,

Absorbance
Absorbance

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™ Wavenumber, cm*
Figure 1. Scheme of modification of Fe;0, Figure 2. Scheme of madification of Fe;0,
by (3-chloropropyl)trimethoxysilane (a), by (3-mercaptopropyl)trimethoxysilane (a),
SEM image (b), EDA (c) and FTIR spectra (d) SEM image (b), EDA (c) and FTIR spectra (d)
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Modification with (3-mercaptopropyl)-trimethoxysilane led to formation of nanoparticles with size of
26+6 nm (Fig. 2b). The FTIR spectra (Fig. 2d) show the appearance of new peaks at 706 cm™ (S—C), 1059
and 1144 cm™ (Si-O-Si). At the time the broad peak at 913 cm™ were detected which is related to Si—-OH
group. This indicates the incompleteness of the reaction. EDA (Fig. 2c) registered 1.3 % of sulfur and 1.5 %
of silicon.

Modification with (3-aminopropyl) trimethoxysilane was carried out according to the same procedure in
o-xylene at 90 °C. The average size of obtained nanoparticles was 30+8 nm. Aminated nanoparticles are
characterized by the appearance of new peaks at 1677 cm™ (NH,), at 1163 and 1064 cm™ (Si—O-Si), and at
1265 cm™ (C-N) (Fig. 3). It was also found out appearance the peak related to Si—-OH bonds, but with a low-
er concentration than in the case of (3-mercaptopropyl)trimethoxysilane. Nitrogen in the amount of 7.6 %
was observed in EDA. Modification of Fe;O,4 by (3-glycidylpropyl)trimethoxysilane allowed to create chem-
ical active epoxy groups for further isopropyl-o-carborane attachment (payload). Epoxy ring were detected in
FTIR spectra at around 900-920 cm™. In the same region, the peak related to Si—-OH can be appeared. The
presence of the epoxy group will also be confirmed by further chemical transformations. SEM analysis
(Fig. 4b) shows an average nanoparticles size of 39+8 nm.

OH

HO, OH  (H;C0),Si
HO OH
HO OH
OH

Fe-O-Fe (d)

] —— Fe,0,-NH,

1 —— Fe,0,-epox
——Fe,0, 50,-epoxy

— Fe30,

Absorbance
Absorbance

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm™ Wavenumber, cm™

Figure 3. Scheme of modification of Fe;0,
by (3-aminopropyl)trimethoxysilane (a),
SEM image (b), EDA (c) and FTIR spectra (d)

Figure 4. Scheme of modification of Fe;O,
by (3-glycidylpropyltrimethoxysilane (a),
SEM image (b), EDA (c) and FTIR spectra (d)

Commercial available isopropyl-o-carborane was immobilized to Fe;O,-Si-epoxy nanoparticles via co-
valent bonding using butyl lithium as shown in Figure 5a. New peaks in FTIR spectra (Fig. 5d) appeared at
3353, 2924, 2572, 1496, 1433 and 860 cm™ are related to OH, C-H, B-H, &, CHs and carborane skeleton
vibrations respectively [29], with increase in average nanoparticles size according to SEM analysis to
32 + 9 nm (Fig. 5b-c).

EDA analysis was performed to study element content on Fe;O, nanoparticles surface before and after
modification. The data extracted from the EDA spectra are collected in Table 1. Initial Fe3O,4 consist of 43.1 %
Fe and 56.9 % O. Isopropyl-o-carborane attachment led to the appearance of boron in an amount of 16.5 %.

Table 1
Data from EDA spectra
sample Atomic content, %
P Fe 0 Si B c
Initial Fe;0, 43.1+2.1 56.9+3.6 — — —
Fe;0,/GPTMS 20.7£2.1 52.94+2.1 6.4+1.3 — 20.0+1.5
Fe;0,/GPTMS/Carborane 22.2+1.5 38.9+3.1 2.4+0.3 16.542.3 20.0+1.4
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SEM image of initial FesO,4 nanoparticles (b), SEM image of Fe;0,-Si-epoxy-carborane nanoparticles (c)
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Figure 5. Scheme of Fe;04 modification and carborane immobilization (a),

and FTIR spectra of Fe30, before and after modification (d)

Results of XRD analysis of the studied nanoparticles before and after modification are presented in Fig-
ure 6. The general view of X-ray diffraction patterns evidence to the polycrystalline type of nanoparticles
with a low degree of structural ordering and crystallinity. Table 2 shows the results of changes in structural
parameters calculated based on the analysis of X-ray diffraction patterns, which were made according to

[30-31].
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Figure 6. XRD patterns
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Table 2
Data of XRD analysis
. . F93O4'Si'
Sample Initial Fe;0, | Fes0,-Si-Cl | Fes0,-Si-sH | Tes04Si- | FesOa-Si- epoxy-
NH, epoxy
carboranes
Structure type Cubic Fd-3m(227) PDF-00-065-0731
Lattice parameter, A a=28.4226 a=8.3384 a=_8.3139 a=28.3429 | a=28.3039 a=8.2603
1) 0.009 0.02 0.193 0.091 0.206 0.234
Structure Fe5.090,4 Fe.080,4 Fez5104 Fe2.0104 Fe2.8004 Fe;770,4
Crystalline size, nm 18.92+1.86 14.89+1.54 21.33+1.78 | 18.03£1.69 | 17.82+1.49 | 17.41%1.39

It was found that with a high degree of probability (more than 85 %), the diffraction pattern of the ob-
tained nanoparticles corresponds to the cubic phase of magnetite, with the spatial system Fd-3m (227). Com-
parison analysis was carried out using the PDF-2 database. In this case, the parameters of the crystal lattice
differ from the reference values selected from the PDF-00-065-0731 database. The differences can be caused
both by the processes of disordering of the structure arising as a result of synthesis, as well as by subsequent
oxidation processes associated with the processes of modification. In this case, the modification leads both to
a change in the stoichiometric ratio and in the crystallite size.

The cytotoxicity of Fe;O4-Si-epoxy-Carborane nanoparticles was characterized by determination of cell
vitality. The percentages of active cells — cell viability + SEM values after 24h and 72 hours incubation are
shown in Figure 7.

200

180
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w Y W r ®
- 7\ 140 /:
éigg / Z\ g 120 77
S 100 - = 100 |5 E
% 0 14%% ——24h § % !\\:ji\\#; —e—24h
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Figure 7. Cell viability after 24 and 72 hours incubation with FBS and without FBS
as a function of nanoparticles concentrations for HeLa (a) and PC-3 (b) cell lines

Visual inspection of cells along with the viability and cytotoxicity after 24 hours as well as 72 hours in-
cubation results indicated a low cytotoxicity of investigated particles for concentrations < 200ug/ml in case
all investigated cell lines. For that reason, the value of IC50 (half maximal inhibitory concentration) has not
been established. The dose-dependent decrease in viability is well visible for HeLa and PC-3 cells. The ex-
periments indicate that mitochondrial and overall cell viability is maintained. Unexpected increase in viabil-
ity visible especially for medium without (FBS-) may be due to increased mitochondrial activity associated
with cell phagocytosis of nanoparticles.

Conclusions

Functionalization of FesO, nanoparticles with epoxy, amino, mercapto, chloro group using silanes was
carried out. The features of the reactions were studied; the optimal conditions for the process were estab-
lished. The formation of functional groups has been proven by FTIR spectroscopy, SEM, and EDA. Further,
the obtained modified nanoparticles with chemically active groups can be used to immobilize payload. For
this propose, carborane compound was successfully attached to the modified nanoparticles via formation of
covalent bond for potential application in boron neutron capture therapy of cancer. It was found that resulting
nanoparticles contain 16.6 % of boron (according to EDA), and their average size is 32+9 nm (according to
SEM). In vitro test using HeLa (cervical cancer cell) and PC-3 (prostate cancer cell) shows low cytotoxicity
in concentration range of 1-200 pg/ml.
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Iaiigansl :KYKTeMeHIi KeTKi3y YIIiH MarHUTTI
Fe;O,4 HaHoOe/IeKTEPiH MOAU(UKATIUATAY

TMaiinaner skyKTeMeHI MaKcaTTBl JKETKi3y ONICTEpiH jkacay — OYJI JKeleN JaMblll KeJie JKaTKaH 3epTTey
OarbIThl. OChIFaH OaiyIaHBICTHI TEMip OKCHIIHIH HAaHOOOJIIEKTEPl CHIPTKBI MarHUT OPICiH MaiiianaHbII 3aT-
Tapasl OKETKi3y VINiH TMaiilanaHbuTybl MYMKiH. AJaiila Tepamusulblk KOJAaHy YIIH — KaKeTTi
KOHIIEHTPALUSIAAFBl IOPUTIK 3aTTapIbl MMMOOWIH3ALMIIAY MYMKIHJITiHE OKEJIETiH oJlapAbl MOAW(UKAIIHs-
Jay omictepiH o3ipymey Kaxer. Maxkanaza (3-XJIOpOIMPOIMKI)TPUMETOKCHCHIIAH, (3-MEpKanTOmpOII)Tpy-
METOKCHCHIIaH, (3-aMHUHOMPOITHII)TPUMETOKCHCHIIAH KoHe (3-TUIHANIUIIIPONHI)TPUMETOKCHCHIIAH CHSAKTBI
cwiangapmen cynepMarautTik (Fe;0,) temip okcuai HanoGesmekrepi Moandukanmsuianapl. Coman Keuin
KapOopaHIbl KOCBUIBIC MOAN(HKAIMIIAHFAaH HaHOOOJIIEKTep/ie KOBAJCHTTI OallIaHbIC TY3y apKbUIBI COTTI
umMMmoOumm3aeHai. KypputeiMer, Memmepi >koHe 3ieMeHTTIK Kypambel WK-®ypre Tpanchopmanusiibix
uappake3pur  ciekrpockonmsicel  (MK), ckamepmeiitin  smekTpoHasl  mMukpockomus (COM)  xone
JHEProAUCIIEPCHSITBIK peHTreH crekTpockonusicel (DJIC) kemeriMeH 3epTreni. ABIHFAH HAHOOOIIIEKTEPIe
(BAC nepexrepi Goitbiama) 16,6 % Gop Oap exkeHiri aHBIKTAIABI, an onapibH oprama memnrepi (COM
nepekrepi OoiibiaIna) 34+9 Hm. In vitro tect Hela (»xatsip MoitHbI 00bIpBI XKacyiuanapsr) xone PC-3 (KybIk
actbl OesiHiH Karepni iciri skacymanapsl) yumria 1-200 MKD/MJI KOHIIEHTpAllMs ayKbIMBIHAA TOMEH
IIUTOTOKCHKAJIBIKTHI KOPCETE/Ii.

Kinm ce30ep: Fe30, nanoOemmiektepi, cunaH, OeTTiKk MoanGHKalusiIay, Halaansl XKYKTEMEHI MaKCaTThl
xketkizy, BH¥ T, kap6opaH, OHONOTHSAIIBIK CHIHAK, ITATOTOKCHKABIK.
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Modification of magnetic FesO4 nanopatrticles ...

N.B. Koponbkos, K. JIymxkuk, JI.W. JIucoBckas,
A.B. 3ubeprt, A.b. Ecxxanos, M.B. 3noposen

Moaudukanus MArHUTHBIX HaHOYacTHI Fe;0,
IJI51 AIPECHOI I0CTABKH T0JIE3HOT0 IPy3a

PazpaboTka MeTo0B aipecHON JOCTaBKU MOJIE3HOTO Ipy3a — OBICTPO pa3BHUBAIOLIEECs HAMIPABICHUE UCCIe-
JOBaHUH. B CBS3M C 9TMM HaHOYACTHUIIEI OKCHJIA JKelle3a MOTEHIIMAIBFHO MOTYT OBITH UCIIONB30BaHbI IS JOC-
TaBKH BEIIECTB C IIOMOIIBIO BHEIIHETO MarHUTHOTO 1oyist. OiHaKo He0OX0ANMO pa3paboTaTh METOIBI HX MO-
IU(UKAIIH, KOTOPbIe MPUBEAYT K BO3MOXXHOCTH MMMOOWMIN3AUY JIEKAPCTBEHHBIX BEIIECTB HEOOXOIMMOit
KOHIICHTPALMH JUI1 TepaleBTHIECKOTO HCIIOIb30BaHUs. B craTthe cymepMarHUTHBIE HAHOYACTHIIBI OKCHZA
xeneza (FesO,) Obutn MOIUQUIMPOBAaHBI CHIAHAMH, TaKUMH Kak (3-XJIOPIPOMHI)TPHUMETOKCUCHIIAH,
(3-MepKanTompoOITHI) TPUMETOKCHCHIIAH, (3-aMUHOIPOIHI) TPUMETOKCHCHIAH | (3-TIIHIHIUIIIPOIIHI) TPH-
METOKCHCHIIaH. 3aTeM KapOOpaHOBOE COeMHEHNE ObIIO YCIEITHO MMMOOMIM30BaHO Ha MOAU(UIIMPOBAaHHbIE
HAHOYACTHUIIBI TTOCPEACTBOM 00pa30BaHUsA KOBaJEHTHOH cBsi3u. CTPyKTypa, pasMep U 3JIEMEHTHBIA COCTaB
U3y4YeHbl C MOMOILIbI0 HMH(paKpacHOil cmekrpockomuu ¢ mpeobpazoBanuem Dypre (MK), ckanupyromeit
3NeKTPOHHON MHKpockoruu (COM) 1 9HeprouCcIepCHOHHON peHTreHoBcKoH criektpockonuu (D/1A). bruio
00HAPYXKEHO, YTO TOJyYCHHBIC HAHOUACTHUIIBI coiepkaT 16,6 % Gopa (1o aanHbeM DJ]A), a ux cpemnuit pas-
Mep cocraisier 3449 uMm (o manaeiM COM). Tecrt in Vitro mokassiBaeT HU3KYHO [UTOTOKCHYHOCTh B JHAra-
30He KoHueHTparmii 1-200 mkr/mi s HeLa (xietkn paka meliku Matkn) 1 PC-3 (ki1eTku paka IpoCTaThl).

Knrouesvie crosa: nHanouactuusl FesOy, cunas, Moandukanus MoBEpXHOCTH, apecHas J0CTaBKa MOJIE3HOTO
34, > >
rpy3a, BH3T, xapOopaH, OHOIOTHUECKHI TECT, TUTOTOKCHYHOCTb.
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