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Features of Nitration of Aromatic Aldehydes
with the Difluoromethoxy Group

Abstract

Nitration of aromatic aldehydes with difluoromethoxy group results in the partial ipso-substitution of the aldehyde group if
difluoromethoxy group is located in the para-position to the aldehyde group. The presence of a chlorine atom in the meta-
position to the aldehyde group increases the contribution of the ipso-substitution, while the presence of a chlorine atom in
the ortho-position to the aldehyde group reduces it. The presence of strong donors (alkoxy groups) in the molecule elimi-
nates the contribution of the ipso-substitution.

Keywords: difluorometoxybenzaldehydes; nitration; ipso-substitutuion
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B Introduction

The difluoromethoxy group has recently be-
come quite readily available, and compounds con-
taining it often exhibit the biological activity [1].
The examples of such prominent OCHF, bearing
drug molecules include a proton pump inhibitor
pantoprazole (the brand name Protonix) and a cal-
cium channel blocker riodipine (the brand name
Foridon) (Figure).

Previously, we obtained a number of biologi-
cally active compounds acting as activators of
potassium and calcium channels and containing
difluoromethoxy group [2]. In particular, start-
ing compounds for our investigations were o-di-
fluoromethoxybenzaldehyde (1) and its nitration
product — 2-difluoromethoxy-5-nitrobenzaldehy-
de (2). Nitration of compound 1 proceeded very
easily, even under milder conditions and at low-
er temperature than nitration of unsubstituted
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Scheme 1. Nitration of o-difluoromethoxybenzaldehyde

O,N
2,90 %

benzaldehyde, and led to sole product 2 with a
high (90%) yield since the substituents in the ben-
zene ring direct nitro group to the same positions
(Scheme 1).

Nitration of difluoromethoxybenzaldehydes
isomeric to 1 and other aromatic aldehydes con-
taining OCHF, group remained almost unstudied.
Only one patent is known on the issue. It describes
nitration of p-difluorometoxybenzaldehyde in ace-
tic anhydride with a moderate yield [3]. However,
such nitration products can become important in-
termediates for the synthesis of new biologically
active substances. This work aims to study the
nitration reaction of various benzaldehydes con-
taining difluoromethoxy group, including those
with substituent having inconsistent directing
influence.

B Results and discussion

Nitration reactions of aldehydes with the di-
flouromethoxy group were carried out under con-
ditions close to those of compound 1, according
to the procedure described earlier [2] in a mix-
ture of 96% sulfuric and 100% nitric acids in the
ratio of 2:1. We chose p-difluorometoxybenzalde-
hyde (3) as the first object of our study. The di-
fluoromethoxy group is a first type director. It acti-
vates the para-position for electrophilic attacks
to a much greater extent than the ortho-position.
As it was shown earlier, nitration of phenyldif-
luoromethyl ether under mild conditions leads
to the mixture of p-nitrophenyldifluoromethyl
ether and o-nitrophenyldifluoromethyl ether in
the ratio of 7:1 [4]. On the other hand, aldehyde

group in nitration reactions partially directs the
reaction to the ortho-position (but never to the
para-position). Therefore, the described fact that
nitration of compound 3 occurred only in the ortho-
position to the difluoromethoxy group and led to
only one product [3] caused us doubt. Nitration
at 0—5 °C resulted in a mixture of compounds
with the total yield of about 80%. The expected
3-nitro-4-difluoromethoxybenzaldehyde (4) was
the main reaction product, but the side product
was 2,4-dinitrophenyldifluoromethyl ether (5).
The product of the ipso-substitution of aldehyde
group 5 was isolated with the aid of chromatog-
raphy. Compound 5 synthesized according to the
method [4] did not give depression of the melt-
ing point of the mixed sample with the product
obtained according to Scheme 2. The ratio of
compounds 4 and 5 was 10:1. When carrying out
nitration at a higher temperature (15-20°C), a
similar mixture was obtained, but with a higher
content of the ipso-substitution product. The ra-
tio of 4 and 5 in this case was 4:1 (Scheme 2).
Previously, only a limited number of cases of
the ipso-substitution of aldehyde group during
nitration of aromatic aldehydes were known.
Such a substitution could occur only if the CHO
group was in the para-position to the alkoxy sub-
stituent (OR), and possibly passed through the
oxonium intermediate 6 (Scheme 3). The content of
ipso-substitution products in the reaction mixture
increased with an increase of the reaction tem-
perature. Thus, nitration of anisaldehyde at 0 °C
led only to 3-nitro-4-methoxybenzaldehyde and
did not provide an admixture of the ipso-substitu-
tion product [5], while nitration of anisaldehyde
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with bismuth nitrate at 80 °C resulted in a mix-
ture of two products containing 30% of p-nitro-
anisole [6]. If nitration to the ortho-position of
the OR substituent is sterically restricted and
the reaction is directed to the ortho-position of
the aldehyde group, then the content of the ipso-
substitution product also increases. So, to obtain
6-nitrovaniline, the nitration reaction of O-ben-
zylvanillin was used. In this case, even when using
mild conditions at least 20% of the ipso-substi-
tution product was formed [7].

We studied nitration of other aromatic alde-
hydes with a difluoromethoxy group in the para-
position under similar conditions. It turned out
that the presence of a chlorine atom in the meta-
position to the aldehyde group complicated the
nitration reaction (the reaction did not proceed

at 0 °C) and led to a sharp increase in the con-
tent of ipso-substitution products. Thus, during
nitration of 3-chloro-4-difluoromethoxybenzalde-
hyde (7) at 10—15 °C, the main reaction product
was 2-chloro-4-nitrophenyldifluoromethyl ether
(8) isolated in 45% yield, and the yields of ni-
troaldehydes 9 and 10 were 17 and 10%, respec-
tively (Scheme 4). Compound 8 was described
earlier [8], and the product we obtained corre-
sponded to that. The structure of compounds 9
and 10 was unambiguously proven by 'H NMR
spectra. Thus, in the case of compound 9, the sig-
nals of the benzene ring protons appear as nar-
row singlets, which indicates their para-arran-
gement. In the case of compound 10, the signals
of two protons of the benzene ring appear as two
doublets with a small spin-spin coupling constant
of about 1 Hz, which corresponds to the meta-
position of the protons.

When carrying out nitration at a higher tem-
perature (35—40 °C), aldehydes were not found
among the reaction products. A mixture of nitro
product 8 and dinitro compounds 11 and 12 were
obtained in about 65% overall yield. The struc-
ture of compounds 11 and 12 was confirmed si-
milarly to compounds 9 and 10. The signals of the
benzene ring protons in compound 11 appear as

Cl

Scheme 4. Nitration of 3-chloro-4-difluoromethoxybenzaldehyde

NO,
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————
cl
o)
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Scheme 5. Nitration of 2-chloro-4-difluoromethoxybenzaldehyde
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Scheme 6. Nitration of O-difluoromethylvanillin and 3,4-bis(difluoromethoxy)benzaldehyde

two doublets with a small spin-spin coupling
constant (about 1 Hz), while in the case of com-
pound 12, the signals of the benzene ring pro-
tons appear as narrow singlets. In compound 12,
two nitro groups are in the ortho-position to each
other, which is not typical for dinitration pro-
ducts. Nitration of compound 8 leads almost un-
equivocally to compound 11, the second nitro
group is directed to the meta-position relative to
the first one. Thus, the formation of compound
12 most likely occurs as a result of the ipso-sub-
stitution of the aldehyde group in compound 9.
On the contrary, the presence of a chlorine atom
in the ortho-position to aldehyde group signifi-
cantly hinders the formation of ipso-substitution
products. Thus, we studied nitration of 2-chloro-
4-difluoromethoxybenzaldehyde (13) (Scheme 5).
As in the case of aldehyde 7, the reaction did not
proceed at 0 °C; however, at 10—15 °C, nitration led
to the formation of a mixture of two aldehydes 14

and 15 in the ratio of 5:1 with a total yield of
about 75%, and only an insignificant (2—4%) im-
purity of the ipso-substitution product 16. Alde-
hyde 14 was isolated from the reaction mixture
by crystallization in about 50% yield. Carrying
out the nitration at 20—25 °C resulted in a slight
increase in the yield of product 16, up to 7-9%.
Obviously, the decrease in the amount of ipso-
substitution products is due to steric hindrance
created by the chlorine atom, complicating the
formation of the intermediate compound type 6.

The introduction of electron donating meth-
oxy group into the molecule greatly facilitates the
nitration reaction and completely excludes the
formation of ipso-substitution products during nit-
ration under the conditions studied (Scheme 6).
Thus, during nitration of O-difluoromethylva-
nillin (17), two nitro groups were partially intro-
duced into the molecule already at 0—5 °C and
during nitration at 5—10 °C dinitro compound 18
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Scheme 7. Nitration of m-difluoromethoxybenzaldehyde and 2-bromo-3-difluoromethoxybenzaldehyde

became the main reaction product. At the same
time nitration of compound 17 at 15-20 °C led
to the formation of only 2,6-dinitro-O-difluoro-
methylvanillin (18) in a high yield (Scheme 6).
Carrying out the reaction at a temperature not
exceeding 0 °C, with the gradual addition of an
equimolar amount of nitric acid, led to the pro-
duction of two mononitro products — 2-nitro-O-
difluoromethylvanillin (19) and 6-nitro-O-difluo-
romethylvanillin (20) in the ratio of 2:3 and the
total yield of 75%. Activation of the ortho- and
para-positions by a strong donor completely de-
termined the direction of the reaction. Nitration
of 3,4-bis(difluoromethoxy)benzaldehyde (21) at
5—-10 °C was not accompanied by the formation
of ipso-substitution products as well and pro-
ceeded with the formation of only one product —
3,4-bis(difluoromethoxy)-6-nitrobenzaldehyde (22)
since the difluoromoxy group mostly activates
the para-position.

Nitration of m-difluoromethoxybenzaldehy-
de (23) under the studied conditions proceeded
at temperatures below 0 °C and led to a mixture
of isomers 24 and 25. Meanwhile, nitration at
20-25 °C provided a significant admixture of the
dinitro product 26. The introduction of a bromine
atom into position 2 of m-difluoromethoxybenz-
aldehyde made nitration somewhat difficult (the
reaction did not proceed at 0 °C), but led to the
formation of only single product. Thus, nitration
of 2-bromo-3-difluoromethoxybenzaldehyde (27)
resulted in one nitration product 28. The struc-
ture of compound 28 was unambiguously proven
by 'H NMR experiments since proton signals of
the aromatic nucleus appeared as two doublets

with a spin-spin interaction constant of about
10 Hz corresponding to the ortho-position of pro-
tons.

In all cases of nitration of m-difluorometh-
oxybenzaldehydes, no signs of ipso-substitution
were found.

H Conclusion

In summary, the features of nitration of aro-
matic aldehydes containing difluoromethyl group
have been studied. Some relationships have been
found between the structure of the molecule, the
reaction conditions, and the contribution of the
ipso-substitution products of the aldehyde group.

m Experimental part

Melting points were measured in an open ca-
pillary and given uncorrected. 'H NMR (300 MHz,
CDCl,), C NMR (75 MHz, CDCL), and *F NMR
(288 MHz, CDCl,) were recorded on a Varian-
Mercury-300 spectrometer using TMS and CCL,F
as internal standards. The reaction progress
was controlled by TLC on Silufol UV-254 plates.
The chromatographic separation of products was
carried out on a “Puriflash XS 520 Plus” chroma-
tograph using a “Kieselgel MN 40-60” silica gel.
The eluent was hexane/ethyl acetate (0-20% ethyl
acetate) with a gradient increase in polarity.

p-Difluorometoxybenzaldehyde (3) [9], O-difluo-
rometoxyvaniline (17) [3], 3,4-bis(difluoromethoxy)-
benzaldehyde (21) [10], and m-difluoromethoxy-
benzaldehide (23) [11] were obtained according
to the literature procedures.
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3-Chloro-4-difluoromethoxybenzaldehy-
de (7), 2-chloro-4-difluometoxy-benzaldehy-
de (13) and 2-bromo-3-difluorometoxybenz-
aldehyde (27). The general procedure of di-
fluoromethylation of corresponding hydroxy-
benzaldehydes
A solution of a corresponding hydroxybenzalde-
hyde (0.3 mol) in dioxane (200 mL) was stirred
and treated by adding a solution of KOH (90 g,
1.5 mol) in H,0 (180 mL). Freon-22 was bubbled
through the vigorously stirred reaction mixture
at 45—-55 °C until the absorption of gas ceased
(the exothermic effect was observed). The reac-
tion was monitored by TLC. If a starting hydroxy-
benzaldehyde remained, an additional KOH (30 g)
was added, and Freon-22 was bubbled until the
absorption of gas ceased. The reaction overall time
was about 4—5 h. Water (300 mL) was added, the
product was extracted by shaking with MTBE
(2x300 mL), the organic layer was separated and
washed with water (3x300 mL), dried over an-
hydrous K,CO,, and the solvent was evaporated
at a reduced pressure. The product was purified
by fractional distillation in vacuo (7, 13) or crys-
tallization from hexane (27).
3-Chloro-4-difluoromethoxybenzaldehyde (7)
A colorless liquid. Yield — 78%. B. p. 74-76 °C/
0.5 Torr. Anal. Caled for C;H,CIF,0,, %: C 46.51;
H 2.44; Cl1 17.16. Found, %: C 46.55; H 2.51; Cl
17.32. 'H NMR (300 MHz, CDCl,), §, ppm: 6.64
(1H,t,J/="72.0 Hz, O-CHF,); 7.36 (1H, d, J= 7.0 Hz,
ArH); 7.76 (1H, dd, ®Jyy = 7.0 Hz, ‘J55= 1.0 Hz,
ArH); 7.92 (1H, J = 1.0 Hz, ArH); 9.89 (1H, s,
CHO). 3C NMR (75 MHz, CDCl,), 6, ppm: 115.2
(t, J = 287.0 Hz, O-CHF,); 120.4; 126.9; 129.5;
131.5; 134.0; 151.1; 189.6. YF NMR (288 MHz,
CDCL), 6, ppm: -82.7 (d, J = 72.0 Hz, O-CHF,).
2-Chloro-4-difluoromethoxybenzaldehyde (13)
A colorless liquid. Yield — 72%. B. p. 7678 °C/
0.5 Torr. Anal. Caled for C;H,CIF,0,, %: C 46.51;
H 2.44; Cl1 17.16. Found, %: C 46.71; H 2.52; Cl
17.27. 'H NMR (300 MHz, CDCl,), 6, ppm: 6.65
(1H,t, J="72.0 Hz, O-CHF,); 7.12 (1H, dd, *J =
7.0 Hz, *Jy= 1.0 Hz, ArH); 7.27 (1H, J = 1.0 Hz,
ArH); 797 (1H, d, J=7.0 Hz, ArH); 10.44 (1H, s,
CHO). C NMR (75 MHz, CDCl,), 6, ppm: 115.5
(t, J = 287.0 Hz, O-CHF,); 120.4; 126.7; 126.9;
128.5; 135.5; 148.4; 191.1. YF NMR (288 MHz,
CDCL), 6, ppm: -81.4 (d, J = 72.0 Hz, O-CHF,).
2-Bromo-3-difluorometoxybenzaldehyde (27)
A white solid. Yield — 83%. M. p. 63—64 °C.
Anal. Caled for C,H,BrF,0,, %: C 38.28; H 2.01,
Br 31.83. Found, %: C 38.48; H 2.11; Br 32.07.
'H NMR (300 MHz, CDCl,), §, ppm: 6.58 (1H, t,
J =172.0 Hz, O-CHF,); 7.43-7.48 (2H, m, ArH);

7.77-7.87 (1H, m, ArH); 10.38 (1H, s, CHO).
13C NMR (75 MHz, CDCL), 6, ppm: 108.9 (C-Br);
115.5 (t, J = 287.0 Hz, O-CHF,); 121.4; 125.7;
128.5; 132.5; 143.9; 187.9. YF NMR (288 MHz,
CDCl,), 6, ppm: -81.1 (d, J = 72.0 Hz, O-CHF,).

The general procedure for nitration of
aldehydes 3, 7,13, 17, 21, and 27

An aldehyde (0.02 mol) was added dropwise
or in portions to a mixture of 96% sulfuric acid
(10 mL) and 100% nitric acid (5 mL) in such a
rate that the temperature did not exceed the ini-
tially selected temperature by more than 5 °C.
After stirring at this temperature for 30 minutes,
the reaction mixture was poured onto ice. The pro-
duct was extracted with MTBE (2x100 mL), washed
with a 5% aq soda solution (2xX100 mL), the sol-
vent was evaporated off, and the residue was crys-
tallized from hexane in the case of compounds 14,
18, and 28, or distilled in a vacuum in the case
of compound 22. In other cases, the mixture was
separated chromatographically. To obtain com-
pounds 19 and 20 nitric acid (1.5 g, 0.022 mol)
was added dropwise to the stirred suspension of
O-difluorometoxyvaniline (17) (4.05 g, 0.02 mol)
in 10 mL of 96% sulfuric acid.

3-Nitro-4-difluoromethoxybenzaldehyde (4)

A yellow solid. Yield — 50-72%. M. p. 33—-35 °C
(Lit. [3] —oil). Anal. Caled for C;H,F,NO,, %: C 44.24;
H 2.32; N 6.45. Found, %: C 44.55; H 2.28; N 6.42.
'H NMR (300 MHz, CDCl,), 6, ppm: 6.71 (1H, t,
J =72.0 Hz, O-CHF,); 7.55 (1H, d, J = 7.0 Hz,
ArH); 8.12 (1H, dd, 3Jyy = 7.0 Hz, *J;;= 1.0 Hz,
ArH); 8.33 (1H, J = 1.0 Hz, ArH); 10.05 (1H, s,
CHO). 3C NMR (75 MHz, CDCl,), 6, ppm: 115.2
(t, J = 287.0 Hz, O-CHF,); 122.4; 133.6; 134.5;
142.5; 147.3; 150.1; 188.6. F NMR (288 MHz,
CDCl,), 6, ppm: -84.5 (d, J = 72.0 Hz, O-CHF,).

5-Chloro-4-difluoromethoxy-2-nitrobenzalde-
hyde (9)

A yellow solid. Yield — 17%. M. p. 54-55 °C.
Anal. Calced for C;H,CIF,NO,, %: C 38.20; H 1.60;
N 5.57. Found, %: C 38.35; H 1.78; N 5.42. 'TH NMR
(300 MHz, CDCl,), 6, ppm: 6.78 (1H, t, J = 72.0 Hz,
O-CHF,); 8.02 (1H, s, ArH); 8.04 (1H, s, ArH); 10.36
(1H, s, CHO). *C NMR (75 MHz, CDCl,), 6, ppm:
114.5 (t,J/=287.0 Hz, O-CHF,); 115.4; 128.6; 131.7;
132.8; 147.9; 149.5; 185.6. F NMR (288 MHz,
CDCl,), 6, ppm: -83.2 (d, J = 72.0 Hz, O-CHF,).

5-Chloro-4-difluoromethoxy-3-nitrobenzalde-
hyde (10)

A yellow oil. Yield — 10%. Anal. Calcd for
C.H,CIF,NO,, %: C 38.20; H 1.60; N 5.57. Found, %:
C 38.37; H 1.68; N 5.66. 'H NMR (300 MHz, CDCl,),
6, ppm: 6.74 (1H, t, J = 72.0 Hz, O-CHF,); 8.25
(1H, d, J = 1.0 Hz, ArH); 8.31 (1H, d, J = 1.0 Hz,
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ArH); 10.01 (1H, s, CHO). *C NMR (75 MHz,
CDCl,), 6, ppm: 114.8 (t, J = 287.0 Hz, O-CHF,);
124.4; 133.1; 134.7; 143.4; 146.0; 149.1; 187.4.
¥F NMR (288 MHz, CDCl,), 6, ppm: -81.7 (d, J =
72.0 Hz, O-CHF,).

2-Chloro-4,6-dinitrophenyldifluoromethyl
ether (11)

A yellow oil. Yield — 20%. Anal. Calcd for
C,H,CIF,N,O;, %: C 31.31; H 1.13; N 10.43. Found, %:
C 31.36; H 1.21; N 10.42. '"H NMR (300 MHz,
CDCL), 6, ppm: 6.77 (1H, t, J = 72.0 Hz, O-CHF,);
8.60 (1H, d, J = 1.0 Hz, ArH); 8.69 (1H, d, J =
1.0 Hz, ArH). *C NMR (75 MHz, CDCL,), 6, ppm:
115.4 (t, J = 287.0 Hz, O-CHF,); 118.9; 129.4;
133.5; 143.9; 144.8; 145.1. YF NMR (288 MHz,
CDCl,), 6, ppm: -85.7 (d, J = 72.0 Hz, O-CHF,).

2-Chloro-4,5-dinitrophenyldifluoromethyl
ether (12)

A yellow oil. Yield — 10%. Anal. Caled for
C,H,CIF,N,O;, %: C 31.31; H 1.13; N 10.43. Found, %:
C 31.42; H 1.17; N 10.53. '"H NMR (300 MHz,
CDCL), 6, ppm: 6.75 (1H, t, J = 72.0 Hz, O-CHF,);
7.82 (1H, s, ArH); 8.07 (1H, s, ArH). *C NMR
(75 MHz, CDCl,), 6, ppm: 114.4 (t, J = 287.0 Hz,
O-CHF,); 116.5; 123.1; 127.7; 140.4; 144.0; 147.1.
YF NMR (288 MHz, CDCl,), 6, ppm: -82.8 (d, J =
72.0 Hz, O-CHF,).

2-Cloro-4-difluoromethoxy-5-nitrobenzalde-
hyde (14)

A yellow solid. Yield — 60%. M. p. 60—61 °C.
Anal. Calced for C;H,CIF,NO,, %: C 38.20; H 1.60;
N 5.57. Found, %: C 38.37; H 1.68; N 5.66. 'H NMR
(300 MHz, CDCl,), 6, ppm: 6.70 (1H, t, J = 72.0 Hz,
O-CHF,); 8.25 (1H, s, ArH); 8.31 (1H, s, ArH); 10.37
(1H, s, CHO). *C NMR (75 MHz, CDCl,), 6, ppm:
114.9 (t, J=287.0 Hz, O-CHF,); 124.0; 126.6; 129.9;
141.1; 142.2; 146.7; 186.2. F NMR (288 MHz,
CDCl,), 6, ppm: -83.1 (d, J = 72.0 Hz, O-CHF,).

2-Chloro-4-difluoromethoxy-3-nitrobenzalde-
hyde (15)

A yellow solid. Yield — 12%. M. p. 49-50 °C.
Anal. Calcd for C;H,CIF,NO,, %: C 38.20; H 1.60;
N 5.57. Found, %: C 38.42; H 1.72; N 5.71. '"H NMR
(300 MHz, CDCl,), 6, ppm: 6.57 (1H, t, J =72.0 Hz,
O-CHF,); 7.47 (1H, d, J = 7.0 Hz, ArH); 8.02 (1H,
d, J=7.0 Hz, ArH); 10.39 (1H, s, CHO). *C NMR
(75 MHz, CDCl,), 6, ppm: 114.7 (t, J = 287.0 Hz,
O-CHF,); 118.3; 126.6; 129.9; 131.5; 141.2; 142.5;
186.3. F NMR (288 MHz, CDCL,), 6, ppm: -84.4
(d, J =72.0 Hz, O-CHF,).

3-Chloro-4,6-dinitrophenyldifluoromethyl
ether (16)

A yellow oil. Yield — 4%. Anal. Calcd for
C,H,CIF,N,O;, %: C 31.31; H 1.13; N 10.43. Found, %:
C 31.42; H1.17; N 10.54. *H NMR (300 MHz, CDCl,),
6, ppm: 6.76 (1H, t, J = 72.0 Hz, O-CHF,); 7.67 (1H,

s, ArH); 8.61 (1H, s, ArH). *C NMR (75 MHz, CDCl,),
5, ppm: 114.8 (t, J =287.0 Hz, O-CHF,); 123.6; 124.5;
133.5; 140.0; 143.8; 145.5. F NMR (288 MHz,
CDCl,), 6, ppm: -86.9 (d, J = 72.0 Hz, O-CHF,).

2,6-Dinitro-O-difluoromethylvanillin (18)

A white solid. Yield — 85%. M. p. 58-59 °C.
Anal. Caled for C,H.F,N,O., %: C 37.00; H 2.07,
N 9.59. Found, %: C 36.85; H 2.12; N 9.72.
'H NMR (300 MHz, CDCl,), 6, ppm: 4.14 (3H, s,
OCH,); 6. 76 (1H, t,J=72.0 Hz, O-CHF,); 8.20 (1H,
s, ArH); 10.25 (1H, s, CHO). *C NMR (75 MHz,
CDCl,), 6, ppm: 63.5 (OCH,); 115.2 (t, J = 287.0 Hz,
O-CHF,); 118.9; 124.7; 142.0; 144.1; 145.7; 148.8;
183.8. F NMR (288 MHz, CDCL), 6, ppm: -82.2
(d, J =72.0 Hz, O-CHF,).

2-Nitro-O-difluoromethylvanillin (19)

A white solid. Yield — 30%. M. p. 61-62 °C.
Anal. Caled for C,H.F,N,O,, %: C 43.74; H 2.85;
N 5.67. Found, %: C 43.65; H 2.72; N 5.72.
'H NMR (300 MHz, CDCl,), 6, ppm: 4.00 (3H, s,
OCH,); 6.72 (1H, t, J = 72.0 Hz, O-CHF,); 7.48
(1H,d, J=7.0 Hz, ArH); 7.71 (1H, d, J = 7.0 Hz,
ArH); 9.89 (1H, s, CHO). *C NMR (75 MHz, CDCL),
0, ppm: 63.2 (OCH,); 115.2 (t, J=287.0 Hz, O-CHF,);
118.9; 121.6; 124.5; 127.2; 142.2; 149.4; 185.7.
YEF NMR (288 MHz, CDCl,), 6, ppm: -82.1 (d, J =
72.0 Hz, O-CHF,).

6-Nitro-O-difluoromethylvanillin (20)

A white solid. Yield — 45%. M. p. 75-76 °C.
Anal. Caled for C,H.F,N,O,, %: C 43.74; H 2.85;
N 5.67. Found, %: C 43.87; H 2.76; N 5.60.
'H NMR (300 MHz, CDCl,), 6, ppm: 4.04 (3H, s,
OCH,); 6.70 (1H, t, J=72.0 Hz, O-CHF,); 7.46 (1H,
1H, s, ArH); 7.98 (1H, s, ArH); 10.44 (1H, s, CHO).
13C NMR (75 MHz, CDCl,), 6, ppm: 59.5 (OCH,);
111.3; 115.2 (t, J = 287.0 Hz, O-CHF,); 128.5; 124.5;
130.4; 142.4; 155.5; 187.4. YF NMR (288 MHz,
CDCl,), 6, ppm: -82.4 (d, J = 72.0 Hz, O-CHF,).

3,4-Bis(difluoromethoxy)-6-nitrobenzalde-
hyde (22)

A yellow oil. Yield — 78%. B. p. 112—-114 °C/
0.5 Torr. Anal. Caled for C,H,F,NO,, %: C 38.18;
H 1.78; N 4.95. Found, %: C 38.37; H 2.06; N 5.02.
'H NMR (300 MHz, CDCl,), §, ppm: 6.71 (1H, t,
J="72.0 Hz, O-CHF,); 7.80 (1H, s, ArH); 8.05 (1H,
s, ArH); 10.37 (1H, s, CHO). *C NMR (75 MHz,
CDCl,), 6, ppm: 114.9 (t, J = 287.0 Hz, O-CHF,);
115.2 (t, J = 287.0 Hz, O-CHF,); 118.3; 120.7,
144.5; 145.9; 146.1; 186.1. 'F NMR (288 MHz,
CDCl,), 6, ppm: -82.4 (d, J = 72.0 Hz, O-CHF,).

2-Nitro-5-difluoromethoxybenzaldehyde (24)

A white solid. Yield — 25-45%. M. p. 35-37 °C.
Anal. Caled for C;H.F,NO,, %: C 44.24; H 2.32;
N 6.45. Found, %: C 44.33; H 2.29; N 6.49.
'H NMR (300 MHz, CDCl,), §, ppm: 6.69 (1H, t,
J =172.0 Hz, O-CHF,); 7.85 (1H, d, J = 1.0 Hz,
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ArH); 7.90 (1H, d, J = 7.0 Hz, ArH); 8.04 (1H, dd,
3y = 7.0 Hz, ‘Jyy= 1.0 Hz, ArH); 10.09 (1H, s,
CHO). 3C NMR (75 MHz, CDCl,), 6, ppm: 115.2
(t, J = 287.0 Hz, O-CHF,); 122.9; 126.2; 127.2;
139.6; 143.3; 145.9; 189.1. YF NMR (288 MHz,
CDCl,), 6, ppm: -82.7 (d, J = 72.0 Hz, O-CHF,).
2-Nitro-3-difluoromethoxybenzaldehyde (25)
A white solid. Yield — 12-20%. M. p. 25-27 °C.
Anal. Caled for CH,F,NO,, %: C 44.24; H 2.32;
N 6.45. Found, %: C 44.29; H 2.42; N 6.54.
'H NMR (300 MHz, CDCl,), §, ppm: 6.61 (1H, t,
J =172.0 Hz, O-CHF,); 7.65 (1H, d, J = 7.0 Hz,
ArH); 7.75 (1H, t, J = 7.0 Hz, ArH); 7.84 (1H, d,
J =17.0 Hz, ArH); 9.94 (1H, s, CHO). *C NMR
(75 MHz, CDCl,), 6, ppm: 115.2 (t, J = 287.0 Hz,
O-CHF,); 123.0; 126.8; 127.9; 128.5; 132.0; 142.4;
186.2. ¥F NMR (288 MHz, CDCL,), 6, ppm: -82.0
(d, J =72.0 Hz, O-CHF,).
2,6-Dinitro-5-difluoromethoxybenzaldehyde (26)
A white solid. Yield — 0-50%. M. p. 57-58 °C.
Anal. Caled for C;H,F,N,O,, %: C 36.66; H 1.54;
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Incorporation of gem-Difluorocycloalkyl Substituents into
Heterocycles via the Levin’s “Nitrogen Deletion” Strategy

Abstract

A series of compounds containing heterocyclic cores and gem-difluorocycloalkyl substituents was obtained under conditions
of the parallel synthesis (i.e., simultaneous performance of reaction procedures, treatment of the reaction mixture, and
product isolation for a number of similar transformations) using the reductive amination — the “Nitrogen deletion” reaction
sequence. The synthesis of the target compounds commenced from heteroaromatic aldehydes and the corresponding gem-
difluorocycloalkyl or (gem-difluorocycloalkyl)methyl amines and included the NaBH,CN-mediated reductive amination and
“Nitrogen deletion” upon the action of Levin’s anomeric amide. It has been shown that the method can be used to obtain
compounds with the aforementioned structural fragments separated by one or two methylene units. The developed proto-
col allowed for the preparation of a 12-member compound library (67 % synthetic efficiency). Therefore, this novel synthetic
methodology is suitable for decorating heterocyclic cores with sp3-enriched substituents that are attractive for medicinal
chemistry.

Keywords: cycloalkanes; fluorine; Levin’s anomeric amide; “Nitrogen deletion”; reductive amination

C. M. Tonosau®?, K. IN. MenbHukos??, M. C. MonyektoBa**, O. b. PoxeHko'3, 0. O. lpuropeHko*?
I IHcmumym opaaHiyHoI Ximii HayioHanbHOI akademii HayK YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02660, YkpaiHa
2 TOB HBI1 «EHamiH», 8yn. BiHcmoHa Yepyunns, 78, m. Kuis, 02094, YkpaiHa
3 Kuiecbkuli HayioHanbHull yHisepcumem imeHi Tapaca LLlesueHka,

8ys. Bonooumupceka, 60, m. Kuis, 01033, YKpaiHa
4 HauioHanbHuli mexHiyHUl yHisepcumem YkpaiHu «Kuigcbkuli nonimexHiyHuli iHcmumym

imeHi lzops Cikopcbkozo», bepecmelicokuli np-m, 37, m. Kuis, 03056, YkpaiHa
BBepeHHA 2em-andpnyopoLUKA0A/NKiINIbHUX 3aMICHUKIB Y reTepoLMKAN Yepes cTpaTerilo «BUZaNeHHA
HitporeHy» JlesiHa
AHoTauinA
B ymoBax napa/ielbHOro cMHTe3sy (Tob6To 04HOYaCHOro BUKOHAHHSA peakLii, 06pobieHHA peaKLUiiHOT Cymilli Ta BUAiNEeHHA
NPOAYKTY ANA HU3KMU CNOPiAHEHMX NEePeTBOPEHbD) i3 3aCTOCYyBaHHAM NOCAIA0BHOCTI peakuii BiAHOBHOIroO aMiHyBaHHA Ta «BU-
naneHHsA HitporeHy» 6yno ogeprKaHo cepito CNoJyK, L0 MICTATb reTePOLMKAIYHI pparmeHTn Ta 2em-aAndayopoLMKAOaKINbHI
3aMiCHMKMN. CUHTE3 Li/IbOBUX CNOYK BUXOAMB 3 reTepoapoMaTUUHMX anbaeriais i BiagnoBigHUX ecem-andayopoumnKioankin-
abo (eem-gndnyopoupKoankin)meTnnamiHie Ta nepeabdayas BifHOBHe amiHyBaHHsA 3a yyacTi NaBH,CN i «BuganeHHs HitporeHy»
nig aieto aHomepHoro amigy JlesiHa. JJoBeAeHo, WO MeTos, 3aCTOCOBHUMN AN OAEPKAHHA CMNOAYK i3 BULLE3ragaHUMM CTPYK-
TYPHUMU dparMeHTamm, po3aiTIeHUMU OAHIEID YM ABOMA METUIEHOBUMM laHKaMW. Po3pobieHnit NpoToKoN A03BO/IMB O4ep-
aTu 6ibnioTeKy cnonyk i3 12 npeacTaBHUKIB (CMHTETUYHA ePeKTUBHICTL 67 %). OTKe, LA HOBITHA CUHTETUYHA METOL0/10TiA
€ NPUAATHOO AN1A AEeKOPYBAHHA reTePOLMKAIYHMUX cucTem sp3-36aradyeHnmmM 3aMiCHUKaM#, Wo € NpUBabanBUMK ANA Meauy-
HOI XiMmii.
Knrouoei cnoea: umknoankanu; dayop; aHomepHuii amig JlesiHa; «BuaaneHHs HitporeHy»; BigHOBHe amiHyBaHHSA
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m Introduction

The incorporation of fluorine-containing sub-
stituents into organic molecules of interest is a
well-known approach to drug design, which can
be illustrated by numerous success stories [1-5].
In particular, gem-difluorocycloalkyl groups have
demonstrated their high relevance to modern drug
discovery. For example, they have been incorpo-
rated into such marketed pharmaceuticals as Ma-
raviroc, an anti-HIV medication, and Ivosidenib,
an anticancer agent, as well as experimental drugs
VU6001376, a mGluR4 positive allosteric modula-
tor, IPN60090, a selective glutaminase-1 inhibitor,
and RBx 343E48F0, a bronchodilator (Figure 1) [6].

To date, most methods for the incorporation
of gem-difluorocycloalkyl substituents into the
molecules of interest were based on the Carbon—
heteroatom bond construction. Building blocks
and synthetic methodologies for the C—C bond
creation involving these moieties are rare and ty-
pically based on the multistep transformations.
On the other hand, the Levin’s “Nitrogen dele-
tion” methodology provides a unique possibility
to construct the C—C bond in an unusual man-
ner [7]. Essentially, this approach involves the

reaction of secondary amines with the so-called
anomeric amides (e.g., 1), which results in for-
mal extrusion of the NH moiety and combining
alkyl radicals attached to it (Scheme, A).

Recently, we have shown that in combination
with reductive amination, this approach can be
used for the synthesis of compound libraries by a
formal coupling of (hetero)aromatic aldehydes and
(het)arylmethylamines (Scheme, B) [8]. In this
work, we sought to extend this methodology to
primary amines containing the gem-difluorocy-
cloalkyl moiety (3) in order to ensure the incor-
poration of these fluorinated substituents into
heterocyclic cores 2 (Scheme, C).

B Results and discussion

In this study, a compound numbering system
common for combinatorial chemistry was used: the
reagents used in the parallel synthesis were deno-
ted as 2{i} and 3{j}, whereas the resulting library
members were obtained from 2{i} and 3{j}—4{i,j}.

To confirm the applicability of the reductive
amination — the “Nitrogen deletion” sequence for
the synthesis of compound library 4, heteroaroma-
tic aldehydes 2{1—6} and primary amines 3{1-8}

= =N N
/ N
. N \‘.(\PO N\_N H
\”‘ N g7 NH
Me Cl 0] ;
HN (0] N
Me
N CN
/( FF
Maraviroc, 2007 Me— X lvosidenib, 2018 VU6001376
F F F
F F o] Me ©
N /k ® Br
N= HN ~Me O/\/\N

IPN60090

e

RBx 343E48F0

Figure 1. Marketed and experimental drug molecules containing gem-difluorocycloalkyl groups
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A o Levin et al., 2021
R R? O tBU THE45°C  R' R?
NP I

N FaC "
Levin's anomeric amide (1)
B Grygorenko, Levin et al., 2023
NaBH3CN, then
Arl _O + <N L2 » Arl
"z HN- A THE 45 °C AR

this work

F
Het \70 + HNTh F NaBH3CN, then . Het ] E
2 3 1, THF, 45 °C 4

n=0or1

Scheme. Examples of the Levin’s “Nitrogen deletion” methodology published before and the outline of the current work

were selected (Figure 2). Using the conditions
described in our previous work [8], 18 parallel
experiments were performed with different com-
binations of the starting materials, and in 12 of
them, the target mini-library members 4{1—6,1-8}
were obtained (67% synthesis success rate,
Table 1; see Figure 3 for the examples of pro-
ducts obtained).

In general, amines with primary alkyl substi-
tuents (e.g., 3{8}) gave somewhat higher yields
of the products (17-33%) as compared to the
a-branched ones (e.g., 3{1}) (10-18%), which
was in accordance with a high sensitivity of the

“Nitrogen deletion” step towards steric factors [7].
As for the aldehyde component, compounds that
demonstrated somewhat poorer results in our pre-
vious study (e.g., pyrimidine 2{3} or pyrazole 2{5}
carbaldehydes) did not allow isolating the tar-
get products at all. According to LLS-MS spectra
of the crude reaction mixture, the products were
formed, but their purification was not efficient.

B Conclusions

Reductive amination — the Levin’s “Nitrogen
deletion” reaction sequence is an efficient approach

N X
‘N\ o )'\/\>_\\ Nl/\ °
A V S (@) N/
N 2{1} 2{2} 2{3}
Ny §O I N N N
O Ly
2{4} Me 2{5} Me 2{6}
NH; /):(\NHZ p\/
NH
FﬁEr F F i
g3 F 32 F 3(3)
NH, q\NHz R NH,
O M 70T
E F
3{4) 3{5} 3{6}
NH, NH
FQ F 2
F 3{7} F 3{8}

Figure 2. Selected representatives of starting aldehydes 2 and
primary amines 3

Table 1. The parallel synthesis of mini-library 4{1-6,1-8}
according to Scheme (C)

" Library Aldehyde | Amine Yield of the products
member mg %
1 4{1,1} 2{1} 3{1} 134 18
2 4{1,2} 2{1} 3{2} 165 19
3 | 4{1,3 2{1} 3{(3} 137 17
4 4{1,4} 2{1} 3{4} - 0
5 4{1,5} 2{1} 3{5} 166 33
6 | 4{1,6} 2{1} 3{6} 179 28
7 4{1,7} 2{1} 3{7} 100 14
8 4{1,8} 2{1} 3{8} 192 32
9 4{2,1} 2{2} 3{1} - 0
10 4{2,8} 2{2} 3{8} 115 13
11 | 43,1} 2{3} 3{1} - 0
12 43,8} 2{3} 3{8} - 0
13 4{4,1} 2{4} 3{1} 71 17
14 4{4,8} 2{4} 3{8} 222 27
15 4(5,1} 2{5} 3{1} - 0
16 4(5,8} 2{5} 3{8} - 0
17 4{6,1} 2{6} 3{1} 68 10
18 4{6,8} 2{6} 3{8} 105 21
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Figure 3. Examples of the products obtained

4{6,1}, 10 %

4{6,8}, 21 % Me

for introducing gem-difluorinated cycloalkyl sub-
stituents into heterocyclic systems under condi-
tions of the parallel synthesis; the products ha-
ving these moieties separated by one or two me-
thylene units can be obtained. The use of a-bran-
ched primary amines as the starting materials
results in somewhat lower yields of the corre-
sponding library members. Limitations on the
aldehyde component correlate with the results
obtained in the previous study on (hetero)aro-
matic series: thus, pyrimidine and pyrazole de-
rivatives were inefficient due to problems with
the product isolation. The resulting lead-like
fluorinated compound libraries are of special in-
terest to medicinal chemistry; potentially, this
method can also be extended to other applica-
tions in early drug discovery.

B Experimental part

All starting materials were available from
Enamine Ltd. and Ukrorgsyntez Ltd. Melting
points were measured on a MPA100 OptiMelt
automated melting point system. 'H and *C NMR
spectra were recorded on an Agilent ProPulse 600
spectrometer (at 600 MHz for '"H NMR and 151 MHz
for BC{'H} NMR). YF NMR spectra were record-
ed on a Varian Unity Plus 400 spectrometer at
376 MHz. NMR chemical shifts were reported in
ppm (6 scale) downfield from TMS as an inter-
nal standard and were referenced using residual
NMR solvent peaks at 7.26 and 77.16 ppm for
'H and C in CDCL,, 2.50 and 39.52 ppm for 'H
and *C in DMSO-d,. For YF{{H} NMR, CFCl, in
CHCI, was used as an internal standard. Coupling
constants (J) were given in Hz. Spectra were re-
ported as follows: chemical shift (§, ppm), inte-
gration, multiplicity, and coupling constants (Hz).
LC-MS data were recorded on Agilent 1100 HPLC
equipped with a diode-matrix and mass-selec-
tive detector Agilent LC/MSD SL instrument,
the column: Zorbax SB-C18, 4.6 mm X 15 mm,;

eluent: (A) acetonitrile — water with 0.1% of TFA
(95:5), (B) water with 0.1% of TFA; the flow rate:
1.8 mL min. Mass spectra were recorded on an
Agilent 1100 LCMSD SL instrument (chemical
ionization (CI)).

The parallel synthesis was performed in 20-mL
vials or 100-mL flasks; loading of the reagents,
as well as treatment of the reaction mixtures was
performed manually in a parallel fashion. The reac-
tions were performed in ultrasonic baths or la-
boratory ovens equipped with a shaker. Centrifu-
gal evaporators were used to remove the solvents
from the vials in a parallel fashion. Preparative
HPLC was performed on Agilent 1260 Infinity
systems equipped with DAD and a mass-detector
using a Chromatorex 18 SNB100-5T 100 X 19 mm,
100 A, 5-um column with a SunFire C18 Prep
Guard Cartridge, 100 A, 10 pm, 19 mm X 10 mm,
with H,O —MeCN as a gradient, or H,0 — MeOH,
or H,O (with 0.2% HCO,H) — MeOH as an elu-
ent, with the flow of 30 mL min.

For the library members 4{1—6,1-8} synthe-
sized, physical data and mass spectra (Table 2),
'H NMR spectra (Table 3), *C NMR spectra
(Table 4), and °F NMR spectra (Table 5) were
given in a tabular format.

Table 2. Physical data and mass spectra for library members
4{1-6,1-8} synthesized

Compound Appearance MS (m/z, APCI)
4{1,1} Yellowish oil 235 [M+H]*
4{1,2} Yellowish oil 249 [M+H]*
4{1,3} Yellowish oil 249 [M+H]*
4{1,5} Yellowish oil 263 [M+H]*
4{1,6} Yellowish oil 263 [M+H]*
4{1,7} Brownish oil 263 [M+H]*
4{1,8} Yellowish oil 277 [M+H]*
4{2,8} Yellowish oil 272 [M+H]*
4{4,1} Yellowish oil 234 [M+H]*
4{4,8} Colorless oil 276 [M+H]*
4{6,1} Yellowish oil 188 [M+H]*
4{6,8} Brownish oil 230 [M+H]*
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Table 3. *H NMR spectra data for library members 4{1—-6,1-8} synthesized

Compound H NMR (600 MHz, DMSO-dj), 6, ppm
a1.1) 2.32-2.44 (2H, m); 2.52—-2.58 (1H, m); 2.59-2.70 (2H, m); 3.05 (2H, d, J = 7.6 Hz); 7.75 (1H, dd, J = 8.6, 1.9 Hz);
’ 7.92 (1H, s); 8.03 (1H, d, J = 8.6 Hz); 8.89 (1H, d, J = 1.8 Hz); 8.92 (1H, d, J = 1.8 Hz)
4(1.2) 1.88 (2H, q, J = 7.8 Hz); 2.04—2.14 (1H, m); 2.20—2.31 (2H, m); 2.60—2.70 (2H, m); 2.81 (2H, t, J = 7.8 Hz);
’ 7.75 (1H, dd, J = 8.5, 1.9 Hz); 7.90 (1H, s); 8.02 (1H, d, J = 8.5 Hz); 8.88 (1H, d, J = 1.8 Hz); 8.91 (1H, d, J = 1.8 Hz)
1.33-1.41 (1H, m); 1.75-1.91 (2H, m); 1.93-2.02 (1H, m); 2.35-2.46 (2H, m); 2.68—2.80 (1H, m);
4{1,3} |2.83(2H,t,J=7.8 Hz); 7.73 (1H, dd, J = 8.6, 1.8 Hz); 7.88 (1H, s); 8.01 (1H, d, J = 8.6 Hz); 8.87 (1H, d, J = 1.8 Hz);
8.89 (1H, d, J = 1.8 Hz)
a(1,5) 1.36-1.46 (1H, m); 1.59—1.75 (3H, m); 1.88—2.17 (5H, m); 2.83—2.99 (2H, m); 7.76 (1H, dd, J = 8.5, 1.8 Hz);
’ 7.90 (1H, s); 8.03 (1H, d, J = 8.5 Hz); 8.89 (1H, d, J = 1.8 Hz); 8.91 (1H, d, J = 1.8 Hz)
4(1.6) 1.03-1.11 (1H, m); 1.31-1.41 (1H, m); 1.49-1.75 (4H, m); 1.89-1.99 (3H, m); 2.78—2.89 (2H, m);
’ 7.73 (1H, dd, J = 8.5, 1.8 Hz); 8.03 (1H, d, J = 8.5 Hz); 7.88 (1H, s); 8.89 (1H, d, J = 1.8 Hz); 8.92 (1H, d, J = 1.8 Hz)
41,7} 1.20-1.33 (2H, m); 1.64—1.88 (5H, m); 1.93-2.03 (2H, m); 2.80 (2H, d, J = 7.2 Hz); 7.72 (1H, dd, J = 8.5, 1.9 Hz);
’ 7.89 (1H, d, J = 1.9 Hz); 8.02 (1H, d, J = 8.5 Hz); 8.89 (1H, d, J = 1.8 Hz); 8.91 (1H, d, J = 1.8 Hz)
1.16-1.26 (2H, m); 1.37-1.46 (1H, m); 1.61-1.67 (2H, m); 1.69—1.87 (4H, m); 1.95-2.04 (2H, m);
4{1,8} |2.83-2.89 (2H, m); 7.75 (1H, dd, J = 8.6, 1.8 Hz); 7.90 (1H, s); 8.01 (1H, d, J = 8.6 Hz); 8.88 (1H, d, J = 1.8 Hz);
8.90 (1H, d, J = 1.8 Hz)
42.8) 0.84—0.90 (2H, m); 1.01—1.07 (2H, m); 1.10—1.20 (2H, m); 1.34—1.43 (1H, m); 1.51 (2H, q, J = 7.5 Hz);
’ 1.67-1.83 (4H, m); 1.92—2.02 (2H, m); 2.26-2.32 (1H, m); 2.76 (2H, t, J = 7.5 Hz); 7.28 (1H, s)
a4.1) 2.32-2.44 (2H, m); 2.51-2.57 (1H, m); 2.61—-2.72 (2H, m); 2.99 (2H, d, J = 7.7 Hz); 7.58 (1H, t, J = 7.6 Hz);
’ 7.70 (1H, t, J = 7.6 Hz); 7.92 (1H, d, J = 8.3 Hz); 7.99 (1H, d, J = 8.3 Hz); 8.17 (1H, s); 8.80 (1H, d, J = 2.2 Hz)
1.14-1.28 (2H, m); 1.37-1.47 (1H, m); 1.59-1.67 (2H, m); 1.68—1.89 (4H, m); 1.93-2.07 (2H, m);
4{4,8} |2.76-2.84 (2H, m); 7.57 (1H, t, J = 7.2 Hz); 7.66—7.71 (1H, m); 7.91 (1H, d, J = 8.2 Hz); 7.98 (1H, d, J = 8.2 Hz);
8.14 (1H, s); 8.80 (1H, d, J = 2.2 Hz)
4{6,1} |2.26-2.37 (2H, m); 2.41-2.48 (1H, m); 2.68—2.78 (2H, m); 2.88 (2H, d, J = 7.7 Hz); 3.92 (3H, s); 7.53 (1H, s)
4(6.8) 1.15-1.23 (2H, m); 1.38—1.45 (1H, m); 1.55 (2H, g, J = 7.3 Hz); 1.71—1.84 (4H, m); 1.95-2.03 (2H, m);
’ 2.64-2.69 (2H, m); 3.91 (3H, s); 7.50 (1H, s)

Table 4. *C NMR spectra data for library members 4{1—-6,1—8} synthesized

Compound

BC{*H} NMR (151 MHz, DMS0-d,),5, ppm

4{1,1}

23.7 (dd, J = 13.1, 5.9 Hz); 39.7 (dd, J = 22.3, 20.9 Hz); 40.4 (dd, J = 3.2, 1.4 Hz); 120.7 (dd, J = 284, 273 Hz); 127.7;
129.0; 131.6; 141.1; 142.3; 142.4; 145.1; 145.7

22.3(dd, J=12.7, 6.0 Hz); 33.0; 36.5 (d, J = 2.9 Hz); 39.9 (t, J = 22.0 Hz); 120.9 (dd, J = 284, 274Hz); 127.4; 128.9;

41,2} 131.6; 141.0; 142.3; 144.3; 144.9; 145.6
azz |66 (dd, J=16.5, 3.8 Hz); 29.4 (d, J = 4.8 Hz); 32.3 (t, J = 22.0 Hz); 32.9; 45.8 (t, J = 21.0 Hz);
’ 123.4 (dd, J = 288, 277 Hz); 127.9; 129.4; 131.9; 141.5; 142.8; 144.5; 145.4; 146.1
ans |195 (dd, J=5.7, 3.3 Hz); 28.7 (dd, J = 22.3, 6.6 Hz); 33.0; 34.5 (t, J = 24.6 Hz); 39.2; 44.7 (t, J = 22.5 Hz); 127.3;
’ 129.0; 131.5; 132.8 (t, J = 251 Hz); 141.0; 142.3; 144.4; 145.0; 145.6
a(1,6) 21.5 (d, J = 9.8 Hz); 29.9; 33.1 (dd, J = 24.8, 21.5 Hz); 36.2 (d, J = 9.1 Hz); 39.1 (dd, J = 24.8, 21.0 Hz); 41.4;
’ 124.4 (dd, J = 242, 239 Hz); 128.3; 128.9; 131.9; 141.0; 142.2; 142.4; 145.0; 145.7
41,7} 28.7 (d,J = 9.5 Hz); 33.1 (dd, J = 24.8, 22.3 Hz); 36.9; 41.5 (d, J = 2.5 Hz); 124.8 (dd, J = 241, 239 Hz); 128.7; 129.2;
’ 132.5; 141.5; 142.7; 143.6; 145.4; 146.1
41,8 28.4 (d,J = 9.4 Hz); 32.6; 32.7 (dd, J = 24.8, 22.0 Hz); 34.3 (d, J = 1.4 Hz); 36.5 (d, J = 2.5 Hz);
’ 124.4 (dd, J = 241, 239 Hz); 127.2; 128.9; 131.6; 140.9; 142.4; 144.85; 144.94; 145.6
42,8 10.4; 13.9; 23.8; 28.3 (d, J = 9.5 Hz); 32.7 (dd, J = 24.9, 22.1 Hz); 34.0 (d, J = 1.4 Hz); 37.0 (d, J = 2.4 Hz);
’ 124.3 (dd, J = 241, 239 Hz); 136.7; 138.6; 170.6
a4.1) 23.6 (dd, J = 13.0, 6.1 Hz); 37.8 (dd, J = 3.2, 1.4 Hz); 39.7; 120.7 (dd, J = 284, 273 Hz); 126.6; 127.68; 127.73;
’ 128.6; 128.8; 132.8; 134.2; 146.4; 151.9
44.8) 28.4 (d,J = 9.3 Hz); 29.8; 32.7 (dd, J = 24.8, 22.1 Hz); 34.3 (d, J = 1.4 Hz); 36.5 (d, J = 2.4 Hz);
’ 124.4 (dd, J = 241, 239 Hz); 126.5; 127.5; 127.8; 128.5; 128.6; 133.7; 135.1; 146.2; 151.9
46.1) 21.1(dd, J = 13.6, 6.0 Hz); 28.0 (dd, J = 3.3, 1.3 Hz); 34.0; 39.8 (t, J = 20.8 Hz); 120.5 (dd, J = 284, 273 Hz);
’ 131.6; 135.5
4(6.8) 19.9; 28.3 (d, J = 9.4 Hz); 32.7 (dd, J = 24.9, 22.1 Hz); 33.0 (d, J = 2.5 Hz); 33.9; 34.2 (d, J = 1.5 Hz);

124.3 (dd, J = 241, 239 Hz); 131.4; 137.4
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Table 5. **F NMR spectra data for library members 4{1-6,1-8}
synthesized

Compound |  °F{*H} NMR (376 MHz, DMSO-d), 5, ppm
4{1,1} [-94.1(d,J=190 Hz); -81.0 (d, J = 190 Hz)
4{1,2} |-110.7(d,J= 189 Hz); -81.8 (d, J = 189Hz)
4{1,3} |-104.5(d,J =225 Hz); -96.5 (d, J = 224 Hz)
4{1,5} |-98.4(d,J=234Hz);-86.7 (d, ) = 234 Hz)
4{1,6} [-99.9(d,J=232Hz);-90.1(d, =233 Hz)
4{1,7} |-100.0 (d, J = 232 Hz); -89.9 (d, J = 232 Hz)
4{1,8} [-100.1(d,J = 232Hz); -89.9 (d, J = 232Hz)
4{2,8} [-94.0(d, =190 Hz); -81.0 (d, J = 190 Hz)
4{4,1} |-94.0(d,J = 190 Hz); -81.0 (d, J = 190 Hz)
4{4,8} |-100.0(d, J = 232 Hz); -89.9 (d, J = 232 Hz)
4{6,1} |-94.2(d,J=191Hz);-81.0(d, /= 191 Hz)
4{6,8} |-100.0(d,J = 232 Hz); -90.0 (d, J = 232 Hz)

The general procedure for the synthesis
of compound library 4

The procedure from our previous work [8] was
followed. Amine 3 (3 mmol) was placed into a 20-mL
vial, and MeOH (6 mL), aldehyde 2 (3 mmol), and
AcOH (3.6 mmol) were added. The reaction mix-
ture was sonicated at rt for 12 h. Then NaBH,CN
(6 mmol) was added, and the reaction mixture
was sonicated at rt for additional 12 h. Volatiles
were removed in vacuo; the residue was treated

with 10% aq Na,CO, (6 mL) and extracted with
CH,CL, (2 X 6 mL). The combined organic layers
were placed into a 100-mL flask and concentrat-
ed in vacuo. The residue was dried thoroughly
in vacuo and used in the next step without puri-
fication. The flask with the crude reductive ami-
nation product was filled with argon, and a de-
gassed solution of anomeric amide 1 (0.3 M in dry
THEF, 15 mL, 4.5 mmol) was added under an argon
flow (CAUTION! Compound 1 can be potentially
mutagenic). The mixture was shaken in an oven
at 45 °C for 16 h (CAUTION! N, evolution is ob-
served), then cooled to rt, saturated aq NaHCO,
(30 mL) was added, and the mixture was extracted
with Et,O (2 X 15 mL). The combined extracts were
evaporated in vacuo, and the residue was sub-
jected to the reverse-phase HPLC purification.
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Abstract

A preparative approach to the synthesis of 2-hetaryl thiazoles has been developed via the interaction of halothiazoles with
stannanes according to the Stille reaction. The most effective catalysts and reaction conditions have been found. It has been
determined that the formation of by-products occurs due to specific interaction of the corresponding stannanes with the
carbonyl group. The by-products have been isolated and characterized. The mechanism of this interaction with the carbonyl
group has not been described in literature. The 2-hetaryl thiazoles obtained have great potential as new building blocks for
medicinal chemistry and as ligands due to their complexing properties.
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OpepXKaHHA HOBUX 2-reTapunTia3onis 3a peakuieto Crinne

AHoTauinA

Po3pobneHo npenapaTMBHUI Niaxis 40 CUHTE3Y 2-reTapuATIa30iB, LLO NOMATAE Y B3AEMOAII ranoreHoTia3oNiB 3i CTaHHaAHa-
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paxyHOK cneundiyHoi B3aemogii BiANoBigHMX CTaHHAHIB 3 KApbHOHINbHOW rPynoto BiAOYBAETLCA YTBOPEHHA NOGIYHMX NpPO-
OYKTIB, AKi BUAINWAM Ta cxapakTepusyBaan. MexaHi3m Takoi B3aemogii 3 KapbOoHiNbHOK rpynoto B NiTepaTypi He OnNucaHo.
3aBAAKM CBOIM KOMM/IEKCOYTBOPHOBA/IbHUM BIaCTUBOCTAM OTPUMAHI 2-reTapuaTtia3onin MatoTb BEIMKUI NOTEHLIAN AK HOBI
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B Introduction

The chemistry of chalcones and their analogs
has been actively developed over the past few de-
cades. However, their selective modification re-
mains an important issue [1]. In previous works,
chalcones with 2,4-dichlorothiazole moiety were
obtained, and ways for their modification with di-
alkylamino and methoxy groups were shown [2].
Similar dibromo derivatives were also studied
(since in several cases their reactivity was much
higher), and other important reagents, thiazolyl-
butenones, were synthesized and modified in the
similar synthetic pathway [3]. This fact allowed us

to conclude that such thiazole-containing deriv-
atives of diarylideneacetone deserve closer con-
sideration because of their use both in medicine
and as ligands for Pd catalysts in chemistry [4—6].
In addition, some other promising thiazole-containing
pyrimidines and benzimidazoles were obtained [7]
and their versatile properties were studied.

B Results and discussion

In this work, we propose various approaches
for the thiazole ring modification with a series
of different substituents implemented. The first
of them was thiazole cyclization based on thio-
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urea derivatives with its further modification
described previously [8]. However, this way did
not allow us to reach high diversity of substrates
that constituted significant disadvantage. In ad-
dition, restrictions on initial thioureas consider-
ably reduce the number of derivatives that can
be obtained by this way.

The most successful way for such transfor-
mation is the Suzuki and Stille cross-coupling
reactions [9, 10]. Our efforts to put 2,4-dihaloge-
nothiazoles to the Suzuki reaction with boronic
acids did not show the expected result. On the
other hand, they can react with boronic esters,
however conditions of the interactions providing
sufficient yields have not been defined yet.

Therefore, the Stille reaction was chosen as
our main point of interest. The first study was
devoted to finding the most suitable catalyst. It is
known that Pd(PPh), and Pd,(dba), are commonly
used in this reactions. There are also known refe-
rences to the use of the Buchwald precatalysts
Pd G3 and Pd G4 with various ligands in this reac-
tion. Moreover, they showed perfect results in a
series of other cross-coupling reactions [11], and
this fact turned us to assay them in our cases.

Thus, we chose a model reaction of 3-(2,4-di-
bromothiazolyl)-1-phenyl-propenone with 2-py-
ridine-tributylstannane to study regioselectivity
of the interaction in the presence of a series of
catalysts. The reaction was interesting in terms
of comparison the reactivity of C2 and C4 posi-
tions of 2,4-dibromothiazoles. As a result, the for-
mation of the product mixture was observed in
most cases (Scheme 1, Table 1).

Meanwhile, the assumed products of the re-
action in positions C4 (2b) or both C2 and C4
(2¢) were not detected. Nevertheless, we mana-
ged to determine the most suitable catalysts for
the preparation of both main product 2 (high-
lighted in green, Table 1) and by-product 3
(highlighted in yellow, Table 1).

We noted that Pd G3 DavePhos was less suit-
able for the by-product synthesis than Pd G4 Sphos
as evidenced by the by-product/main product yield
ratio, and with the reaction time variation the se-
cond one gave better results. In most cases, a sig-
nificant number of starting materials remained
unreacted in the mixture. In addition, we pre-
sumed that catalysts #3 and #4 could be more
efficient for compounds without active halogens.

Such a possibility of the carbonyl group in the
structure containing reactive bromine atoms to
interact first is very promising. In this way, we
disclosed a novel reaction type for introducing
aryl substituents to carbonyl group of a chalcone
fragment. The authors of the ref. [12] reported a
similar interaction. However, it was shown only
on alkyl derivatives. It should be also noted those
chalcones in contrast to the analogs we used did
not have an active bromine capable of interact-
ing with tin derivatives. Having obtained such

Table 1. Yields of the products in the Stille reaction of
3-(2,4-dibromothiazolyl)-1-phenyl-propenone with different
catalysts (Scheme 1)

# Catalyst P;?jg’c;)z P;i(ﬁ;’cz:
1 |Pd(PPh), 40 0

2 | Pd G4 XantPhos 0.5 5

3 | Pd G4 Sphos 1.3 7.15
4 | Pd G3 DavePhos 24.25 14.55
5 |Pd G3 CataCXium A 65.2 0

6 |Pd G4 t-BuXphos 11.1 1.85
7 | Pd G3 XantPhos 15.4 7.7
8 |Pd G3 AmPhos 73.3 3.8
9 | Pd G4 t-BuBrettPhos 133 3.42
10 |Pd,(dba), 8.4 4.2
11 | Pd G3 SPhos 30.8 5.7
12 | Pd G3 Xphos 9.9 1.65
13 | Pd G3 t-BuBrettPhos 26.4 6.6
14 | Pd G4 Xphos 18 10.8
15 | Pd G3 t-BuXphos 22.2 0

o)
C-
‘N\I
Q NBr2

s . 2'pySnBuj
Pd catalyst
Br\<\ r\)l\© . .
N Br 1 Ar, PhMe, 110°C, 48 h
upto 73 %
S X
XX
Br—C [ Ho [l
N B N~
r3

Scheme 1. The Stille reaction of 3-(2,4-dibromothiazolyl)-1-phenyl-propenone with 2-pyridine-tributylstannane
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Ar, PhMe,110°C, 48 h

.
6

O

©)KM6 2'pySnBus _ o
Pd G3 DavePhos reaction

5 Ar, PhMe,110°C, 48 h
O

2'pySnBu
NS A pySnBus3 e
Y-8 7 Pd G3 DavePhos reaction

Ar, PhMe,110°C, 48 h

B o
Q \
'pySnBug MezN\<S ] Me
SeXy 2'py A
MeoN—( | Me - N
N Cl Ar, PhMe,110°C, 48 h [
8 Pd G3 DavePhos 9,85% N.__

PhSnBus

Ar, PhMe,110°C, 48 h
Pd G3 DavePhos

O
S X
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NTNg, Pd G3 DavePhos

Scheme 2. The study of the reaction scope

an unusual result, we decided to conduct a series
of reactions with various carbonyl compounds.

2-Bromo-4-acetylthiazole (4) and acetopheno-
ne (5) were first tested in the reaction. Surpris-
ingly, in the case of Pd G3 DavePhos and Pd G4
Sphos catalysts, we did not observe the product.
Taking into account that the conjugated system
could lead to another result, chalcone (6) and its
thiazole analog (7) were taken, however, they
showed similar result under the same conditions
(Scheme 2, A). The similar experiment exploit-
ing the same conditions was also carried out for
2’-dimethylamino-4’-chlorothiazol-5’-yl-but-3-en-
2-one (8). In this case, despite the lower activity of
the chlorine as compared to the bromine atom,
the reaction proceeded in C4 position giving 9, and
the side product was not observed (Scheme 2, B).
This fact confirmed the difference in reactivity
between 1-methyl and 1-phenyl-3-(thiazol-5-yl)-
propenones.

Among other interactions, we studied the re-
activity of 4-bromothiazolyl derivative with tri-
butylphenylstannane under the same reaction
conditions. The results confirm that 2-pyridile

fragment does not play determination role in such
interaction. In detail, utilizing 3-(2,4-dibromo-
thiazol-5-yl)-1-phenylprop-2-en-1-one (10) under
the conditions described above led to two alter-
native products 11 and 12 (Scheme 2, B). In the
case of 3-(4-bromothiazol-5-yl)-1-phenylprop-2-
en-1-one (13), we obtained products of sequen-
tial reactions on thiazole ring 14 and carbonyl
group 15. This fact indicates the influence of the
bromine atom in position 2 of the ring on the en-
tire thiazolyl-propenone system. Apparently, the
results obtained by us are not enough draw con-
vincing conclusions against the background of the
observations. Nevertheless, they provide precon-
ditions for further purposeful investigation.

A similar reaction with 2,4-dibromo-5-formyl-
thiazole (16) was also carried out, but a mixture
of by-products was obtained as a result. For its
modification, it was decided to use dioxolane pro-
tection of the formyl group. The resulting acetal
was Introduced into the Stille reaction, which made
it possible to diversify a number of products ob-
tained with various stannanes in good yields
(Scheme 3).
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B HO
T TToH
Br’< _O  PhMe,110°C,12 h

a: R’

17, 95%

= 2'py; b: R' = 5-N-Me-1,2,3-triazolyl; c: R’

BrAX

= 4'-thiazolyl

R'SnBus

Ar, PhMe, 110°C, 48 h
Pd G3 AmPhos

. gﬁ

18a—c
18a 75 %; 18b 41 %, 18¢c 45 %

Scheme 3. The pathway to 4-bromo-5-(1,3-dioxolan-2-yl)-2-(hetaryl-2-yl) thiazoles

Br Br
N ' N
2 i o 2'pySnBus . A N o
Br g J DMF, 100°C, 24 h / S J
o — 0]
17 Pd G3 AmPhos, Cul 18a, 70 %

Scheme 4. Scaling up conditions

Another problem was scaling of the interac-
tions. When 1 g of 3-(2,4-dibromothiazolyl)-1-phe-
nyl-propenone was taken under the same con-
ditions, the yield decreased to 2—7%. To solve this
problem, it was proposed to carry out the re-
action in DMF with Cul used as a co-catalyst
(Scheme 4). This method allows conducting such
interactions in a bigger scale without the product
yields fall.

B Conclusions

The attractive method of preparative synthe-
sis of the substituted 2-hetaryl thiazoles has been
proposed. Buchwald catalysts have shown their
effectiveness regardless of the use of the base.
The mechanism of the stananne interaction with
the carbonyl group is specific and has not been
fully studied, which indicates the need to study
it. The use of a Cul co-catalyst and the solvent
changing to DMF allows scaling of the 2-hetaryl
thiazoles synthesis.

m Experimental part

All chemicals were obtained from Enamine Ltd.
and used without further purification. All solvents
were purified by standard methods. All procedu-
res were carried out under an open atmosphere
with no precautions taken to exclude ambient
moisture. ‘H NMR spectra were recorded on a Va-
rian MR-400 spectrometer (400 MHz) with TMS
as an internal standard. **C NMR spectra were
recorded on a Bruker Avance DRX 500 (126 MHz)
spectrometer with TMS as an internal standard.
LC-MS spectra were recorded using the chroma-
tography/mass-spectrometric system consisting
of a high-performance liquid chromatograph Agi-
lent 1100 LC MSD SL instrument equipped
with a diode-matrix and mass-selective detector

“Agilent LC/MSD SL”. The parameters of chro-
matography-mass spectrometry analysis were as
follows: column — SUPELCO Ascentis Express C18,
2.7 pm 4.6 mmX15 cm. According to the HPLC
MS data, all of the compounds synthesized had
purity > 95%. The elemental analysis was per-
formed in the Institute of Organic Chemistry of
the NASU.

The procedure for the synthesis of 2,4-di-
bromo-5-(1,3-dioxolan-2-yl)thiazole (17)

2,4-Dibromothiazole-5-carbaldehyde (16) (1.0 g,
3.7 mmol) was dissolved in toluene, ethane-1,2-
diol (0.69 g, 11.1 mmol), and p-toluenesulfonic
acid (34 mg, 0.2 mmol) were added. The mixture
was refluxed for 24 h and then concentrated un-
der reduced pressure, diluted with 10 mL of wa-
ter, extracted with tert-butyl methyl ether 3x5 mL
and washed with brine 3X10 mL. The organic lay-
er was dried over Na,SO,, filtered, concentrated
under reduced pressure.

A yellow powder. Yield — 1.1 g (95%) Anal.
Calcd for C;H,Br,NO,S, %: C 22.88; H 1.60; Br 50.74;
N 4.45;010.16; S 10.17. Found, %: C 22.87; H 1.60;
Br 50.73; N 4.46; S 10.19. 'H NMR (400 MHz,
CDCl,), 6, ppm: 3.93-4.12 (4H, m, CH,-CH,); 5.96
(1H, s, CH). 3C NMR (126 MHz, CDCL,), 6, ppm:
65.09; 97.84; 122.94; 135.21; 136.66. LC-MS (CI,
200 eV), m/z (I, %): 314 [M+H]* (30); 316 (60);
318 (30).

The procedure for the synthesis of 4-bro-
mo-5-(1,3-dioxolan-2-yl)-2-(pyridin-2-yl)thi-
azole (18a)

Method A. 2,4-Dibromo-5-(1,3-dioxolan-2-yl)
thiazole (17) (100 mg, 0.32 mmol) and 2-(tributyl-
stannyl)pyridine (117 mg, 0.32 mmol) were pla-
ced into a 10 mL flask and dissolved in 4 mL of
toluene. Then the mixture was bubbled with argon
for 15 min, and a catalyst Pd G3 AmPhos (5 mol %)
was added. The reaction mixture was stirred for
48 h at 110°C and cooled to room temperature.

el’
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After that it was separated by flash chromatog-
raphy (hexane/ethyl acetate, a gradient from
100:0 to 20:80) to give the product.

A yellow powder. Yield — 75 mg (75%). Anal.
Caled for C,;H,BrN,O,S, %: C 42.19; H 2.90;
Br 25.51; N 8.95; O 10.22; S 10.23. Found, %:
C 42.18; H 2.90; Br 25.52; N 8.96; S 10.23. 'H NMR
(400 MHz, CDCl,), 6, ppm: 3.97-4.23 (4H, m,
CH,-CH,); 6.14 (1H, s, CH); 7.34 (1H, t, J = 6.2 Hz,
N=CH-CH); 7.79 (1H, t, J= 7.8 Hz, N=CH-CH=CH);
8.16 (1H, d, J = 7.8 Hz, N=CH-CH=CH-CH); 8.58
(1H, d, J = 4.8 Hz, N=CH). *C NMR (126 MHz,
CDCL,), 6, ppm: 65.04; 98.51; 119.06; 124.69; 125.08;
133.69; 136.63; 149.01; 149.61; 168.84. LC-MS (CI,
200 eV), mlz (I, %): 313 [M+H]* (100); 315 (98).

Method B. 2,4-Dibromo-5-(1,3-dioxolan-2-yl)-
thiazole (17) (1.0 g, 3.2 mmol) and 2-(tributyl-
stannyl)pyridine (1.17 g, 3.2 mmol) were placed
into a 50 mL flask, dissolved in 20 mL of DMF,
then a catalyst Pd G3 AmPhos (5 mol %) and Cul
(12 mg, 0.064 mmol) were added. The reaction
mixture was stirred for 24 h at 100°C, cooled to
room temperature. After that it was separated
by flash chromatography (hexane/ethyl acetate,
a gradient from 100:0 to 20:80) to give the pro-
duct. The method provides the product yield of
0.7 g (70%) with all analytical and spectroscopic
data being the same to those obtained in the
Method A.

4-Bromo-5-(1,3-dioxolan-2-yl)-2-(1-me-
thyl-1H-1,2,3-triazol-5-yl)thiazole (18b)

The title product was synthesized according to
the procedure used for compound 18a (Method A).

A yellow powder. Yield — 41 mg (41%). Anal.
Caled for C,H BrN,O,S, %: C 34.08; H 2.86;
Br 25.19; N 17.67; O 10.09; S 10.11. Found, %:
C 34.09; H 2.85; Br 25.17; N 17.68; S 10.12.
'H NMR (400 MHz, CDCl,), 6, ppm: 3.98-4.22 (4H,
m, CH,-CH,); 4.38 (3H, s, N-CH,); 6.10 (1H, s, CH);
8.01 (1H, s, CH triazole). *C NMR (126 MHz, CDCL,),
6, ppm: 13.09; 37.01; 65.19; 98.09; 125.69; 132.42;
133.82; 154.25; 158.54. LC-MS (CI, 200 V), m/z
(L, %): 317 [M+H]* (100); 319 (98).

4-Bromo-5-(1,3-dioxolan-2-yl)-2,4’-bithi-
azole (18c¢)

The title product was synthesized according to
the procedure used for compound 18a (Method A).

An orange powder. Yield — 46 mg (45%).
Anal. Caled for C,H,BrN,O,S,, %: C 33.87; H 2.21;
Br 25.03; N 8.78; O 10.02; S 20.09. Found, %:
C 33.86; H 2.20; Br 25.04; N 8.79; S 20.09. *H NMR
(400 MHz, CDCl,), 6, ppm: 3.86-4.29 (4H, m,
CH,-CH,); 6.13 (1H, s, CH); 8.08 (1H, s, C=CH-S);
8.82 (1H, s, S-CH-N). 3C NMR (126 MHz, CDCl,),

6, ppm: 65.04; 98.49; 116.47; 125.20; 131.65; 148.74;
153.17; 162.53. LC-MS (CI, 200 eV), m/z (1., %):
319 [M+H]* (100); 321 (98).

The procedure for the synthesis of 3-(2,4-
dibromothiazol-5-yl)-1-phenylprop-2-en-1-
one (1)

2,4-Dibromothiazole-5-carbaldehyde (16) (1.0 g,
3.7 mmol) was dissolved in 10 mL AcOH, then
acetophenone (0.44 g, 3.7 mmol) and 0.1 mL of
conc. H,SO, were added. The mixture was stirred
at 60°C for 24 h and then concentrated under
reduced pressure, diluted with 10 mL of water
and the precipitate formed was filtered off.

An orange powder. Yield — 0.83 g (60%). Anal.
Caled for C,,H,Br,NOS, %: C 38.64; H 1.89;
Br 42.84; N 3.75; O 4.29; S 8.59. Found, %:
C 38.63; H 1.88; Br 42.85; N 3.75; S 8.60. 'H NMR
(400 MHz, CDCl,), 6, ppm: 7.27 (1H, d, J=15.5 Hz,
C(O)CH); 7.54 (2H, t, J = 7.6 Hz, m-CH(Ph));
7.63 (1H, t, J = 7.3 Hz, p-CH(Ph)); 7.85 (1H, d,
J =15.4, C(O)CH=CH); 7.99 (2H, d, J = 7.7 Hz,
0o-CH(Ph)). *C NMR (126 MHz, CDCL), 6, ppm:
125.96; 128.50; 128.83; 131.98; 133.42; 134.62;
137.24; 137.60; 188.62. LC-MS (CI, 200 V), m/z
(L, %): 372 [M+H]* (18); 374 (50); 376 (18).

3-(4-Bromo-2-(pyridin-2-yl)thiazol-5-yl)-
1-phenylprop-2-en-1-one (2)

The title product was synthesized according to
the procedure used for compound 18a (Method A).

An orange powder. Yield — 72 mg (73%).
Anal. Calcd for C,;H,,BrN,OS, %: C 55.00; H 2.99;
Br 21.52; N 7.55; O 4.31; S 8.63. Found, %: C 54.98;
H 2.99; Br 21.53; N 7.56; S 8.62. 'H NMR (400 MHz,
CDCL), 6, ppm: 7.39 (1H, t, /= 6.2 Hz, N=C-CH=CH);
7.43 (1H, d, J =15.5, C(O)-CH=CH); 7.51 (2H, t,
J = 7.6 Hz, m-CH(Ph)); 7.60 (1H, t, J = 7.3 Hz,
p-CH(Ph)); 7.82 (1H, t, J = 7.7 Hz, N=C-CH); 7.93
(1H, d, J = 15.4 Hz, C(0)-CH=CH); 7.99 (2H, d,
J =17.7 Hz, o-CH(Ph)); 8.20 (1H, d, J = 7.9 Hz,
N=C-CH=CH-CH); 8.62 (1H, d, J=4.8 Hz, N-CH).
BCNMR (126 MHz, CDCl,), 6, ppm: 119.72; 124.94;
125.25; 128.03; 128.32; 131.86; 132.59; 132.74;
132.90; 136.82; 137.14; 149.17; 149.30; 168.91;
188.54. LC-MS (CI, 200 eV), m/z (I,,, %): 371
[M+H]* (100); 373 (90).

3-(4-Bromo-2-(pyridin-2-yl)thiazol-5-yl)-
1-phenyl-1-(pyridin-2-yl)prop-2-en-1-ol (3)

The title product was synthesized according to
the procedure used for compound 18a (Method A).

An orange powder. Yield — 17 mg (14%). Anal.
Calcd for C,,H,,Br,N,0S, %: C 45.16; H 2.68; Br
35.34; N 6.20; O 3.54; S 7.08. Found, %: C 45.15; H
2.68; Br 35.32; N 6.21; S 7.09. 'H NMR (400 MHz,
CDCl,), 6, ppm: 6.69 (1H, d, J = 15.6 Hz,

el’
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C(OH)-CH=CH); 6.88 (1H, d, J = 15.6 Hz,
C(OH)-CH=CH); 7.33 (2H, d, J = 7.6 Hz, 0-CH(Ph));
7.39 (1H, d, J=17.7 Hz, N=CH-CH=CH-CH); 7.34
(2H, t, J=17.5 Hz, m-CH(Ph)); 7.37-7.46 (3H, m,
N=CH-CH, p-CH(Ph)); 8.59 (1H, d, J = 4.8 Hz,
N-CH). *C NMR (126 MHz, CDCl,), 6, ppm: 77.60;
118.82; 121.44; 122.50; 123.19; 126.50; 127.50;
128.08; 133.55; 135.22; 137.26; 139.11; 143.79;
146.92; 160.67. LC-MS (CI, 200 eV), m/z (I,,, %):
451 [M+H]* (5); 453 (10); 455 (5); 433 (25); 435
(50); 437 (25).

4-(2-(Dimethylamino)-4-(pyridin-2-yl)-
thiazol-5-yl)but-3-en-2-one (9)

The title product was synthesized according to
the procedure used for compound 18a (Method A).

An orange powder. Yield — 100 mg (85%).
Anal. Calced for C,,H,;N,OS, %: C 61.52; H 5.53;
N 15.37; O 5.85; S 11.73. Found, %: C 61.51;

H 5.52; N 15.36; S 11.75. 'H NMR (400 MHz,
CDCL,), 6, ppm: 2.30 (3H, s, C(0)-CH,); 3.15 (6H,
s, CH,-N-CH,); 6.10 (1H, d, J = 15.7 Hz, C(O)-CH);
7.20 (1H, d, J = 6.4 Hz, C(O)CH-CH); 7.72 (1H,
d,J=7.6 Hz, N-CH=CH); 8.02 (1H, d, J = 7.9 Hz,
N=CH-CH=CH); 8.63 (1H, d, J = 4.9 Hz, N=C-CH);
8.91 (1H, d, J = 15.4 Hz, N-CH). *C NMR (126
MHz, CDCL), 6§, ppm: 25.99; 39.53; 121.87; 122.28;
123.69; 124.80; 136.14; 137.21; 148.46; 152.90;
153.46; 168.44; 197.84. LC-MS (CI, 200 eV), m/z
(L., %): 274 [M+H]* (100).
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Abstract

The article describes a set of pyridines annulated with functionalized 6-membered saturated rings, which are attractive
building blocks for the synthesis of diversified compound libraries in medical chemistry. A certain array of compounds in-
cludes pyridines with condensed cyclohexane, piperidine and tetrahydropyran cycles containing keto-, amino-, carboxylic
groups, as well as fluorinated fragments. The synthesis of the compounds using the procedure previously developed by us
via CuCl,-catalyzed condensation of propargylamine with ketones was performed. The limits of application of this reaction
were further expanded and determined in this work compared to our previous results. Condensed pyridines, which proved
problematic or impossible to obtain by this method, were synthesized using other synthetic pathways. Thus, the study offers
a number of new building blocks for use in drug discovery.

Keywords: organic synthesis; heterocyclic compounds; pyridines; building blocks; organofluorines; “magic methyl”; scaffold
hopping

[. B. €Eropos'?, A. |. Cy6oTta'?
I IHcmumym opeaHiyHoi Ximii HayioHanbHOI akademii Hayk YKpaiHu, 8yn. Akademika Kyxaps,

5, m. Kuis, 02660, YKkpaiHa
2 TOB HBI1 «EHamiH», 8yn. BiHcmoHa Yepuinsd, 78, m. Kuis, 02094, YkpaiHa
CuHTE3 Pi3SHOMAHITHMUX NipUAUNHIB, aHeNbOBaHUX GYHKLIOHANI30BaHUMM LWECTUYNIEHHUMMN
HaCUYEHUMM LUKNAMU, ANA A0CNIAKeHDb Y ranysi megu4yHoi Ximii
AHoTauinA
Y cTaTTi okpecneHo Habip NipuAamnHiB, aHeNboBaHUX GYHKLIOHaNI30BaHUMU LIECTUYIEHHUMWN HAaCUYEHUMU KiNbUAMM, AKi
€ npuBabausnmun 6inaunHr-610KaMn gns cMHTE3y ansepcudikoBaHnx 6ibnioTek y meanyHin ximii. 1o BU3HaYe€HOro macmsy
CNONYK yBIALWAW NiPUANHN 3 KOHAEHCOBAHUMM LLUKNOTEKCAHOBMM, NiNepUANHOBMM Ta TETPAriaponipaHOBUM KifibLEeM, L0
MICTATb KETO-, aMiHO-, KapboKcurpynu, TopoBMicHI dparmeHTH. YacTUHY cnonyk 6yno CMHTE30BaHO 3a paHilwe po3pobe-
HUM Hamu meTogom — CuCl,-KaTanisoBaHOK KOHAEHCALLE NponaprinamiHy Ta KeToHiB. Y npeseHToBaHil poboTi byno go-
[ATKOBO PO3LUMPEHO Ta BU3HAYEHO MEXKi 3aCTOCYyBaHHA L€l peaKu,ii. KOHAeHCOBaHI NipnAnHK, oaepKaHHA AKMX 33 LUM Me-
TOLOM BUABMAOCA NPOBAEMHUM ab0 HEMOXKANBUM, CUHTE30BAHO IHWKMMM WaaxaMu. OTXKe, AOCNIAKEHHSA NPONOHYE HU3KY
HOBWX byaiBeNbHUX BNOKIB 419 BUKOPUCTAHHSA B NOLLUYKY NiKapCbKUX 3acobiB.
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B Introduction

Pyridines annulated to saturated cycles (PASCs)
are widely used in drug discovery. Among the
compounds containing this fragment there are
substances demonstrating anti-HIV [1], antire-
sorptive [2, 3], antibacterial [4] and antimigraine
[5] activity (Figure 1).

Due to such a wide spectrum of the biological
activity demonstrated, chemists need convenient
and cost-effective methods for the synthesis of
diverse functionalized PASCs in multigram and/or
even semi-industrial scales. In this research, we
demonstrate our strategy for solving this prob-
lem and propose a synthetic strategy for produc-
ing a set of bicyclic building blocks containing py-
ridine and an annelated saturated core with va-
rious substituents and functional groups. Accord-
ing to the development of “magic methyl” and “ma-
gic fluorine” concepts, along with classical func-
tions, we included compounds bearing methyl-
methylene (2), dimethylmethylene (3) and difluo-
romethylene (4) moieties in our short-list. Isome-
ric conformationally restricted ketones 6a—d, car-
boxylic acids 7a—d, PASCs with exocyclic amine
function 8a—d and those featuring endocyclic one
9a—d were also treated as utility building blocks
for modern combinatorial chemistry and drug dis-
covery (Figure 2).

Reported approaches towards pyridines annu-
lated with 6-membered saturated cycles include:
(A) the partial reduction of the corresponding

aromatic compounds, (B) the construction of the
saturated 6-membered ring and (C) the construc-
tion of the pyridine ring. Viable routes to imple-
ment the approaches are illustrated by a retro-
synthetic analysis of compound 9¢ (Figure 3).

Approach C can also be illustrated by the in-
termolecular Diels-Alder reaction with an inver-
se electron demand [6], intermolecular oxidative
cyclization [7, 8] or [4+2]-cyclization. Examples
of [4+2]-cyclization include reactions catalyzed
by gold [9] and ruthenium [10-13]. Recently, our
research group proposed a simple and scalable
method via the condensation catalyzed by avail-
able and cheap CuCl, [14] (Figure 4). Thanks
to our research, this approach has become cost-
effective and, along with good scalability and di-
versity, very promising for obtaining such com-
pounds.

In this light, we aimed to extend and deter-
mine the scope of the method and perform the
synthesis of the set of diverse PASCs. In addi-
tion, in some cases of the method, we proposed
other approaches for the synthesis of the target
molecules.

B Results and discussion

In our previous work [9], we reported on the
synthesis of the parent core 1, ketones 6a and 6b,
carboxylic acid 7b, amines 8a, 9a, 9b and dihy-
dropyranopyridine 10b. The scope of the method
was successfully expanded to the synthesis of
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Figure 1. Examples of biologically active compounds containing a PASC moiety
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Figure 3. The retrosynthetic analysis of 9c

pyridines fused with saturated rings bearing CHMe-,
CMe,-, CF,-, CHOH-moieties. Propargylamine (11)
was condensed with ketones 12—16 in the presence
of anhydrous CuCl, to obtain the desired products
(including compounds 3 and 4 previously unknown).

Although alcohol 5 was reported previously,
the yield was neither good (e.g., 28%) [15] nor
even reported. Our approach works much better
— a one-step scalable procedure provides 58%

yield of 5. We also attempted to oxidize alcohol 5
to obtain known [16, 17] ketone 6b via the Dess-
Martin oxidation. However, the yields were low
(10-15%), so this way needed further optimiza-
tions. Notably, ketone 6b can be involved in self-
condensation reactions, and therefore, it should
be stored in the freezer.

Ketone 6¢ still remains a challenge for syn-
thetic chemists (our attempts were unsuccessful
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Figure 4. The known approaches for the synthesis of the pyridine ring of PASCs
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Scheme 1. The synthesis of pyridines 2-5 and 10c
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as well), while more than 20 different reactions
for the synthesis of ketone 6d were reported, even
in a kilogram scale [18].

Previously, we obtained ethyl esters of car-
boxylic acids 7a and 7c as an inseparable mix-
ture. The synthesis of 7¢ in 75% via the Wolff-
Kishner reduction was reported in 1974 [19].
Carboxylic acids 7b and 7d [20] were also repor-
ted. The synthesis of the previously unknown 7a
was carried out starting from ketone 6a. At the
first stage, the ketone was transformed to the
enol triflate 17, and the latter was further carbo-
nylated with CO to form ester 18. Compound 18
was successfully reduced to saturated acid 19,
the acidic hydrolysis of the latter led to the tar-
get acid 7a (Scheme 2).

Ketone 20 reacts with propargylamine yield-
ing pyridine Boc-9a, as it was described in our

previous work, and isomer Boc-9¢ were detect-
ed (Scheme 3, A). Therefore, the condensation
of ketone 20 with propargylamine is not a suit-
able method for the synthesis of 9¢. Multistep
preparations of 9¢ were reported earlier [8, 9].
Alternatively, 1,7-naphtyridine partial reduction
gave mixtures of isomers [7]. Hereby, we proposed
an alternative 4-step way starting from nitrile 21
(Scheme 3, B).

The scalable synthesis of amine 9d from
pyridine 25 was performed through an elegant
route based on the construction of the piperi-
dine ring on the b-bond of pyridine in 2-fluoro-
4-chloropyridine (25) (Scheme 4). In contrast to
the procedures previously reported [21-23], the
proposed reaction sequence leads to a single iso-
mer, consists of common organic procedures and
uses available starting materials.

oTf
TfZO | Yy CO, MeOH
DCM N/ Pd(OAc)y, dppf
17 DMF

Scheme 2. The synthesis of carboxylic acid 7a

e

CO,Me ~HCl
@\/j dloxane @\/j

H,, Pd/C
MeOH
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Scheme 4. The synthesis of amine 9d

B Conclusions

A representative set of pyridines annelated
with 6-membered functionalized saturated rings
has been synthesized. The scope of CuCl,-cata-
lyzed condensation of propargylamine with ke-
tones has been extended. Other synthetic meth-
ods have been proposed for pyridines that cannot
be obtained using this procedure. A set of novel
building blocks related to medical chemistry has
been created for drug development.

B Experimental part

All solvents were purified according to the
standard procedures. Absolute ethanol and iso-
propanol were used. All starting materials were
obtained from Enamine Ltd. Melting points were
measured on an automated melting point sys-
tem. 'H and *C NMR spectra were measured on
a Bruker Avance 500 spectrometer (at 500 MHz
for 'H and 126 MHz for '*C nuclei) and a Varian
Unity Plus 400 spectrometer (at 400 MHz for 'H
and 101 MHz for *C nuclei). Tetramethylsilane
(*H, 3C) was used as an internal standard. Mass
spectra were recorded on an Agilent 5890 Series 11
5972 GCMS instrument (atmospheric pressure
electrospray ionization (ESI)).

The general procedure for the synthesis
of pyridines 2-5 and 10c

Pyridines 2-5 and 10c¢ were obtained accord-
ing to the procedure previously developed [9].

6-Methyl-5,6,7,8-tetrahydroquinoline (2)

A brownish oil. Yield — 28 g (62%). Anal. Caled
for C,,H 3N, %: C 81.58; H 8.90; N 9.51. Found,
%: C 81.38; H 9.01; N 9.59. 'H NMR (400 MHz,
Chloroform-d), 6, ppm: 1.09 (3H, d, J = 6.5 Hz);
1.43-1.62 (1H, m); 1.86-2.02 (2H, m); 2.43 (1H,
dd, J = 16.6, 10.5 Hz); 2.81 (1H, dd, J = 16.5,
5.0 Hz); 2.90-3.04 (2H, m); 7.02 (1H, dd, J = 7.7,
4.8 Hz); 7.34 (1H, d, J=7.7 Hz); 8.35 (1H, d, J =
4.8 Hz). LC-MS (ESI, positive mode), m/z: 148
[M+H]*.

6,6-Dimethyl-5,6,7,8-tetrahydroquinoli-
ne (3)

A yellowish oil. Yield — 38 g (57%). Anal. Caled
for C;;H;N, %: C 81.94; H 9.38; N 8.69. Found,
%: C 81.88; H 9.47; N 8.62. 'TH NMR (400 MHz,
Chloroform-d), 6, ppm: 1.02 (6H, s); 1.69 (2H, t, J
=6.9 Hz); 2.56 (2H, s); 2.96 (2H, t, J = 6.9 Hz); 7.03
(1H, dd, J=17.6, 4.8 Hz); 7.33 (1H, d, J = 7.6 Hz);
8.38 (1H, d, J = 4.8 Hz). LC-MS (ESI, positive
mode), m/z: 162 [M+H]".

6,6-Difluoro-5,6,7,8-tetrahydroquinoli-
ne (4)

A yellowish oil. Yield — 42 g (55%). Anal. Caled
for C.H.F,N, %: C 63.90; H 5.36; F 22.46; N
8.28. Found, %: C 63.82; H 5.45; F 22.54; N 8.17.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 2.26-2.41
(1H, m); 3.04 (3H, t, J = 7.1 Hz); 3.29-3.43 (3H,
m); 7.22 (1H, dd, J = 7.8, 4.7 Hz); 7.55 (1H, d,
J =17.8 Hz); 8.39 (1H, d, J = 4.7 Hz). F NMR
(376 MHz, DMSO-d,) 6, ppm: -95.84. LC-MS (ESI,
positive mode), m/z: 170 [M+H]".
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5,6,7,8-Tetrahydroquinolin-6-ol (5)

A brown solid. Yield — 35 g (58%). M. p. 114°C.
'H NMR corresponds to the reported previously
[15]. LC-MS (ESI, positive mode), m /z: 150 [M+H]".

5,8-Dihydro-6H-pyrano[3,4-b]pyridine (10c)

A yellowish oil. Yield — 18 g (34%). Anal. Calcd
for CGH,NO, %: C 71.09; H 6.71; N 10.36. Found,
%: C 70.97; H 6.83; N 10.29. '"H NMR (400 MHz,
Chloroform-d), 6, ppm: 2.90 (2H, t, J = 5.7 Hz);
4.00 (2H, t, J = 5.7 Hz); 4.82 (2H, s); 7.12 (1H,
dd,J="7.7,4.9 Hz); 7.45 (1H, d, J = 7.7 Hz); 8.41
(1H, d, J = 4.8 Hz). LC-MS (ESI, positive mode),
m/z: 136 [M+H]".

The procedure for the synthesis of 5,6,7,8-
tetrahydroquinoline-5-carboxylic acid hy-
drochloride (7a*HCI)

To 6 L round-bottomed flask dried in the oven,
7,8-dihydroquinolin-5(6 H)-one (6a) (147.2 g, 1 mol,
1.0 equiv) was added. The flask was sealed and
purged with argon before the addition of CH,Cl,
(2.8 L) and Et,N (208 mL, 1.5 mol, 1.5 equiv).
The reaction mixture was cooled to 0°C, and tri-
fluoromethanesulfonic anhydride (242 mL, 6.2 mmol,
1.5 equiv) was added dropwise under argon at-
mosphere before heating to 40°C and kept at this
temperature while stirring for 24 h. Upon com-
pletion of the reaction, the solution was washed
with water (2x20 mL), and the organic substanc-
es were passed through a hydrophobic frit, and
concentrated under reduced pressure to give com-
pound 17 quantitatively (~279 g) as a brown oil
(85—-90% purity), which was used in the next step
without purification.

A solution of 17 (279 g, 1 mol) in DMF (2.2 L))
was treated with methanol (1.1 L) and N,N-di-
isopropylethylamine (526 mL, 3 mol), and bub-
bled with argon for 30 min. The resulting mix-
ture was treated with DPPF (4.5 g, 8 mmol) and
palladium (II) acetate (1.8 g, 8 mmol). The re-
sulting solution was bubbled with carbon mon-
oxide for 30 min, and then stirred under a carbon
monoxide balloon at 60°C for 6 h. After that, the
mixture was cooled to room temperature and di-
luted with ethyl acetate. The resulting mixture
was washed with 1 M aqueous HCI, twice with
water, once with the saturated aqueous sodium
carbonate, dried over sodium sulfate and then
concentrated under vacuum to yield 147.6 g of a
residue (78%, ~90% purity) as a yellowish pow-
der. The product was used in the next step with-
out purification.

A solution of 18 (147.6 g, 0.78 mol) in MeOH
(2 L) was heated at 50°C under atmospheric pres-
sure and bubbled with H, for 2 h in the presence

of 10% Pd on charcoal (10 g). After completing
the reaction, Pd/C was filtered off, and the resi-
due was evaporated under reduced pressure.
The yellowish powder (~149 g, ~90% purity) ob-
tained was used in the next step without puri-
fication.

The product 19 (95.6 g, 0.5 mol) was dissolved
in the saturated solution of HCI in dioxane (1 L)
and boiled until the end of the precipitate for-
mation. Then the solid was filtered off and dried
on air. The final product 7a was obtained as
a white powder in 84% yield as hydrochloride
(89.8 2).

A white powder. M. p. 164°C. Anal. Calcd for
C,,H,,CINO,, %: C 62.67; H 4.94; C1 11.10; N 14.62.
Found, %: C 62.60; H 5.03; Cl1 10.97; N 14.55.
'H NMR (DMSO-d,,, 500 MHz), 6, ppm: 1.55—1.86
(1H, m); 1.86-2.07 (2H, m); 2.07-2.35 (1H, m);
2.92-3.27 (2H, m); 4.06 (1H, t, J = 5.0 Hz); 7.81
(1H, dd, J=17.8, 5.6 Hz); 8.37 (1H, d, J = 7.8 Hz);
8.69 (1H, d, J = 5.6 Hz). LC-MS (ESI, positive
mode), m/z: 178 [M-CI]*.

The procedure for the synthesis of 1,7-
naphthyridin-8(7H)-one (23)

3-Methylpicolinonitrile (21) (23.62 g, 0.2 mol)
and the Bredereck’s reagent (69.6 g, 0.2 mmol)
were dissolved in DMF (250 mL). The reaction
mixture was heated at 75°C under argon for 72 h.
After that, the solvent was removed in vacuo.
Trituration with MTBE gave a brown oil 21 (~35 g,
~0.2 mol, a quantitative yield, ~85% purity).
Further all 35 g of the product was used without
additional purification.

The oil from the previous step was dissolved
in the saturated solution of HCIl in dioxane
(200 mL). The reaction mixture was warmed at
45-50°C for 24 h. The reaction solution was fil-
tered, and the filtrate was collected and dried.
The light brown solid 23 (24.2 g, 83% yield) ob-
tained was directly used in the next reaction.

A brown solid. M. p. 227°C. Anal. Calcd for
C.H(N,0, %: C 65.75; H 4.14; N 19.17. Found, %:
C 65.64; H 4.19; N 19.28. 'H NMR (DMSO-d,,
400 MHz), 6, ppm: 6.53 (1H, d, J = 7.1 Hz); 7.25
(1H, d, J=7.0Hz); 7.67 (1H, dd, J = 8.1, 4.4 Hz);
8.10 (1H, dd, J = 8.1, 1.7 Hz); 8.75 (1H, dd, J =
4.3, 1.7 Hz); 11.50 (1H, s). LC-MS (ESI, positive
mode), m/z: 147 [M+H]*.

The procedure for the synthesis of 8-chlo-
ro-1,7-naphthyridine (24)

1,7-Naphthyridin-8(7H)-one (23) (19.1 g,
0.15 mol) was dissolved in 200 mL of toluene.
POCI, (31 g, 0.2 mol) and DIPEA (72 g, 4 mol) were
added to the reaction mixture, and then it was
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refluxed for 6 h. After cooling down, the mixture
was diluted with EtOAc (15 mL) and washed with
ice-cold water, the saturated NaHCO,, brine.
The organic layer was dried over Na,SO,. The sol-
vent was removed under reduced pressure, and
the residue was purified by washing with iPrOH
to give 20.2 g of a yellow solid in 82% yield.

A yellow solid. M. p. 89°C. Anal. Calcd for
C.H,CIN,, %: C 58.38; H 3.06; C1 21.54; N 17.02.
Found, %: C 58.27; H 3.11; Cl 21.47; N 16.95.
'H NMR (Chloroform-d, 400 MHz), §, ppm: 7.65
(1H,d, J=5.6 Hz); 7.71 (1H, dd, J = 8.4, 4.2 Hz);
8.23 (1H, dd, J = 8.4, 1.7 Hz); 8.41 (1H, d, J =
5.6 Hz); 9.16 (1H, dd, J = 4.2, 1.7 Hz). LC-MS
(ESI, positive mode), m/z: 165 [M+H]".

The procedureforthesynthesisof5,6,7,8-
Tetrahydro-1,7-naphthyridine dihydrochlo-
ride (9¢*2HCI)

A solution of 8-chloro-1,7-naphthyridine (24)
(16.5 g, 0.1 mol) in MeOH (300 mL) was placed
into the autoclave and heated at 50°C under 10
atm pressure of H, for 6 h in the presence of 10%
Pd on charcoal (5 g). After completing the reac-
tion, Pd/C was filtered off, and the residue was
evaporated under reduced pressure. Then the
crude substrate was dissolved in the saturated
solution of HCI in dioxane. The yellowish pow-
der (~12.3 g, 87% yield) was obtained as a dihy-
drochloride after simple filtration.

A yellow solid. M. p. 210°C (decomp.). Anal.
Calcd for C;H,,CL,N,, %: C 46.40; H 5.84; Cl 34.23;
N 13.53. Found, %: C 46.34; H 5.93; C1 34.18; N
13.44. 'H NMR (400 MHz, DMSO-d,), 6, ppm: 3.12
(1H, t, J = 6.2 Hz); 3.40 (1H, q, J = 6.4 Hz); 4.38
(1H, t,J=4.5Hz); 7.55 (1H, dd, J = 7.8, 5.1 Hz);
8.58 (1H, d, J = 5.1 Hz); 10.02 (1H, s). LC-MS
(ESI, positive mode), m/z: 135 [M-HCI-CI]*.
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5-Chloro-1,2,3,4-tetrahydro-1,8-naphthy-
ridine (26)

The synthesis was performed from 4-chloro-
2-fluoropyridine (25) according to the procedure
reported [24].

A yellow solid. Yield — 21 g (74%). M. p. 97°C.
Anal. Calcd for C;H,CIN,, %: C 56.98; H 5.38; Cl
21.02; N 16.61. Found, %: C 57.05; H 5.33; Cl
20.94; N 16.66. '"H NMR (400 MHz, Chloroform-d),
0, ppm: 1.94 (3H, pent, J = 6.2 Hz); 2.78 (3H,
t, J = 6.5 Hz); 3.32-3.43 (3H, m); 6.56 (1H, d,
J = 5.5 Hz); 7.74 (1H, d, J = 5.5 Hz). LC-MS
(ESI, positive mode), m/z: 169 [M+H]".

The procedure for the synthesis of 1,2,3,4-
tetrahydro-1,8-naphthyridine (9d*HCI)

The reduction of 5-chloro-1,2,3,4-tetrahydro-
1,8-naphthyridine (26) was performed by the se-
minal procedure used for preparation of amine 9c.
Amine 9d was obtained in 85% yield as a yellow
powder in a hydrochloride form (28 g).

A yellow solid. M. p. 71°C. Anal. Calcd for
C.H,CIN,, %: C 56.98; H 5.38; C1 21.02; N 16.61.
Found, %: C 57.08; H 5.24; Cl 20.93; N 16.66.
'H NMR (500 MHz, Chloroform-d), 6, ppm:
1.94-1.87 (2H, pent, J = 6.2 Hz); 2.71 (2H, t,
J =6.3 Hz); 3.29-3.64 (2H, m); 6.47 (1H, dd, J =
7.1,5.0 Hz); 7.12 (1H, d, J = 7.1 Hz); 7.84 (1H, d,
J = 4.4 Hz). LC-MS (ESI, positive mode), m/z:

135 [M+HJ".
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of Ascorbic Acid

Abstract

The potentiometric assay for determining the antioxidant activity of ascorbic acid has been developed and validated accord-
ing to the following parameters: specificity, linearity, accuracy, repeatability, intermediate precision. The linearity was in the
concentration range of 0.002—-0.02 mol L™ (r>=0.9993). The percentage of recovery was found to be in the range from 95.38
t0 105.00 %. The values of %RSD for repeatability and intermediate precision were 1.86 and 1.95 %, respectively. The method
is accurate and reliable, with the relative standard deviation of less than 2 %. It has been proven that the method developed
is express, rapid, highly sensitive, accurate and sufficiently reliable.

Keywords: antioxidant activity; potentiometric method; validation; ascorbic acid

0. 10. Macnos, C. B. KonicHuk, M. A. KomicapeHKo, E. 0. Axmepgos, A. O. Kosanb, T. A. KocTiHa,

0. B. KonicHuk

HayioHanbHuli papmauesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300p08°ss YKpaiHu,

syn. MNywkKiHcoKa, 53, m. Xapkis, 61002, YKpaiHa

MertponoriuHa XxapaKTepuUcTUKa po3po6/1eHOT MeToAUKU BUSHAUYEHHA aHTUOKCUAAHTHOI aKTUBHOCTI
acKopbiHOBOI Kucnotun

AHoTauin

MoTeHLiOMeTPpUYHY METOAMKY BU3HAYEHHS aHTMOKCUAAHTHOT aKTUBHOCTI ackopbiHOBOT KMc10TK B6yno po3pobseHo i Bani-
[0BAHO BiANOBIAHO A0 TaKMX NapaMeTpiB: cneundiuyHicTb, NiHINHICTb, TOUYHICTb, NPELM3IAHICTb, BHYTPILIHA NPEUM3IAHICTb.
NiHinHicTb 36epiranaca B gianasoHi KoHUeHTpaui 0,002—-0,02 monb A7t (r? = 0,9993). Bu3HayeHo, WO BiACOTOK BiAHOBNEHHA
cTaHoBUTb 95,38—105,00 %, npeumsilitHicTb Ta BHYTpilWHA npeumsiiHictb — 1,86 % Ta 1,95 %, BignosiaHo. MeToauKa xapak-
TEPU3YETLCA AK TOYHA i HAZiMHA, MA€E BiAHOCHe CTaHAAPTHE BiaxuneHHs meHwe 2 %. [loBeaeHo, Wwo po3pobaeHa meToamKa
eKcrpecHa, NPocTa, BUCOKOUYTAMBA, TOUYHA i 4OCTAaTHbO HagiHa.

Kntouoei cnoea: aHTMOKCMAAHTHA aKTUBHICTb; MOTEHLIOMETPUYHUI MeTOA,; BanigaLis; ackopbiHoBa KMcioTa
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B Introduction

Reactive oxygen species are generated endo-
genously in the mitochondrial oxidative phospho-
rylation, or they may arise from exogenous sourc-
es, such as xenobiotic compounds [1, 2]. Oxida-
tive stress results in indirect or direct damage of
nucleic acids, proteins, and lipid, and has been
implicated in carcinogenesis, neurodegeneration,
atherosclerosis, diabetes and aging [3, 4].

Ascorbic acid is a six-carbon lactone obtained
from glucose in the liver. Human is not able to
synthesize it due to the lack of L-gulonolactone
oxidase [5]. Therefore, vitamin C must be obtained
from the diet to maintain a normal metabolic func-
tioning of the body. In the body of a human, vi-
tamin C reacts with free radicals as an antioxi-
dant [6]. The ascorbyl radical is formed when as-
corbic acid loses one electron, the second form is
called dehydroascorbic acid formed with losing
an electron by the ascorbyl radical [7, 8].

Most of the physiological functions of vita-
min C are related to its reduction properties [9, 10].
Ascorbic acid is involved in the synthesis of col-
lagen, carnitine and neurotransmitters. In ad-
dition, ascorbic acid accelerates the healing pro-
cess, affects the synthesis of a number of hor-
mones, regulates hematopoiesis and normalizes
capillary permeability [11-13].

According to Pubmed and ScienceDirect data-
bases, the number of publications dealing with

the study of the antioxidant activity of differ-
ent substances is growing steadily (Figure 1).
Known assays for determining the antioxidant
activity are based on the oxidation of the test
sample with oxidizing agents of various nature.
Oxidizing agents can be inorganic compounds —
K,[Fe(CN)¢], H,0,, KMnO,, and organic compounds
—2,2-diphenyl-1-picrylhydrazyl (in DPPH assay),
2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (in ABTS assay), Fe(IIl)-tripyridyltriazine
(in FRAP assay) [14]. The antioxidant activity of
ascorbic acid has been determined by different
assays, such as DPPH [15], ABTS [16], FRAP [17],
chemiluscent and potentiometric method [18].

S. Martinez et al. [19] applied the potentio-
metric assay in determining the antioxidant ac-
tivity of wine. The potentiometric assay they use
is based on titration of test samples with an elec-
trogenerated chlorine. Chlorine has the ability
to enter into various reactions (radical, redox,
electrophilic substitution and addition to multi-
ple bonds). Due to this, titration with chlorine
allows to cover a wide spectrum of biologically
active components possessing antioxidant prop-
erties. However, in our opinion, this method has
some disadvantages. Firstly, in the assay the
pH equals 2. At the same time, for studies of the
antioxidant activity related to living organisms,
the pH value should be maintained in the range
of 7.2-7.4 since it is physiological. Secondly,
chlorine is rather toxic compound.
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Figure 1. The number of published articles in the period of 2003—-2022 years
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Currently, ascorbic acid is found in numerous
plants, e.g., rose hips, mountain ash, viburnum,
currants, raspberries and citrus fruits. In addition,
vitamin C 1s also an ordinary “guest” in caplets,
tablets, capsules, drink mixes, multivitamin, an-
tioxidant formulation and dietary supplements.
Hence, the development of methods for determin-
ing the antioxidant activity of ascorbic acid is a
promising task today. Thus, the aim of the pre-
sent study was to develop and validate the po-
tentiometric assay for determining the antioxi-
dant activity of ascorbic acid.

B Materials and methods

Reagents

Ascorbic acid > 98.0% (Sigma-Aldrich). Reagents
K,[Fe(CN),], K,[Fe(CN) ], NaHPO,, KH,PO, were
of analytical grade and purchased from Reakhim
(Kharkiv, Ukraine).

Instruments

A pH meter Hanna 2550 (FRG) with a com-
bined platinum electrode EZDO 50 PO (Taiwan)
were used during potentiometric measurements.
The digital analytical balance AN100 (AXIS, Uk-
raine) with d = 0.0001 g was used for weighing.

Preparation of standard solutions

A stock solution of ascorbic acid (0.05 mol L)
was prepared by dissolving ascorbic acid in dis-
tilled water.

Model solutions of ascorbic acid were prepared
by dilution of the stock solution of ascorbic acid
(0.002, 0.006, 0.01, 0.014, 0.02 mol L1).

Preparation of phosphate buffer solu-
tions

8.00 g of NaCl, 0.20 g KCl, 1.44 g Na,HPO,,
0.24 g KH,PO, were dissolved in 800 mL of dis-
tilled water, and pH to 7.4 was adjusted with hyd-
rochloric acid or sodium hydroxide, and the so-
lution was diluted with distilled water to 1 L.

The procedure for the antioxidant acti-
vity determination

2 mmol L solution of K,[Fe(CN),] was pre-
pared by weighing 0.8232 g into a 25.0 mL vo-
lumetric flask, dissolving the compound in dis-
tilled water, and diluted to the volume with the
same solvent. 0.02 mmol L! of K,[Fe(CN),] was
prepared by weighing 0.0921 g into a 250.0 mL
volumetric flask, dissolving the compound in dis-
tilled water, and diluted to the volume with the
same solvent. Then 5.00 mL of the aliquot of both
prepared solutions was taken and transferred
into a 250.0 mL volumetric flask and diluted
to the volume with 0.067 mmol L phosphate

Journal of Organic and Pharmaceutical Chemistry 2023, 21 (3)

buffer solution. 50.00 mL of the prepared inter-
mediate solution was transferred into an elec-
trochemical cell. The initial potential of the in-
termediate solution was measured after the ini-
tial one was determined, 1.00 mL of the aliquot
of the solutions obtained was added, and a final
potential was measured. The difference (AE) be-
tween the initial (¥,) and final (E,) potentials was
found [20].

The antioxidant activity was calculated ac-
cording to the following equation and expressed
as mmol L

Cox — Q- Cred

1+a

AOA = . Kdil . 103

where a = C, /C, Xx10@F-EethanohnF23RT, O _ jg
the concentration of K,;[Fe(CN),], mol L'!; C,_, —
is the concentration of K,[Fe(CN);], mol L7
E ;... — 0.0546xC, —0.0091; C,, — is the concen-
tration of ethanol; AE — is the change of the po-
tential; F' = 96485.333 C mol™" — is the Faraday
constant; n = 1 — is the number of electrons in
the electrode reaction; R = 8.314 J mol!' K-! —1is
the universal gas constant; 7' — 298 K; K, — is
the coefficient of dilution.

Validation method

Validation of the potentiometric method for
determining the antioxidant activity of ascorbic
acid was performed according to the Interna-
tional Conference on Harmonization (ICH) [21].
The method proposed was validated by the fol-
lowing parameters: specificity, linearity, accuracy,
repeatability and intermediate precision.

The specificity of the method was studied by
the potentiometric titration of the solvent.

The linearity of the method was studied at
5 concentration levels (0.002, 0.006, 0.01, 0.014,
0.02 mol L Y). The antioxidant activity was eva-
luated by the potentiometric method. The linea-
rity was determined by a linear relationship bet-
ween the logarithm concentrations of the ascor-
bic acid solutions prepared. The linear regres-
sion was calculated by the method of least squares
to obtain the regression equation and determine
the correlation coefficient (r?). According to the
requirements of ICH, the value of the correlation
coefficient when studying the linearity should not
exceed 0.999.

The accuracy was evaluated by calculating re-
covery of ascorbic acid using the standard addi-
tion method. Three levels of ascorbic acid con-
centration corresponding to 50, 100, 200% of the
working concentration of ascorbic acid 0.1 mol L™
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were taken. The acceptance criteria were RSD
and should not exceed 2%.

The precision of the method was assessed by
repeatability and intermediate precision. In the
case of repeatability, the working solution of as-
corbic acid with the concentration of 0.01 mol Li!
was analyzed six times at the same day. The inter-
mediate precision was evaluated with the same
concentration of ascorbic acid at different days.
The acceptance criteria were RSD and should
not exceed 2%.

The statistical processing of the experimen-
tal data obtained was performed in accordance
with the monograph “Statistical analysis of the
results of a chemical experiment” of the State
Pharmacopeia of Ukraine.

B Results and discussion

The potentiometric method for determining
the antioxidant activity is based on the interac-
tion of a mediator system with an antioxidant.
The mediator system consists of an oxidizing agent
and a reducing agent. When an antioxidant is
added to the mediator system, the ratio of the
oxidizing agent and reducing agent changes, which
leads to a shift in the potential of the electro-
chemical cell. After that, the potential difference
and the antioxidant activity of the antioxidant
studied are calculated.

In order to develop a potentiometric assay for
determining the antioxidant activity of ascorbic
acid, it was necessary:

1) to choose the optimal redox electrode;

2) to choose the optimal ratio of K,;[Fe(CN)]
and K,[Fe(CN)];

3) the potential of the platinum electrode should
correspond to the Nernst dependence of the po-
tential change.

The main criteria for choosing the redox elec-
trode are the range of measuring the potential
of the electrochemical cell and the time of estab-
lishing the potential.

The potential of the electrochemical cell is
measured by platinum, gold and glass-carbon
electrodes. Thus, to choose the optimal electrode
we analyzed characteristics of three electrodes
mentioned above.

Table 1 shows that the glass-carbon electrode
has the widest range of measuring the potential
of the electrochemical cell, followed by the plati-
num electrode, whereas the gold one has the nar-
rowest measuring potential of the electrochemi-
cal cell. Therefore, the platinum and glass-carbon
electrodes meet the requirement of the range of

Table 1. Measuring ranges of potentials of electrodes

No. Electrode

Measuring ranges, V

1 |Platinum electrode

from -0.1to +0.9

Gold electrode

from -0.1 to +0.3

3 | Glass-carbon electrode

from -0.9 to +0.8

Table 2. The time of the establishing the potential of the
electrochemical cell

No. Electrode Time, sec
1 |Platinum electrode 1040.3
Gold electrode 1800+36.0
3 | Glass-carbon electrode 300+6.0

Note: n=5, p <0.05

measuring the potential of the electrochemical
cell.

Table 2 demonstrates that the platinum elec-
trode is the fastest (10 sec) in establishing the
potential of the electrochemical cell, followed by
the glass-carbon electrode (300 sec), and the gold
electrode has the longest time (1800 sec).

According to the results obtained, the plati-
num electrode met all the requirements to the
redox electrode and was the most suitable for
determining the antioxidant activity of ascorbic
acid. Thus, it was used in the study.

The accuracy of determining the redox poten-
tial of the system depends on how the Nernst de-
pendence follows the potential change. Figure 2
shows the dependence of the potential of the pla-
tinum electrode EZDO 50 PO in the sodium phos-
phate buffer with the pH 7.4 and various concen-
trations of K;[Fe(CN),J/K,[Fe(CN)4]. The pre-loga-
rithmic coefficient in this dependence is 58.5 mV
(Figure 2), which is close to the theoretical va-
lue of RT/nF = 59.16 mV in the Nernst equation
for a one-electron process at 25°C. From men-
tioned above, it can be concluded that the plati-
num electrode is completely suitable according
to the criteria set.

To select the optimal concentration and ra-
tio of K;[Fe(CN),] and K,[Fe(CN),], the following
criteria were used:

1) the minimum change in the system poten-
tial must be at least 20 mV;

2) the high speed of equilibration;

3) the potential of the system must be stable
over time.

Table 3 demonstrates the change in the po-
tentials of the system with different ratios of
K;[Fe(CN),] and K,[Fe(CN),] concentrations after
the introduction of the test samples (1.0-5.0 mol i
of ascorbic acid). It is easy to see that in the
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y = 58.5x + 215
Rz =0.9977
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Figure 2. The dependence of the potential of the platinum electrode EZDO 50 PO in the sodium phosphate buffer with the pH 7.4 and

various concentrations of K,[Fe(CN),]/K,[Fe(CN),]

Table 3. The change in the potential after the introduction of ascorbic acid (1.0 and 5.0 molL™) into the mediator system of various

compositions

Mediator system K,[Fe(CN).J/K,[Fe(CN),], mol L Agff‘ifoc‘:n”gleﬁffi'\‘;” A(E)ff‘;_'oc‘;‘:fﬁﬂ'\‘;”
System 1 0.002/0.00002 25.00.3 400203
System 2 0.001/0.00001 40.0%0.3 100.040.3
System 3 0.1/0.001 2.010.3 12.040.3
System 4 0.05/0.001 10.040.3 25.00.3

Note: n=5, p<0.05

system 1 and 2 the minimum potential change
is greater than 20 mV. However, the redox poten-
tial of system 2 is not stable for 30 minutes, this
may be due to the fact that the concentration of
K,[Fe(CN),] is low enough for the potential of the
system to be stable over time. System 1 turned
out to be the most stable over time, and its po-
tential did not change over the course of an hour.
Therefore, this mediator system was chosen to
determine the antioxidant activity of the sam-
ples under study.

The linearity was proven in the concentration
range from 0.002 to 0.02 mol L. The regression
equation of the curve had the following form:
y =2.5896x + 7.4011. The value of the correlation
coefficient (r?) was equal to 0.9993 (Figure 3).

The accuracy of the method was assessed by
the percentage of recovery. The percentage of re-
covery was found to be in the range from 95.38
to 105.00% (Table 4).

The precision of the method was confirmed by re-
peatability and intermediate precision. The values

Table 4. Recovery studies using the standard method of addition

AOA Amount added Amount taken Amount %, Recovery
AO A of AQ, of AO (C,), recovered (G,), _ G
mmol-eq. L » " 3 R = +100 %
mmol-eq.L mmol-eq.L mmol-eq.L C,
3.00 102.79
0.98 2.93 3.02 103.07
2.80 95.56
4.00 102.39
Ascorbic acid 1.95 1.95 3.90 4.11 105.00
3.72 95.38
5.00 102.46
2.93 4.88 5.14 105.00
4.80 98.36
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Figure 3. The calibration curve of the concentration logarithm vs the antioxidant activity of ascorbic acid

Table 5. Repeatability results for determining the antioxidant
activity of ascorbic acid

Table 6. Intermediate precision results for determining
the antioxidant activity of ascorbic acid

Number of samples AOA of ascorbic, Number of samples Ascorbic acid
mmol-eq. L The first day The second day
1 1.95 1 1.95 1.99
2 1.99 2 1.95 1.98
3 101 3 1.97 2.05
4 1.91 4 2.02 1.95
5 2.00 5 1.90 1.97
6 195 6 1.98 1.98
Mean, mmol-eq. L™ 1.96 1.99
Mean, mmol-eq. L™ 1.95 ) 0.03971 0.03386
sD 0.04045 Confidence interval,
Confidence interval, 0.04 mmol-eq. L™ 0.04 0.04
mmol-eq. L™ ' RSD, % 2.00 1.70
RSD 1.95 Mean of RSD, % 1.86

of % RSD for repeatability and intermediate preci-
sion were 1.95 and 1.86%, respectively. The %RSD
values were less than 2%. It proves that the me-
thod is precise (Tables 5 and 6).

B Conclusions

The potentiometric assay for determining the
antioxidant activity of ascorbic acid has been
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Obtaining the Enoxaparin Sodium Substance Equivalent to the
Original Clexane® and Lovenox®. The Selection of Technological
Parameters and Optimization of the “Greenness” of the
Purification Stage

Abstract

The aim of the study was to adjust and optimize the purification stage of crude enoxaparin sodium to obtain a substance
equivalent to the original drugs Clexane® and Lovenox® according to the criteria specified by the FDA. The purification stage
involves the reprecipitation of crude enoxaparin in methanol. Determining the ratio of solvents required for the reprecipi-
tation is important for studying the correlation between the experimental conditions of the technological process and the
structural characteristics of enoxaparin samples. In the study, the method of purification of enoxaparin sodium described in
the patent was assessed, and the following variations of the MeOH:H,0O solvent ratio were selected —4:1; 2:1; 1:1. The ob-
tained samples of enoxaparin sodium were analyzed according to the in-house specification developed on the basis of
the pharmacopoeial monograph, as well as by non-pharmacopoeial methods, such as two-dimensional NMR spectroscopy
(HSQC) and size exclusion chromatography (SEC) for detailed characterization of the molecule. Strategies of greening of the
enoxaparin sodium purification stage by reducing the E-factor were also considered in the study. Considering the principles
of “green” chemistry, the method of purification of crude enoxaparin sodium was optimized by the solvent regeneration. It
was experimentally possible to demonstrate the effect of the solvent ratio at the stage of purification of crude enoxaparin on
the composition, as well as on the number and distribution of oligosaccharide fractions in the molecule. Based on the results
of the study, it can be concluded that the ratio of MeOH:H,0=1:1 allows obtaining samples that are closest to Clexane® and
Lovenox® in terms of the molecular weight distribution profile and the composition profile. The E-factor was also reduced
from 14 to 5.25 by solvent regeneration.

Keywords: enoxaparin sodium; low-molecular-weight heparin; technological parameters; compositional analysis; HSQC;
size-exclusion chromatography; green chemistry; E-factor; solvent regeneration

0. B. boBcyHOBCbKa'?, B. B. Pyatok?, H. B. FapHa?, O. C. lonosueHKo?, B. A. leopriaHu!
1HauioHansHUl hapmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300po8’ss YkpaiHu,

syn. MywkKiHcoKa, 53, m. Xapkis, 61002, YkpaiHa
2AT «dapmak», syn. KupuniecbKa, 63, m. Kuis, 04080, YkpaiHa
OpeprKaHHA cybCTaHLil eHOKcanapuHy HaTpilo, eKBiBaneHTHOi opuriHanbHum Clexane® Ta Lovenox®.
Nia6ip TexHonoriYHMX NapameTpiB Ta ONTUMI3aLLiA «3e/1IeHOCTI» CTaAili OUULLEHHA
AHoTauifA
MeToto pob0oTn Byn0 HanalwTyBaTM Ta ONTUMI3YBaTU CTAZi0 OYMLLEHHA TEXHIYHOTO eHOKCanapuHy HaTPito A8 OTPUMAHHA
cybcTaHu,i, ekBiBaneHTHOI opuriHanbHUM npenapatam Clexane® Ta Lovenox® 3a kputepiamu, okpecneHumn FDA. Ctagin
OUMLLEHHA Nepeabayae NepeocasKeHHA HeOUNLLLEHOrO eHOKCanapmHy i3 meTaHoNy. BU3HauyeHHs HeobxigHoro cnisBigHo-
LWEHHA PO3YMHHUKIB ANA NepeocagKeHHA € BaXJIMBUM ANA AOCAIAKEHHA KOPenaLii MiXK eKcnepuMeHTalbHUMKU YMOBaMMU
TEXHO/IOFYHOrO NPOLLECY Ta CTPYKTYPHUMM XapaKTePUCTMKAMM 3pa3KiB eHOoKcanapuHy. Y focnigsKeHHi 6yno ouiHeHo cnocib
OYMLLEHHA eHOKCanapuHy HaTpilo, ONUCaHWIA y NaTeHTi, i 06paHo Taki BapiaHTK CniBBiAHOWEHHA PO34MHHUKIB MeOH:H,0
—4:1; 2:1; 1:1. OTpuMaHi 3pa3KM eHOKcanapuMHy HaTpito aHani3yBanau BiAMNOBIAHO A0 BHYTPIiWHbLOI cneuundikaLii, po3pobre-
HOT Ha ocHOBI dapmakoneliHoi MoHorpadii, a TakoX 3a Aonomoroto HedapMaKonemHNX MEeTOAIB, TaKMX, AK ABOBMMIpHa
AMP-cnekTpockonia (HSQC) Ta ekckntosiiHa xpomaTorpadin (SEC) ana aeTanbHOI XapaKTEPUCTUKU. MONEKYAN. Y AOCNIAXKEHHI
TAKOX po3rnafanu cTpaTerii eKonorisaLii eTany o4YMLWEeHHA eHOKCanapuHy HaTpito WAAXOM 3HUXKeHHA E-dakTopa. 3 ornagy
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Ha NPUHLMNU «3e/1eHOi» XiMii MeToA, OYMLLEHHA HEOYMLLEHOIO EHOKCaNapuHy HATpito Bys10 ONTUMI30BAHO LWAAXOM pere-
HepaLii po34MHHMKA. EKCnepMmeHTanbHO BAANOCA NPOLAEMOHCTPYBATU BNAMB CNiBBIAHOWEHHA PO3YMHHMKIB HA CTALil 04n-
LLIEHHA HEOUYMLLEHOrO EHOKCaNapyMHy Ha CKNaf, a TAaKOX Ha KifbKicTb i po3noain ¢dpakuiit onirocaxapuais y monekyni. 3a pe-
3yNbTaTaMM JOCNIAXKEHHA MOXKHA 3p06UTM BUCHOBOK, WO cnieBigHoweHHA MeOH:H,O = 1:1 go3BONAE OTPUMATH 3PasKu,
AKi 32 Npodinem MoNeKyNAPHO-MaCcoBOro po3noainy Ta npodinem cknagy Halbinbl HabnukeHi go Clexane® Ta Lovenox®.
E-KoedilieHT TakoX 6yno 3HMKeHo 3 14 g0 5,25 wnaxom pereHepauii po34ymMHHMKA.

Kntouoei cnoea: eHOKCanapuH HATPil0; HU3bKOMOEKYIAPHUIN renapuH; TEXHONONYHI MapamMeTpu; KOMMNO3ULIMHUI aHanis;

HSQC; eKkcKkntosinHa xpomatorpadis; «3eneHa» ximia; E-dakTop; pereHepalis po34MHHUKA
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B Introduction

Enoxaparin sodium is a modern low-molecu-
lar semi-synthetic anticoagulant, which is a pro-
duct of the multi-stage conversion of sodium he-
parin [1]. Enoxaparin sodium has the same pro-
perties as its precursor heparin sodium, but due
to its improved structure, it does not have the side
effects typical of heparin caused by its complex
structure and very high molecular weight [2, 3].

Enoxaparin sodium is a heterogeneous mix-
ture of oligosaccharides with a complex structu-
re consisting of repeating units of disaccharide
building blocks with one glucuronic acid (GlcA)
or iduronic acid (IdoA) residue and one glucosa-
mine (GlcN) residue, which is either N-sulfated
(GIeNS), or N-acetylated (GlcNAc), linked by gly-
cosidic bonds. Enoxaparin sodium is characteri-
zed by unique structural elements (fingerprints)
that are formed because of modifications during
depolymerization, namely, such structures as
4,5-uronates at non-reducing ends and 1,6-an-
hydro structures at reducing ends [4, 5]. Enoxa-
parin sodium is a substance of biological origin,
i.e., isolated from animal tissues and differs from
“normal” substances by its high molecular weight
and complex heterogeneous structure, which com-
plicates the development and introduction of si-
milar drugs to the market. Due to the complex-
ity of the structure and the previous experience
during the heparin crisis [6], there are serious
discussions in the world on the issues of proving
the equivalence of generic low-molecular-weight
heparins (LMWHSs) and establishing permissible
fluctuations of the “norm” of biochemical and bi-
ological indicators, which potentially affect the
safety and effectiveness of the drug. As a result,

EMA and FDA have initiated guidelines to con-
firm the similarity of LMWH [7, 8]. The FDA,
for example, introduced a scientific approach to
demonstrate the equivalence of generic LMWHs
to references, which included compliance not only
with biological, but also with chemical characte-
ristics, such as the sequence of disaccharide buil-
ding blocks, the sequence of oligosaccharide frag-
ments, etc. [9]. Since the aim of our work was
the synthesis of the Enoxparin molecule demon-
strating the equivalence to the original Clexane®
and Lovenox® (Sanofi-Aventis) according to the
specified FDA criteria [10], we conducted a large
study to adjust the technological parameters of
the process at each stage to obtain a substance as
close as possible to the originator [11]. The me-
thods described in the patent [12] were taken as
a basis. The analysis of samples for comparison
was carried out according to the internal speci-
fication developed based on the pharmacopoeial
monograph, as well as according to specific me-
thods. Since the structure requires accurate, pains-
taking analysis of saccharide units and their se-
quence, additional methods of analysis of simi-
lar structures were introduced [13, 14].

One of the steps in the synthesis of enoxa-
parin is the purification stage, which is a very
important in achieving the equivalence with the
original Clexane® and Lovenox® (Sanofi-Aventis).
Purification of the substance involves decolori-
zation of enoxaparin sodium, pH correction, eli-
mination of degradation products after depoly-
merization, and correction of the molecular com-
position. There are many different methods for
the purification of enoxaparin, for example, lyo-
philization of enoxaparin sodium solution, deco-
lorization of the solution with hydrogen peroxide,
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followed by reprecipitation using carbon filters,
ion exchange resins, etc. [15]. In the experiment
described in this article, the solution reprecipita-
tion was used as a purification method. It is also
known that the amount of the solvent for repre-
cipitation of enoxaparin affects the number and
distribution of short and long saccharide chains
in the molecule, so we focused on this. Decolori-
zation of the solution is also an important com-
ponent of obtaining API of proper quality, but it
1s not a priority of this experiment.

Compliance with the principles of “green” che-
mistry is no less important in the development
of synthetic technologies. “Green” chemistry is
a direction in modern chemistry that consists in
the improvement of technologies regarding the
effective use of the raw material and energy, the
avoidance of toxic and poisonous substances, the
reduction of waste or the repeated use of chemi-
cals and materials [16]. In this study, the E-factor
was chosen as the accent metric for the analysis of
“oreenness”. The E-factor is the ratio of the amount
of waste to the amount of a product. All raw ma-
terials used, except water, are included in the
calculation. The higher the value of the E-factor,
the greater the amount of waste [17]. One of the
tasks of this work was also to minimize waste
at the stage of enoxaparin sodium purification,
thereby improving the “greenness” of the synthe-
sis of enoxaparin sodium.

B The Research Methodology

In the process of planning the experiment for
the purification of crude enoxaparin sodium, an
analysis of the methods described in the litera-
ture was performed.

Thus, the patent [18] describes the following
protocol, which it was decided to use as a basis,
but with a change in the amount of methanol to
observe the effect on the structure of the mole-
cule: “Suspend crude enoxaparin sodium (5 g) in
50 mL of purified water and dissolve. Add 5 g of
sodium chloride and mix. The product is preci-
pitated by adding 150 mL of methanol, filtered,
and dried under vacuum at 55°C for 9 hours,
yielding 4.39 g of enoxaparin sodium”.

The study included tasks outlined below.

1. To purify the substance according to the
parameters selected and to study the effect of the

solvent ratio on the product composition in order
to obtain a substance equivalent to the original
Clexane® and Lovenox®. The following variants
of the ratio of MeOH:H,O were considered: 4:1;
2:1; 1:1.

1.1. First, 1t was decided to conduct a test ex-
periment to understand the general trend of the
effect of the solvent ratio on the composition and
distribution of low- and high-molecular fractions
of enoxaparin sodium. Thus, crude enoxaparin
sodium synthesized under the so-called “stan-
dard conditions” [11] (base/ester ratio — 0.07; the
reaction mass temperature — 62°C; the reaction
time — 1 hour) was purified in two ways with the
following solvent ratios:

*+ MeOH:H,0 = 4:1 (D475);

* MeOH:H,0 = 1:1 (D478).

1.2. The next step was to analyze the results
obtained for more accurate processing of the pu-
rification stage, including reprecipitation of samp-
les of crude enoxaparin synthesized according to
the optimized parameters of the depolymeriza-
tion stage [11] (alkali/benzyl ester of the hepa-
rin ratio — 0.06; temperature — 57°C, the holding
time of the reaction mixture — 1.5 (D492 and D493)
and 2 hours (D494 and D495) in the ratio of:

* MeOH:H,O = 2:1 (D492 and D494);

* MeOH:H,0 =1:1 (D493 and D495).

2. To optimize the method of synthesis and
purification of enoxaparin sodium in view of the
principles of “green” chemistry.

The reprecipitation stage is carried out at at-
mospheric pressure and room temperature, which
does not contradict the principles of “green” che-
mistry. Methanol, which is a poisonous substan-
ce, 1s used as a precipitating agent. However, it
is worth noting that according to the in-house
guidelines for the selection of solvents of several
pharmaceutical companies, methanol belongs to
the category “to be confirmed” (Table 1) [19].

In addition, the use of methanol is justified
by the possibility of obtaining a crystalline pre-
cipitate, while the use of solvents with less
harmful environmental effects, such as ethanol
or isopropanol, provokes the formation of a fine-
ly dispersed suspension, which makes it impos-
sible to isolate the precipitate of the substance.
One of the most important indicators of “green”
chemistry is the E-factor, which is a method of
measuring and regulating the amount of waste.

Table 1. Generalized comparison of solvent ratings

Solvent Astra Zeneka GCI-PR

GlaxoSmithKlein

Pfizer Sanofi Total

MeOH 19 14 14

Preferably Recommended | To be confirmed
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The E-factor is the actual amount of waste de-
fined as “everything except the desired product”
produced per kg of the product, including the loss
of solvents and chemicals used in processing [20].
In pharmaceutical production, solvents account
for 80-90% of the total mass of non-aqueous
material used, most of the waste generated, and
75—80% of the environmental impact of the life
cycle, creating the need for solvent regeneration
with the subsequent reuse. Therefore, the green-
ing of this stage was carried out due to the re-
generation of methanol, which affected the re-
duction of the amount of waste, and, as a result,
a decrease in the E-factor indicator.

3. After analyzing the results of the experi-
mental studies, to make corrections in the me-
thod of the enoxaparin sodium synthesis.

B Results and discussion

As mentioned earlier, the aim of this work
was to study the effect of solvents on the compo-
sition of the enoxaparin substance. The experi-
ment was conditionally divided into two stages
described below.

1. For the study, we chose samples of crude
enoxaparin sodium that were processed accord-
ing to “standard” non-optimized technological pa-
rameters using the methodology in the patent [12]
and those samples that were processed according
to optimized parameters. Crude enoxaparin

Journal of Organic and Pharmaceutical Chemistry 2023, 21 (3)

sodium obtained under the so-called “standard
conditions” was purified by reprecipitation of
an aqueous solution of enoxaparin in methanol.
The ratios of water and methanol for reprecipi-
tation were chosen rather roughly, 4:1 and 1:1,
for the initial assessment of the effect of solvents
on the distribution of saccharide fractions with
different molecular weights:

* MeOH:H,O = 4:1 (D475);

* MeOH:H,0 = 1:1 (D478).

The samples obtained were analyzed accord-
ing to the internal specification corresponding
to the pharmacopoeial monograph (Table 2).

To quantify the effect of the solvent ratio on the
composite product, enoxaparin sodium was ana-
lyzed by the method of two-dimensional NMR spect-
roscopy (HSQC) (Table 3). In particular, the analy-
sis of the distribution of oligosaccharide fractions
was carried out by the SEC method (Figure 1).

According to Table 2, sample D475 does not
meet the requirements of the specification by the
“Identification” indicator.

According to a more detailed 2D-NMR analy-
sis, both samples (D475 and D478) represent a
high degree of depolymerization, which is eviden-
ced by the low values of normal reduced ANSaRed,
MNSaRed residues and high values of 1,6-anhydro
ANS/MNS, respectively (Table 3). This is the re-
sult of the technological parameters of the depo-
lymerization reaction, which obviously needed to
be corrected.

Table 2. The results of the analysis of samples of purified enoxaparin sodium with varying solvent ratios according to the specification

of JSC Farmak

Parameter Requirements D475 D478
Description A white or almost white powder or crystals meets meets
Solubility Very soluble in water meets meets
Loss on drying, % Not more than 10.0% 8.59 7.52
pH 6.2-7.7 6.31 8.09
Sodium 11.3-13.5 12.4 13.2
Specific absorption 14.0-20.0 18.5 17.1
Residual amounts of organic methanol — not more than 0.3 % (3000 ppm) 343 13421
solvents, ppm methylene chloride — not more than 0.06 % (600 ppm) 0 0
Nitrogen, % 1.5-2.5 1.8 1.8
Molar ratio c_:f sulfate ions to not less than 1.8 292 5 38
carboxylate ions

factor Xa activity

90 EU — 125 EU 107.9 104.5

o . factor lla activity

Quantitative analysis 20.0 EU — 35.0 EU 28.1 27.8

factors Xa/lla activity ratio

33-53 3.8 3.8
Identification (the average 3800—5000 Da 3978 4239
relative molecular weight and <2000 Da 12.0-20.0% 21.9 17.8
molecular weight distribution) | 20008000 Da 68.0—82.0% 71.1 73.7
Identification (the content of e
1,6-anhydro derivatives) 15-25% 233 218
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Figure 1. Distribution profiles of oligosaccharide fractions of treated samples of enoxaparin compared to Clexane®: (a) distribution
of oligosaccharide fractions of Clexane® (blue) and crude enoxaparin D466 (pink); (b) distribution of oligosaccharide fractions of crude
enoxaparin (green), purified enoxaparin D475 (pink) and D478 (black); (c) distribution of oligosaccharide fractions of Clexane® (blue)

and purified enoxaparin D478 (pink)
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Table 3. The results of the analysis of samples of purified enoxaparin sodium with varying amounts of methanol for precipitation

by the HSQC method (2D-NMR)

Crude enoxaparin | \o51.4 0 4:1 MeOH:H,0 1:1 Clexane
sodium 2 2
Amines D466 D475 D478 min max
ANS,6xaRed 8.4 7.5 7.4 7.8 9.0
ANS,6XbRed 0.9 1.2 0.8 1.0 1.2
ANAc,6xaRed 0.4 0.4 0.4 0.3 0.4
1,6anANS 3.3 3.3 3.0 2.0 2.3
1,6anMNS 3.9 3.5 3.2 2.4 2.5
MNS,6XaRed 2.4 2.2 2.0 2.6 3.0
%A6S 78.7 80.2 80.8 81.8 82.9
Uronic acid
AU42S 20.4 19.0 17.5 17.3 18.1
AU4 1.9 1.7 1.5 1.1 1.2
Epox 1.3 1.4 1.4 0.2 0.6
GalA 1.8 1.9 1.9 1.2 1.8
AU42S/AU 10.7 11.3 11.5 15.7 15.1

Notes:

Abbreviation Stands for

ANS,6X-aRed reducing N-sulfated-a-D-glucosamine

ANS,6XBRed reducing N-sulfated-B-D-glucosamine

ANAc,6X-aRed  reducing N-acetyl a-D-glucosamine

1,6anANS 2-amino-1,6-anhydro-2-deoxy-B-D-glucopyranose
1,6anMNS 2-amino-1,6-anhydro-2-deoxy-B-D-mannopyranose
MNS,6XaRed reducing N-sulfated-a-D-mannosamine

%A6S N-sulfated/acetylated 6-O-sulfated a-D-glucosamine/mannosamine percent
AU42S 2-0-sulfo-4-deoxy-a-L-threo-hex-4-enopyranosil uronic acid
AU4 4-deoxy-a-L-threo-hex-4-enopyranosil uronic acid

epox epoxide residue

GalA galacturonic acid

The profiles of the distribution of fractions
obtained in the samples synthesized demonstrate
the dynamics of the distribution of the molecu-
lar weight depending on the type of the sample.
Thus, crude enoxaparin sodium (D466, Figure 1a)
coincides with the profile of the originator in the
area of high-molecular fragments, while low-mole-
cular residues remain overestimated compared
to Clexane®. Reprecipitation with the use of the
solvent ratio of MeOH:H,0 = 4:1 (D475, Figure
1b) did not give the expected result in reducing
low-molecular-weight particles, but the ratio of
MeOH:H,0 = 1:1 (D478, Figure 1c¢), on the con-
trary, showed a significant effect in this area,
making this sample as close as possible to the
originator.

According to the analyses conducted, the
MeOH:H,0 4:1 ratio option can be immediately
excluded from the study, while the 1:1 solvent
ratio experiment was repeated after adjusting
the parameters of the chemical B-elimination
stage to create a kind of the correct molecular
framework.

2. According to the results of the experiment
on setting the technological parameters of the

depolymerization stage, the optimal parameters
of the process were determined:

+ the ratio of “alkali/benzyl ester of hepa-

rin” — 0.06;

* reaction temperature — 57°C;

* the reaction time — an interval of 1.5-2 hours.

Samples of crude enoxaparin obtained ac-
cording to these parameters were reprecipitated
with the solvent ratio of:

* MeOH:H,0O = 2:1 (D492 and D494);

* MeOH:H,0 = 1:1 (D493 and D495).

The samples obtained were also analyzed ac-
cording to the specification developed based on
the pharmacopoeial monograph. The results and
comparison of sample indicators are given in
Table 4. For these samples, the compositional
analysis by the HSQC method (Table 5) and the
molecular weight distribution by the SEC meth-
od (Figure 2) were also determined.

The samples of purified enoxaparin obtained
were analyzed according to the specifications of JSC
Farmak. These samples, as expected, demonstrated
compliance with the regulated requirements of the
monograph in terms of “Identification” (the average
relative molecular weight and molecular weight
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Table 4. The results of the analysis of samples of purified enoxaparin sodium with a change in the ratio of solvents according

to the specification of JSC Farmak

Parameter Requirements MeOH:H,0 2:1 MeOH:H,0 1.1
g D492 D494 D493 D495
Description A white or almost white powder meets meets meets meets
or crystals
Solubility Very soluble in water meets meets meets meets
Loss on drying, % Not more than 10.0% 6.13 8.71 7.30 6.76
pH 6.2—-7.7 7.72 7.23 6.93 7.06
Sodium 11.3-135 11.3 11.7 11.8 11.6
Specific absorption 14.0-20.0 17.3 17.1 15.2 15.5
p— 0,
. . methanol — not more than 0.3% 583 150 1110 5407
Residual amounts of organic (3000 ppm)
solvents, ppm methylene chloride — not more 0 0 0 0
than 0.06 % (600 ppm)
Nitrogen, % 1.5-2.5 1.9 2.0 1.9 2.0
Molar ratio (.jf sulfate fons to not less than 1.8 2.4 3.5 2.3 2.9
carboxylate ions
factor Xa activity
90 EU — 125 EU 109.1 101.6 113.7 103.6
Quantitative analysis factor lla activity 29.7 29.7 36.1 35.0
4 20,0 EU—35,0 EU ' : ' '
factors Xa/lla activity ratio
33-53 3.7 3.4 3.1 3.0
3800—-5000 Da 4553 4625 4880 4905
Identification (the average <2000 Da
relative molecular weight and [12.0%-20.0% 18.1 17.0 12.5 12.5
molecular weight distribution) |2000-8000 Da
68.0%—82.0% 70.2 71.0 74.5 74.2
Identification (the gontent of 15-259% 172 19.9 156 18.7
1,6-anhydroderivatives)

distribution). According to the results of the com-
positional analysis, we observe a tendency to de-
crease the number of residues at the reducing ends
of the molecule — ANS/MNSred, 1,6anMNS/ANS
and structures at the non-reducing ends of the
molecule — AU42S, AU4, which, however, still does
not coincide with the variation ranges of Clexane®.

The analysis of the molecular weight distri-
bution shows that the samples D492 and D494
obtained with the ratio of MeOH:H,0=2:1 have
a larger number of residues with a low-molecu-
lar weight than Clexane®. Similarly, high-mole-
cular-weight fragments are more common in D492
and D494 than in Clexane® (Figure 2).

Table 5. The results of the analysis of samples of purified enoxaparin sodium with varying amounts of methanol for precipitation

by the HSQC method (2D-NMR)

Crude enoxaparin MeOH:H,0 2:1 MeOH:H,0 1:1 Clexane
15h 2h
Amines D484 D485 D492 D494 D493 D495 min max
ANS, 6xaRed 10.1 9.6 9.8 9.0 85 8.0 7.8 9.0
ANS,6XbRed 13 12 1.0 12 12 11 1.0 12
ANAC,6xaRed 0.6 0.6 05 05 0.4 0.4 03 0.4
1,6anANS 22 25 2.0 2.1 17 1.9 2.0 23
1,6anMINS 25 2.7 22 23 1.9 2.1 2.4 25
MNS,6XaRed 2.9 2.7 2.7 2.4 2.4 22 26 3.0
%A65 80.4 80.0 80.8 80.3 8138 814 8138 82.9
Uronic acid
AU42S 19.2 19.2 18.1 17.6 15.7 15.7 173 18.1
AU4 17 17 15 15 12 12 11 12
Epox 0.9 0.9 0.9 1.0 0.9 1.0 0.2 0.6
GalA 2.0 19 19 1.9 1.9 18 12 18
AU42S / AU 113 111 11.9 118 133 12.7 15.7 15.1
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Figure 2. Distribution profiles of oligosaccharide fractions of treated samples of purified enoxaparin compared to Clexane®:

(d) distribution of oligosaccharide fractions of purified enoxaparin D492 (yellow) and D493 (blue); (e) distribution of oligosaccharide
fractions of purified enoxaparin D494 (blue) and D495 (red); (f) distribution of oligosaccharide fractions of Clexane® (black) and D492
(yellow); (g) distribution of oligosaccharide fractions of Clexane® (black) and D493 (blue); (h) distribution of oligosaccharide fractions
of Clexane® (black) and D494 (blue); (i) distribution of oligosaccharide fractions Clexane® (black) and D495 (red) (see on the next page)
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Figure 2. Distribution profiles of oligosaccharide fractions of treated samples of purified enoxaparin compared to Clexane®:

(d) distribution of oligosaccharide fractions of purified enoxaparin D492 (yellow) and D493 (blue); (e) distribution of oligosaccharide
fractions of purified enoxaparin D494 (blue) and D495 (red); (f) distribution of oligosaccharide fractions of Clexane® (black) and D492
(yellow); (g) distribution of oligosaccharide fractions of Clexane® (black) and D493 (blue); (h) distribution of oligosaccharide fractions
of Clexane® (black) and D494 (blue); (i) distribution of oligosaccharide fractions Clexane® (black) and D495 (red)
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Table 6. Calculation of the E-factor of the purification stage of crude enoxaparin sodium considering the solvent regeneration

Quantity of materials, kg S E-factor that takes
. roduc )
Materials Without the solvent With the solvent vield, kg E-factor into account the
regeneration regeneration ! regeneration
Crude enoxaparin sodium 0.1 0.1
Sodium chloride 0.1 0.1
0.08 14 5.25
Methanol 1.0 0.3
1.2 0.5

Samples D493 and D495 (Figures 2g,i) show
a profile similar to Clexane® in the range of
short oligomers, indicating that the ratio of
MeOH:H,0=1:1 allows better control of the num-
ber of low molecular weight oligomers. However,
the intensity of the high-molecular range is higher
than that of Clexane®. A decrease in the number
of short particles, depending on the amount of
methanol, shifts the molecular weight distribu-
tion towards high-molecular weight.

The methanol regeneration was envisaged
as the greening stage of the synthesis. The re-
generation yield was 70%. The calculation of the
E-factor considering the regeneration is shown
in Table 6. The E-factor value obtained without
the methanol regeneration is 14. Recalculation
of the E-factor considering the methanol regen-
eration is 5.25.

B Conclusions

In this experimental study, it was possible to
clearly demonstrate the effect of the ratio of sol-
vents at the stage of purification of crude enoxa-
parin on the number and distribution of oligo-
saccharide fractions in the molecule. Thus, it
has been found that an increase in the amount
of methanol for the reprecipitation of enoxapa-
rin provokes a shift in the profile of the molecu-
lar weight distribution towards low molecular
weight oligosaccharides, respectively, a smaller
amount of methanol allows obtaining the profile
closest to the originator in the area of low-mole-
cular-weight residues. The ratio of MeOH:H,0 =
1:1 makes it possible to obtain samples that are
better comparable in terms of the composition
to the ranges of Clexane®, except for the termi-
nal residues. However, during the study, it was
found that with the reduction of low-molecular-
weight residues, the intensity in the area of high-
molecular-weight oligosaccharides increased.
Summarizing the results obtained, it can be
concluded that the ratio of MeOH:H,O = 1:1 is

acceptable for obtaining a substance close to the
original one. As an indicator of the effectiveness
of the method of the purification stage of enoxa-
parin sodium in view of the principles of “green”
chemistry, there is an E-factor reduced from 14
to 5.25 by the methanol regeneration.

m Experimental part

This study was conducted during 2019-2021.

The treated samples of purified enoxaparin
sodium were analyzed according to the internal
specification developed based on the pharmaco-
poeial monograph. For detailed structural cha-
racterization of enoxaparin sodium samples ob-
tained under different conditions, the analysis
was performed by specialists of the Ronzoni In-
stitute (Italy) using the methods of 2D-NMR
(heteronuclear single quantum coherence spec-
troscopy) and size exclusion chromatography
(SEC). The results of the analysis were compa-
red with the results of the analysis of the origi-
nal Clexane® referring to the database formed
by the Ronzoni Institute.

Clexane® from Sanofi-Aventis was obtained
from commercial suppliers.

All samples were analyzed before the expira-
tion date.

The pH test was determined on a Mettler To-
ledo Seven compact S220 pH meter (Switzerland)
(Ph. Eur. 2.2.3), the analysis of loss on drying
was performed on a Pol-Eko Aparatura slw 53
(Ph. Eur. 2.2.32); nitrogen was analyzed on a Va-
podest VAP 30s Gerhardt GmbH Distillation
System (Ph. Eur. 2.5.9); the analysis of residual
amounts of organic solvents was carried out by
the head-space gas chromatography method on
an Agilent GC 7890B chromatograph (USA), co-
lumn DB-624, 60mX0.32mm, with a layer thick-
ness of 1.8 pm (Ph. Eur. 2.2.28, 2.2.46); specific
absorption was measured on a Mettler Toledo UV-5
spectrophotometer (Ph. Eur. 2.2.25); identifica-
tion (the average relative molecular weight and
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molecular weight distribution) was performed
on a Shimadzu chromatograph (Japan), column
X_TSKgel G2000SW (300mmX7.8mmX5pum) with
a Viscotec 305 detector, Malvern Instruments LTD
(England) (Ph. Eur. 2.2.30). The content of 1,6-an-
hydro derivatives was measured by the LC me-
thod on a Metrohm chromatograph (Ph. Eur. 2.2.29).
The molar ratio of sulfate ions to carboxylate ions
was measured on a Seven Compact S230 con-
ductometer (Switzerland) (Ph. Eur. 2.2.38).
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Abstract

In this paper, it is proposed to consider a new method developed for studying the kinetics of release of substances that are
poorly soluble in aqueous media on the example of quercetin. The study object was the drug containing plant bioactive
components — Quertin® chewable tablets, 40 mg, 3 blisters, 10 pcs — produced by PJSC SIC “Borshchahivskiy CPP”. An Agilent
1290 Infinity Il LC System liquid chromatograph with an Agilent 6530 mass selective detector (Agilent Technologies) was used
for the analysis. Solubility profiles were studied in accordance with the requirements of the Biopharmaceutical Classification
System (BCS). The solubility limit of the substance in the media studied has been determined. A method for the quantitative
determination of quercetin in test media in the range of specified concentrations with high sensitivity and selectivity has
been developed. The dissolution of Quertin® chewable tablets in 3 different aqueous dissolution media with pH 1.2, pH 4.5
and pH 6.8 was studied, the dissolution profiles were compared, and the f, factor was calculated. This factor is a criterion for
evaluating the study by comparing dissolution kinetics with in vivo results. The results obtained indicate that the approach
proposed to studying the kinetics of the release of substances that are sparingly soluble in aqueous solutions allows us to
correctly assess the release of such substances in accordance with the requirements of the BCS. The method developed has
been validated.

Keywords: quercetin; Biopharmaceutical Classification System; quantitative determination; method development; bioequivalence;
bioavailability; solubility; dissolution test
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2HauioHanbHuli hapmauyesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300pos’s YkpaiHu, syn. [ywKiHCbKa,
53, m. Xapkis, 61002, YKkpaiHa

HoBuit meTopa, AOCNiAKEHHA KiIHETUKUN BUBIIbHEHHA Ba*KKOPO3unHHOi AP| 3 TBepAKUX NepopasibHUX
NikapcbKux popm Ha npuknaai KeeptuHy®

AHoTauin

Y €TaTTi 3anNpOonoHOBaHO PO3IAHYTU HOBUI PO3POBAEHNI METOA AOCNIAXKEHHA KIHETUKM BUBISIbBHEHHA PEYOBWH, LLO MNOFraHO PO3-
UYMHAITLCA Y BOAHUX CepefoBuLLLaX, Ha MPUKNaai KBepLeTuHy. O6’ekTom gocnigxeHHsa by npenapat 3 pOCIMHHUMM Bioak-
TUBHUMM KOMMNOHeHTamu KBepTuH® »KyBasbHi TabneTku, 40 mr, 3 6nictepm no 10 wr., BupobHuuTea MAT HBL, «bopLuariBcbKuii
X®3». [Ins aHanisy BUKOPUCTOBYBaNMU pPianHHUIA xpomaTorpad Agilent 1290 Infinity Il LC System 3 mac-cenekTMBHUM ge-
TekTopom Agilent 6530 (Agilent Technologies). Mpodini po34ymMHHOCTI BUBYaAM BiANOBIAHO A0 BUMOT biodapmaL,eBTUYHOI
cuctemu Knacudikauii. BUSHaueHO meXKy PO3UMHHOCTI PeYOBMHU B AOCAIAKYBAHMX cepenoBuiLax. Po3pobaeHo meToamKy
KiNIbKiCHOrO BU3HAYeHHA KBEPLETUHY B AOCNIAXKYBAaHUX CepefoBULLAX Y Aiana3oHi 3afaHNX KOHLLEHTPaLLM, AKa Ma€e BUCO-
KY YYTAMBICTb | CENEKTUBHICTb. JOCNiAKeHO pO3UMHEHHA KyBanbHUX TabneTok KBepTnH® y 3 pisHWMX BOAHMX cepefoBMLLaX
3 pH 1,2, pH 4,5 Ta pH 6,8, nopiBHAHO NPOdini PO3UNMHEHHA Ta PO3PaxoBaHO KoedilieHT f,, AKUIN € KPUTEPIEM ANA OLHKM
OOCNIOKEHHA WAAXOM MOPIBHAHHA KiIHETUKM PO3UYMHEHHA 3 in vivo pe3yabTatamu. OTPUMaHI pe3ynbTaTi CBigyaTb Npo Te,
LLLO 3aMPOMNOHOBAHWI MiaXiZ 403BOMAE NPABUIbHO OLIHUTU BMBIIbHEHHA BAaXKKOPO3YMHHUX Y BOAi PEYOBMH BigNOBiAHO A0
BMMOT H6iodapmaueBTUYHOT cucTeMu Knacudikau,ii. PosapobnerHnin metog, 6yno BanigosaHo.

Knrwuvoei cnosea: keepueTuH; biodapmaueBTMYHA cucTeMa Kaacudikauii; KinbKicHe BM3HAYEHHSs; pPo3pobKa meToay;
bioeKBiBasIeHTHICTb; bioBelBEP; PO3YMHHICTb; BUNPOOYBAHHS HA PO3YMHEHHS
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H Introduction

In vitro studies can be conducted to confirm
the equivalence of medicinal products in solid
dosage forms of systemic action for oral admini-
stration. The decision to register a generic me-
dicinal product without conducting in vivo bio-
equivalence studies based on in vitro studies fol-
lowing the international practice is called the
“biowaiver” procedure [1, 2].

The biowaiver procedure methodology based
on the Biopharmaceutical Classification System
(BCS) 1s intended to reduce in vivo bioequiva-
lence studies, 1.e., it can be considered as a sur-
rogate for in vivo bioequivalence studies. In vivo
bioequivalence studies may not be conducted if
the assumption of in vivo equivalence can be jus-
tified by satisfactory in vitro data [3, 4].

The bioavailability procedure is based on the
BCS, which allows all active substances to be di-
vided into four classes according to their solubi-
lity in aqueous solutions and their permeability.
When the aforementioned indicators are combined
with the drug dissolution, the system takes into
account three main factors: drug dissolution, bio-
pharmaceutical solubility, and the degree of per-
meation of the active substance [1].

The study of quercetin solubility is a matter
of particular interest since the available sources
do not provide an unambiguous and uniform
value for the solubility limit of this substance.
As a part of the study of the quercetin bioavail-
ability, we developed methods for determining
the exact solubility limit [5, 6]. The exact value
of this physicochemical parameter appears to be
extremely important as it is the basis for further
studies of bioequivalence and bioavailability of
the drug.

Studies must guarantee immediate release
properties and confirm comparability between
the drugs tested, i.e., the drug under research
and the reference drug must show the similar in
vitro dissolution under physiologically relevant
experimental pH conditions. However, this does

not establish an in vitro/in vivo correlation.
The in vitro dissolution should be studied with-
in the pH range of 1-6.8 (at least pH 1.2, 4.5,
and 6.8). Additional studies may be necessary
at pH values, at which the active substance has
minimal solubility. The use of any surfactants is
not acceptable [1, 3].

Comparative in vitro dissolution studies must
comply with the current Pharmacopoeial stan-
dards. Thus, a detailed description of the experi-
mental conditions and analytical methods, in-
cluding validation data, should be provided [3].

The development of a new methodology and
implementation of a modified procedure for stu-
dying the release kinetics within in vitro studies
for poorly soluble substances may affect the fol-
lowing aspects of the pharmaceutical development:

* reduction of cases of biological and phar-
macodynamic non-bioequivalence of generic and
branded drugs;

* ensuring a higher level of quality for new
and existing generic drugs;

* ensuring a higher level of safety through
the in-depth study of adverse effects of existing
and new generic drugs;

* reducing the cost of the development of new
drugs containing low-soluble substances by par-
tially or entirely eliminating the in vivo stage;

* the possibility of creating new generic
drugs.

The drug Quertin® (“Research and Produc-
tion Center “Borshchahivskiy CPP”) is an example
of the above problem since it contains quercetin,
which is characterized by very low solubility in
the aqueous medium, and, considering the fact
that it belongs to the 4 class according to the
BCS classification, the study of its dissolution
and release kinetics is a very complex process.
We have studied the dissolution limit of querce-
tin, which now provides the basis for continu-
ing research and implementing the next stage,
which includes the study of the drug itself.

The aim of the work is to develop a new ap-
proach to the study of the release kinetics of
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substances that are poorly soluble in aqueous
media, for instance, quercetin, which is a com-
ponent of Quertin® chewable tablets, 40 mg, and
further confirm the results obtained by in vivo data.

B Materials and methods

Materials

One batch of Quertin®, chewable tablets, 40 mg,
3 blisters of 10 pcs manufactured by the “Research
and Production Center “Borshchahivskiy CPP”
was used as the study object. The quercetin sub-
stance (CAS registration number 117-39-5) was
used as a standard sample — lemon-yellow crys-
tals, slightly soluble in water, diethyl ether, etha-
nol, chloroform, soluble in acetic acid and alkalis.
A laboratory electronic balance (ABT 120-5DM),
a pH meter (Starter ST2100, Ohaus), a semi-auto-
matic dissolution testing system “Pharma Test”
type PT-DT70 (meets the requirements of the State
Pharmacopoeia of Ukraine (SPhU) General Artic-
le 2.9.3. “Dissolution Test for Solid Dosage Forms”),
an Agilent 1290 Infinity II LC System liquid chro-
matograph with an Agilent 6530 mass-selective
detector (Agilent Technologies), measuring glass-
ware of accuracy class A were applied in the study.

Conditions for the assay by HPLC-MS

For the measurements, an Agilent 1290 lig-
uid chromatograph with an Agilent 6530 TOF
mass spectrometry detector, a 50X4.6 mm column
filled with a sorbent with a grafted octyl silica
gel phase (I.1), particle size — 1.7 pym; with ther-
mostatic control (30°C) was used. Mobile phase A:
0.1 M trifluoroacetic acid solution degassed in an
ultrasonic bath; mobile phase B: acetonitrile P;
the injection volume — 10.0 pL. The highly se-
lective time-of-flight mass spectrometer had the
following settings: the ionization type — electro-
spray ionization in the positive mode (ESI+);
measurement mode — scanning in the mass range
of 50-1500; the voltage at the fragmenter —
10 V; the nitrogen temperature — 350°C; the ni-
trogen flow rate — 10 mL min™'; the nebulizer
pressure — 35 psi; the capillary voltage — 4 kV;
the elution mode — gradient (Table 1).

Preparation of the reference solution

0.6 mg (accurate weight) of thoroughly groun-
ded quercetin was placed in a 100 mL flask, 50 mL
of acetonitrile R was added, and the mass was
dissolved in an ultrasonic bath for 10 min, after
which it was diluted to the volume with water R
and stirred.

The preparation of test solutions is described
below in the following section.

Table 1. The gradient program

Time, min Mobile phase A, % Mobile phase B, %
0 100 0
5 100 0
10 50 50
15 50 50
16 100
20 100 0

The reference solution was prepared simul-
taneously with test solutions. All solutions were
used immediately after preparation.
The methodology for studying the release of
quercetin according to the requirements of the
SPhU dissolution test.
The in vitro dissolution of the tablets was stu-
died in the pH range of 1-6.8 (pH 1.2, 4.5, and 6.8).
Additional studies that might be required at pH
values at which the active substance had mini-
mal solubility were not conducted. No surfac-
tants were used in the experiment.
For statistical evaluation, we used 6 units of
the medicinal product in each study.
The number of test samples for these studies
was 6 samples, 1 batch in total. The number of
measurements was 156 concentration determi-
nations for two aliquots of each of the three me-
dia and 13 sampling time points.
The standard conditions of the study were:
*  the medium volume — 1000 mL;
* the rotation speed of the blade — 100 rpm;
* the temperature — 37+0.5°C;
* the dissolution media — (1) buffer solu-
tion, pH 1.2; (2) buffer solution, pH 4.5;
(3) buffer solution, pH 6.8;

* the sampling timetable — 3, 6, 9, 12, 15,
18, 21, 24, 27, 30, 33, 36, 39 min.

The sampling was performed with the volume
compensation for a dissolution medium.

Methods

2 Tablets of Quertin® chewable tablets (40 mg)
were placed in two reservoirs of the Pharma Test
dissolution test system type PT-DT70, 1000 mL
of an appropriate buffer was added, and the dis-
solution test was performed under the given
conditions. When the sample time was reached,
900 mL of the corresponding buffer was repla-
ced, using an aliquot of the selected 900 mL of
the sample for further quantification. The repla-
cement of 900 mL was performed 6 times for each
reservolr for even and non-even points of the
sampling schedule. The sampling was performed
from the center of the reservoir. The volume of
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samples taken was 900.0 mL. This volume was
selected experimentally to avoid the sample loss
during the analysis.

An aliquot was centrifuged for 10 min at
10,000 rpm. After centrifugation, 1.0 mL of the
upper layer was carefully removed, avoiding con-
tact with the agglomerates of the lower layer,
and transferred to chromatography vials.

The sample preparation methodology

In compliance with Guideline 42-7.4:2022 [1],
the similarity of dissolution profiles was studied
in dissolution media, which were buffer solutions
with pH 1.2, 4.5, and 6.8. As buffer solutions for
the test, the solutions recommended by the SPhU
for the dissolution test in accordance with Arti-
cle 2.9.3 were used [3].

Buffer solution — pH 1.2 (SPhU): 250.0 mL
of 0.2 M sodium chloride solution P (11.69 g in
1000.0 mL of water R) was placed in a 1000 mL
volumetric flask, 425.0 mL of 0.2 M hydrochloric
acid solution was added, and the solution was
diluted to the volume with water R.

Buffer solution — pH 4.5 (SPhU): 2.99 g of so-
dium acetate R was dissolved in water R; 14.0 mL
of 2 M acetic acid solution R was added, and the
solution was diluted to the volume of 1000.0 mL
with water R.

Buffer solution — pH 6.8 (SPhU): 250 mL of
0.2 M potassium dihydrogen phosphate solution
R and 112 mL of 0.1 M sodium hydroxide solu-
tion R were mixed.

Degassing of all dissolution media was car-
ried out in accordance with the degassing proce-
dure described in Section 2.9.3 of the SPhU [3].

For the analysis, the required volume of the
solvent was preliminarily calculated by dividing
the dose of quercetin in one tablet — 40 mg —
by the value of the solubility limit of quercetin.
The solubility limit of quercetin was previously
found using the methodology developed by us
earlier and then published [5, 6]. This value was
0.0031 mg mL. Thus, to determine the release
of quercetin in each of the media, 13 L of the
solvent were required for 13 solvent changes in
the dissolution beakers.

Processing of the data obtained

Excel program (Microsoft Office 2021) was used
to calculate the parameters of the classification
equations and to draw graphs.

Based on the primary data (peak areas) and
calculated parameters (concentrations), graphi-
cal dependences of the quercetin concentration
values obtained on time were plotted and tabu-
lated.

B Results and discussion

Selection of chromatography conditions

The substance quercetin is described in the
monograph of the European Pharmacopoeia.
This monograph does not provide a chromato-
graphic method for the quantitative determina-
tion, or a method for determining the content of
impurities in the substance. In connection with
the above, we have developed a method for the
chromatographic quantitative determination of
quercetin in the finished dosage form for the dis-
solution test since the presence of a complex ma-
trix of excipients can affect the result of quan-
tification. This method uses a gradient type of
elution to increase the degree of separation of
the substance components with excipients con-
tained in the drug. In addition, the method uses
mass-spectrometric detection of the substances,
which significantly increases the sensitivity and
selectivity of the method. Another advantage of
the new method was the use of a chromatogra-
phic column with a particle size of 1.7 pm, which
made it possible to increase the efficiency of the
separated peaks along with sensitivity. All of
this allowed determining rather low concentra-
tions of the substances of interest (approximate-
ly 0.1 ppm — 1 ppm) without the loss of accuracy,
precision, and reproducibility.

Under the conditions we chose, we obtained
full ion current chromatograms for samples in
three media with pH values of 1.2, 4.5, and 6.8,
which were planned to use for the dissolution
test (Figures 1-4). We used the quercetin sub-
stance as a standard sample since the uncertain-
ty of the analysis did not exceed 3%.

The effect of the pH on the dissolution test

The pH-dependent solubility profile of the active
substance should be determined and discussed.
The active substance is considered highly solu-
ble if the highest single dose of the immediate-
release formulation is completely soluble in 250 mL
of buffer solutions in the pH range of 1-6.8 at
37+1°C. To prove this, at least three buffer so-
lutions within this range (preferably at pH 1.2,
4.5, and 6.8) and an additional pK, value if it is
within the above pH range should be used.
Repeated determinations at each pH value may
be necessary to achieve a clear classification of
the solubility of the active substance (e.g., by flask
shaking or other reasonable method). The pH of
each buffer solution should be checked before and
after the introduction of the active substance into
the buffer solution [1, 3].
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Figure 1. A typical chromatogram of the solution of a standard quercetin sample
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Figure 2. A typical chromatogram of the test solution of Quertin® drug
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Figure 3. A typical mass-spectrum of the solution of a standard quercetin sample
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Figure 4. A typical mass spectrum of quercetin in Quertin® drug
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Before studying the dissolution profiles, the
pH of the dissolution media to be used for the
dissolution test was investigated. The study was
conducted for the pH of three buffer solutions under
the above conditions for the dissolution test.

The effect of the components of the drugs un-
der study on the pH of the dissolution medium
is given below in Table 2.

Since the test drug did not significantly affect
the pH of the dissolution medium (the deviation
of the pH value was less than 0.05), a positive
conclusion was made that these dissolution me-
dia could be used for the dissolution test.

Results of the dissolution profiles study

After studying the dissolution profiles, the fol-
lowing data were obtained for Quertin® chewable
tablets in 3 different aqueous dissolution media
with pH 1.2, pH 4.5, and pH 6.8 (Table 3).

The degree of the quercetin release into the
solution was calculated as the ratio of the amount
of quercetin transferred to the solution to the

initial sample taken for the study and measured
in relative units.

The graphical dependencies (Figures 5-7) allow
us to conclude that the results obtained meet the
BCS requirements for biowaiver results, the rela-
tive standard deviation of the first point does not
exceed 20%, and the subsequent ones do not ex-
ceed 10%. The quercetin content is 85% and is
achieved for all media studied in 30 min, which
correlates well with the data obtained in the pre-
vious studies for the quercetin substance [5, 6]
where the content was also achieved in 30 min.

Validation of the methodology developed

To use this methodology for quercetin solubili-
ty tests, according to the bioassay scheme for three
dissolution media with pH 1.2, 4.5, and 6.8, the me-
thod was validated as a quantitative determination
method with a maximum uncertainty value of 1.6%.
The method was validated by individual validation
characteristics: specificity, linearity, convergence, pre-
cision, accuracy, and intra-laboratory precision [3].

Table 2. The effect of the components of the drugs under study on the pH of the dissolution medium

Sample No. | pH to dissolution diF;I:oTijtt?c:n pH to dissolution dizis-loélllfjtt?c:n pH to dissolution dii:io?:tt?;n
1 1.244 4.542 6.782
2 1.246 4.543 6.780
3 1.243 4.542 6.773
4 1.235 4.540 6.779
5 1.245 4.542 6.775
6 1.245 4.540 6.777
7 1.244 1.243 4.540 4.543 6.771 6.780
8 1.244 4.542 6.765
9 1.243 4.544 6.760
10 1.242 4.545 6.760
11 1.243 4.546 6.775
12 1.240 4.546 6.780

Table 3. The concentrations of quercetin obtained in media with pH 1.2, 4.5, and 6.8

Dissolution Dissolution medium —pH 1.2 Dissolution medium — pH 4.5 Dissolution medium — pH 6.8
- . Concentration Concentration Concentration

time, min of quercetin, % RSD, % of quercetin, % RSD, % of quercetin, % RSD, %
3 7.5 11.4 4.1 17.3 2.7 18.8
6 22.5 6.6 13.8 9.6 10.7 9.8
9 32.5 4.9 22.3 8.2 25 9.4
12 45 7.8 31.2 9.8 33.2 9.2
15 55 9.1 58.0 9.9 51.2 8.9
18 65 6.8 63.9 8.8 63.9 8.9
21 72.5 5 74.7 7.5 71 8.1
24 80 7.1 83.9 7.7 78.5 7.9
27 87.5 4.2 88.6 6.9 82 7.3
30 92.5 5.7 92.2 6.1 88.5 6.9
33 95 4.99 96.1 5.8 95.2 6.1
36 97.5 4.8 98.4 5.5 97.2 6.5
39 100 4.2 100.0 5.1 100 6.1
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Figure 5. The release graph of quercetin with pH 1.2 for Quertin® chewable tablets
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Figure 6. The release graph of quercetin with pH 4.5 for Quertin® chewable tablets
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Figure 7. The release graph of quercetin with pH 6.8 for Quertin® chewable tablets
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Since the high-performance liquid chromato-
graphy (HPLC) method used in the methodology
is specific, it is sufficient to prove that the metho-
dology 1is specific if all the requirements for the
criteria of linearity, accuracy, precision, and intra
-laboratory precision are met.

The model solutions for chromatography were
prepared according to the analytical procedure
described above. The blank solution was prepared
similarly to the test solution of the drug.

The linearity was assessed in the range
(80—120%) of the method according to the stan-
dard method. The nature of the signal depen-
dence on the concentration was studied using
9 model solutions for the analysis with accurate
concentration weights: 80, 85, 90, 95, 100, 105,
110, 1151 120%. At the same time, the concen-
tration taken as 100% was the quercetin con-
centration, which was in the middle of the range
covering the minimum and maximum quercetin
concentrations [3].

The results were statistically processed by the
least squares method according to the require-
ments of the SPhU [1]. The calibration graph
was constructed in the normalized coordinates
(Figure 8). The average values of the peak area
(S, were calculated for each of nine solution sam-
ples. The results were processed by the least
squares method for the line Y = b*x + a. The cal-
culated statistical values of b, S,, a, S,, S, (final
standard deviation) and r (correlation coefficient)
are given in Table 4.

In our case, the requirements for the linear
regression parameters are met over the entire
range of the methodology (80—120%).

To measure and calculate the metrological as-
sessment of the accuracy and precision of the me-
thod, three peak area values were obtained for
the reference solution and 27 peak area values
for the model solutions. The actual values, the
ratio of the average peak area values for each of
27 solutions to the average peak area value of
the reference solution were calculated, obtaining
the values X; = (S/S,,) X100%, Y; = (S/S,)*100%,
and the value Z, = (Y/X)%X100% (it is the con-
centration found as a percentage of the input
material). The calculation results are shown in
Tables 5-7.

Requirements for the maximum allowable
RSDP are 1.7%. The calculated value is stored
until the measurement results match.

To assess the intra-laboratory precision, the
relative confidence interval for 5 parallel determi-
nations of the quantitative content of substances

was used, which should be less than the maxi-
mum permissible uncertainty of the analysis re-
sults: Az <1.6%. Tests were performed using the
same batches of the drug by different analysts
on the same chromatograph on different days
using different measuring dishes.

The intra-laboratory precision was confirmed
by the fact that the value of the relative confi-
dence interval for five parallel determinations
of one batch of the drug meets the acceptance
criterion (Az = 0.22% < 1.6%).

Comparison of the results with the re-
sults of in vivo studies

To fulfill the task formulated for this study,
it was necessary to study the following aspects:

+ the first step was to conduct the solubility
study and classify the active bioactive substance
— quercetin — according to the biopharmaceuti-
cal classification system (BCS class); study the
solubility limit of a substance in test media;

400

300

200

100

1a 20 i 40 50 Bl 7 a0 a0 o0 1o 120

Figure 8. The linear regression of the peak area against
the quercetin concentration in the normalized coordinates

Table 4. Linear regression characteristics

Parameter Value
b 4
S, 0.006
a 0.8
S, 0.4
S, 0.7
Sy/b | 0.19 |
S, 157.1
r | 0.99999 |
Reference solution | Average S Cy RSD,, %
Reference 391.4 100 0.18
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Table 5. Variance values

Test solutions Name Average S, C RSD,, %
1 5 19.5 5 0.4
2 10 39.8 10 0.2
3 20 79.7 20 0.09
4 30 117.7 30 0.06
5 60 236.3 60 0.03
6 70 273.6 70 0.026
7 80 313.7 80 0.02
8 90 351.5 90 0.02
9 100 390.9 100 0.018
10 120 469.2 120 0.015

Note: Student t-test (95, 1, 11) = 1.7956
Table 6. Results of the analysis of model solutions and statistical processing

Test solutions Name Average S, C Y, X RSD,, % Z,%
1 5 19.5 5 4.9 5.00 0.4 99.4
2 10 39.8 10 10.2 10.00 0.18 101.5
3 20 79.7 20 20.3 20.00 0.09 101.7
4 30 117.7 30 30.1 30.00 0.06 100.2
5 60 236.3 60 60.3 60.00 0.03 100.6
6 70 273.6 70 69.9 70.00 0.03 99.8
7 80 313.7 80 80.11 80.00 0.02 100.1
8 90 351.5 90 89.8 90.00 0.02 99.8
9 100 390.9 100 99.8 100.00 0.02 99.8
10 120 469.2 120 119.8 120.00 0.02 99.9

Table 7. The accuracy and correctness parameters obtained

Parameter Name Value Requirements 1 Requirements 2 Conclusions
Precision A, 1.4 <3 meets
Accuracy |Z ,—100]| | 0.29 | <0.45 <0.96 meet for the 1* criteria

Note: S, (%) = 0.78103; Student t-test (95, 1, 9) = 1.83310

* as the second step, the development of
a method for the quantitative determination of
quercetin in test media in a range of specified
concentrations with a high sensitivity and se-
lectivity;

* the study of the dissolution of Quertin®
chewable tablets in 3 different aqueous dissolu-
tion media with pH 1.2, pH 4.5 and pH 6.8, com-
parison of dissolution profiles and calculation of
the f, factor, which is the criterion for evaluat-
ing the study by comparing dissolution kinetics
with in vivo results as a finalizing step.

The chemical formula shows that quercetin is
an aglycone without a carbohydrate group, which
determines its chemical and pharmaceutical pro-
perties. A quercetin glycoside is formed by the
addition of glucose, rhamnose, or rutinose moie-
ties, which replace one of the hydroxyl groups in
its structure, usually in position 3, thus forming
a glycosidic bond [7]. This significantly affects the
solubility and absorption of quercetin in vivo [8].

Hence, the regularity is that the presence of a car-
bohydrate molecule in the structure of a querce-
tin glycoside contributes to its better solubility
in water compared to a quercetin aglycone [9].
Usually, the term “quercetin” refers only to the
aglycone; in medical research, this term is used
to define the glycoside molecule of quercetin.
The study of pharmacokinetic properties of
quercetin in vivo and its complex with pectin
(Quertin® chewable tablets, 40 mg) was perfor-
med in 8 outbred rabbits of both sexes weighing
2500-3000 g. The rabbits were divided into 2 ex-
perimental groups of 4 animals each: Group I —
rabbits receiving oral quercetin in the dose of
10.0 mg kg'; Group 2 — rabbits receiving an oral
combination of quercetin and pectin in the dose
of 10.0 mg kg! for quercetin. As a bioanalytical
method for determining the concentration of quer-
cetin and its metabolites (methoxy-, sulfate-
and/or glucuronic conjugates) in biological sam-
ples, ultra-performance liquid chromatography
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Table 8. Average values of the quercetin (Q) and isorhamnetin (/r) content

The study obiect The time of blood sampling, hours
¥ onl 0 0.25 05 1.0 2.0 40 8.0
, Q <25.0 3243 2793 257.8 176.9 1211 104.3
Quercetin Ir <25.0 122.8 103.4 92.2 85.1 66.8 36.6
(substance)
Sum <25.0 441.7 378.1 345.9 258.3 184.9 139.3

with a mass-selective detector was used. The to-
tal concentration of quercetin and its metabolites
in the blood plasma was expressed as a pure
quercetin (Table 8).

The results of the study illustrate that the
intragastric administration of quercetin contri-
buted to the appearance and fluctuation of the
concentration of the active substance in the blood
of experimental animals of both groups.

When analyzing the average values, it was
found that the peak concentrations of quercetin
and its metabolites were formed in the plasma
of animals during the first 25 min and then gra-
dually decreased. Based on the calculations of the
mean values of the quercetin concentration, phar-
macokinetic curves were constructed, reflecting
the dependence of the total content of quercetin
and its metabolites (isorhamnetin) in the blood
serum of experimental animals on time.

Thus, the results obtained allow us to charac-
terize the degree of the quercetin release within
in vivo tests by the nature of pharmacokinetic
dependence on time.

Using the similarity factor f, calculated as de-
scribed below, the similarity of the dissolution
profiles was found from the in vivo studies and
in vitro dissolution profiles obtained for Quer-
tin® chewable tablets, 40 mg, in this study:

100
i=n 2

Y[R -T®)]
1+ =] J

f,=50log

n

Since the calculated value of the similarity
factor f, amounted to 58, the dissolution profiles
were considered similar since the similarity fac-
tor f, > 50.

The HPLC method with mass-spectrometric
detection will always have limitations related to
the design features of the equipment used, such
as the sensitivity of the detector, the linear ran-
ge of concentrations measured, and its ability to

detect the substance under research in the sample.
Such studies also require the use of a standard
sample of the test substance, which can compli-
cate and increase the cost of the study.

First, there is an interest in studying the dis-
solution profiles, according to the conditions of
the method, for other substances that are limi-
tedly soluble. The implementation of the method
developed will allow us to study the in vitro ki-
netics when studying the bioavailability of drugs
that the BSC classifies as Class 4. This will ne-
cessarily lead to a reduction in the cost of the
process of developing new drugs due to the par-
tial or complete exclusion of the in vivo stage.

B Conclusions

The solubility profiles of quercetin in 3 dif-
ferent aqueous dissolution media with pH 1.2,
pH 4.5 and pH 6.8 were obtained for the first time
for the drug Quertin® chewable tablets, 40 mg,
in compliance with the BCS requirements.

The results indicate that the approach pro-
posed to studying the kinetics of the release of
substances that are sparingly soluble in aque-
ous solutions allows us to correctly assess the
release of such substances in accordance with the
BCS requirements.

The studies have shown that the in vitro dis-
solution profiles are in good agreement with the
results of pharmacokinetic studies of quercetin
release in vivo. Since the same drug is used for
the studies, this confirms the correctness of the
in vitro results obtained by the methodology de-
veloped.

In the process of validation of the method for
the quantitative determination of quercetin in
Quertin® chewable tablets, 40 mg, the variatio-
nal characteristics of the method by the standard
method were studied: accuracy, linearity, preci-
sion, specificity, and intra-laboratory precision.
The variational characteristics of the method do
not exceed the critical error value (1.6%) and are
characterized by qualitative analytical parame-
ters. This method can be correctly reproduced in
laboratories and does not depend on excipients.
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