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Optimization and Scaling up of the Azaindole Derivatives
Synthesis

Abstract

In this study, an optimized method for the synthesis of azaindoles was developed and successfully scaled up to a 100 g batch.
Improved yields were observed when using electron-deficient azaheterocycles and substrates bearing electron-withdrawing
substituents. 6-Chloro-1H-pyrrolo[3,2-c]pyridine was selected for further functionalization using a carbonylation protocol
involving carbon monoxide. As a result, novel and promising building blocks for medicinal chemistry were obtained.
Keywords: azaindoles; Sonogashira coupling; Larock synthesis; carbonylation
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B Introduction

Azaindoles are compounds composed of fused
azaheterocyclic and pyrrole rings, forming aro-
matic frameworks that serve as bioisosteres of in-
doles and are structurally similar to purine bases.
This structural similarity contributes to their
broad spectrum of biological activities, making

them valuable in pharmaceuticals, industrial ap-
plications, and natural product chemistry [1-4].

According to the SciFinder® database, azain-
doles have increasingly attracted research at-
tention since 2000 (Figure 1). Since 2004, due
to their recognized antiviral properties and in-
fluenced by global health crises, the number of
publications on azaindoles has nearly doubled.
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Figure 1. The published papers dedicated to azaindoles
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Currently, over 100 articles related to azaindoles
are published annually [5].

Numerous synthetic approaches have been de-
veloped for azaindole formation, predominantly
involving the assembly of a pyrrole ring onto existing
azaheterocyclic frameworks. However, methods
assembling azaheterocycles onto a pyrrole core
have also been documented (Figure 2) [5, 6].

B Results and discussions

Taking into account the significant range of
biological activities exhibited by azaindoles dis-
covered over the past two decades, optimizing
synthetic routes remains critically important.
This study aimed to validate and optimize syn-
thetic methods across various electron-deficient
azaheterocycles, such as pyridine, pyrazine, and
pyrimidine.

The Larock’s synthetic approach was select-
ed to achieve the research purposes due to its
versatility and potential for structural diversity.
This methodology involves a two-step process:
the Sonogashira coupling using TMS-acetylene,
followed by the heterocyclization mediated by
KOtBu [7-11]. Seven azaindole derivatives were
chosen for the synthesis, including compounds
(3a, 3¢, 3g) previously described to establish a more
convenient and efficient method. For example, the
synthesis of 5H-pyrrolo[2,3-b]pyrazine deriva-
tive (3a) via N-mesyl amino pyrazine reported
earlier faced difficulties at the initial stage,

resulting in low overall yields [12]. Similarly,
the synthesis of 6-chloro-1H-pyrrolo[3,2-c]pyri-
dine (3¢) involved a complicated multi-step cat-
alytic oxidation [13]. Additionally, the synthesis
of 7-methyl-1H-pyrrolo[3,2-b]pyridine (3g) was
previously achieved through the Bartoli method
with only 18% yield [14] or a multistep Suzuki
coupling [15]. Derivatives 3b, 3d, 3e, and 3f have
not been previously reported.

Commercially available amines were utilized
for synthesizing 3a, 3¢, 3f, and 3g derivatives,
namely 3-chloropyrazin-2-amine (1a), 5-bromo-
2-chloropyridin-4-amine (1¢), 2-chloro-5-(trifluo-
romethyl)pyridin-3-amine (1f), and 2-bromo-4-me-
thylpyridin-3-amine (1g). 5-Bromo-2-methylpy-
rimidin-4-amine (1b) was obtained with a high
yield via the halogen reduction using Pd/C fol-
lowed by the bromination (Scheme 1) [16, 17].
3-Iodo-2-methoxypyridin-4-amine (1d) was pre-
pared by the iodination using NIS in acetonitri-
le at reflux conditions [18]. For 2-bromo-6-(trifluo-
romethyl)pyridin-3-amine (1e), the bromination
with NBS was conducted in acetonitrile instead
of CHCI,, significantly reducing the formation of
regioisomers [19].

The Sonogashira reaction was scaled up to
100 g for each amine, and intermediates 2a—g
were purified by flash chromatography, result-
ing in excellent yields (Scheme 2). The lowest
yield (64.3%) was noted for alkyne 2¢ due to side
reactions employing chlorine atoms. The optimal
cyclization conditions involved the use of 1.2 equiv.

POSSIBLE STARTING COMPOUNDS TO ASSIMBLE AZAINDOLE CORE

R

Figure 2. Main strategies toward azaindoles
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Scheme 2. The synthesis of the target azaindoles: scales and yields

of KOtBu in THF. Compounds 2 with electron-
withdrawing substituents, such as CF, (2e, 2f)
and chlorine (2¢), along with a weakly electron-
donating methyl group (2g), secured higher yields
of the target azaindoles 3 of about 70%. At the
same time, pyrazine and pyrimidine derivatives
(3a, 3b) were obtained with 55—57% yields simi-
lar to the methoxy derivative 3d (56.1%).
Derivative 3¢, known for its biological activi-
ty [20, 21], offered the additional synthetic flex-
ibility due to its halogen substituent. The cata-
lytic carbonylation with CO in the methanol me-
dium provided the corresponding ester 4c with
a high yield, which after the acidic hydrolysis
yielded carboxylic acid 7c¢ (Scheme 3). At the
same time, the reduction of the ester with LiAIH,
yielded alcohol 5¢, which was likely to be a va-
luable intermediate for MedChem research.

The reaction of 5¢ with SOCI, produced chloro-
methyl derivative 8c, while the oxidation with
IBX in EtOAc yielded aldehyde 6¢ in a moderate
53% yield. The corresponding amine 10c was also
synthesized via azide intermediate 9¢, formed
using DPPA-DBU conditions, followed by the
Staudinger reduction, without the intermediate
purification.

H Conclusion

In this study, an optimized method for the
azaindole synthesis was reviewed and success-
fully scaled up to a 100 g batch size. Higher yields
were achieved with electron-deficient azahetero-
cycles bearing electron-withdrawing substituents.
Additionally, 6-chloro-1H-pyrrolo[3,2-c]pyridine
was selected for further functionalization, leading
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| - = |
Cl)\/ H CO, MeOH MeOZC)\/ H
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Scheme 3. The functionalization of product 3c
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to the preparation of novel and promising build-
ing blocks suitable for applications in medicinal
chemistry.

B Experimental part

'H and F NMR spectra were recorded on
a Varian Unity Plus 400 instrument (400 and
376 MHz, respectively), 'H and *C NMR spec-
tra were recorded on a Bruker 170 Avance 500
instrument (500 and 126 MHz, respectively),
13C NMR spectra were also recorded on an Agi-
lent ProPulse 600 (151 MHz) spectrometer.
The NMR chemical shifts were referenced using
the solvent signals at 7.26 and 77.1 ppm for 'H and
13C nuclei, respectively, in CDCl, and 2.48 and
39.5 ppm for 'H and ¥C nuclei, respectively, in
DMSO-d,; C.F, was used as the internal stan-
dard for *F NMR spectra. Mass spectra were ob-
tained on an Agilent LC/MSD SL 1100 instru-
ment (the atmospheric pressure electrospray ioni-
zation (ES-API)) or an Agilent 5890 Series II
5972 GCMS instrument (the electron impact (EI)
ionization (70eV)). HRMS experiments were per-
formed on an Agilent 6224 TOF LC/MS instru-
ment using the electrospray ionization. The com-
position of hydrochloride salts was determined
by the acid-base titration method. Melting points
were measured in open capillary tubes and were
given uncorrected. All starting compounds and
solvents were obtained from Enamine Ltd. and
used without additional purification.

The general procedure for the Sonoga-
shira reaction (compounds 2a-g)

To the solution of 1a-g (100 g) in 1.0 L dioxa-
ne, TMS-acetylene (1.2 equiv.) and TEA (4.0 equiv.)
were was added. Then the mixture was degassed
under argon and stirred for 10 min, Cul (0.05 equiv.)
and Pd(dppf)Cl, (0.03 equiv.) were added in one
portion under the argon atmosphere, the result-
ing mixture was stirred at 90 °C for 16 h. Upon
completion of the reaction, the mixture was fil-
tered through a celite pad and concentrated un-
der vacuum. The crude mixture was purified by
flash column chromatography in the correspond-
ing eluent described below to give pure 2a-g.

3-((Trimethylsilyl)ethynyl)pyrazin-2-amine (2a)

Flash chromatography purification using
CHCL,—MeCN mixture (9:1) as an eluent.

A yellow solid. Yield — 100.8 g (68.2%). M. p.
115 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
0.24 (9H, s), 6.48 (2H, s), 7.72 (1H, d, J = 2.5Hz),
7.93 (1H, d, J = 2.2Hz). *C NMR (126 MHz,
DMSO-d,), 6, ppm: -0.4, 100.1, 100.8, 122.9,

132.5, 142.2, 156.3. LCMS (ES-API), m/z 192
[M+H]*. HRMS (APCI), m/z: caled for C;H, ;N,Si
191.0879, found 191.0875.

2-Methyl-5-((trimethylsilyl)ethynyl)pyrimi-
din-4-amine (2b)

Flash chromatography purification using CHCI,
as an eluent.

A white solid. Yield — 81.2 g (74.4%). M. p.
125 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
0.21 (9H, s), 2.31 (3H, s), 7.46 (2H, br. s), 8.12
(1H, s). C NMR (126 MHz, DMSO-d,), 6, ppm:
-0.2, 25.5, 97.5, 98.0, 102.2, 157.9, 162.9, 166.1.
LCMS (ES-API), m/z 206 [M+H]*. HRMS (APCI),
m/z: caled for C, H,;N,Si 205.1030, found 205.1035.

2-Chloro-5-((trimethylsilyl)ethynyl)pyridin-
4-amine (2¢)

Flash chromatography purification using CHCI,
as an eluent.

A yellow solid. Yield — 69.7 g (64.3%). M. p.
108 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
7.93 (1H, s), 6.63 (1H, s), 6.58 (2H, br. s), 0.22
(9H, s). C NMR (126 MHz, DMSO-d,), 6, ppm:
0.4, 98.5, 103.1, 103.5, 106.8, 150.6, 152.4, 157.0.
LCMS (ES-API), m/z: 225 [M+H]".

2-Methoxy-3-((trimethylsilyl)ethynyl)pyridin-
4-amine (2d)

The reaction mixture was stirred at 60° C for
16 h. Flash chromatography purification using
CHCI, as an eluent.

A yellow solid. Yield — 67.6g (76.7%). M. p. 72 °C.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 0.20 (9H,
s), 3.77 (3H, s), 6.09 (2H, br. s), 6.32 (1H, d, J =
6.0 Hz), 7.60 (1H, d, J = 6.0 Hz). *C NMR
(126 MHz, DMSO-dy), 6, ppm: 0.6, 53.6, 88.0, 98.1,
104.0, 104.5, 145.9, 157.8, 164.6. LCMS (ES-API),
m/z: 221 [M+H]*. HRMS (APCI), m/z: caled for
C,,;H,;N,0S1 220.1032, found 220.1026.

6-(Trifluoromethyl)-2-((trimethylsilyl)ethy-
nyl)pyridin-3-amine (2e)

Flash chromatography purification using CHCI,
as an eluent.

A white solid. Yield — 102.3 g (77.9%). M. p.
110 °C.'H NMR (400 MHz, DMSO-d,), 6, ppm: 0.25
(9H, s), 6.16 (2H, s), 7.21 (1H, d, J = 8.5Hz), 7.49
(1H, d, J=8.5Hz). *C NMR (126 MHz, DMSO-d,),
6, ppm: -0.3, 99.8, 100.6, 120.4, 121.4, 125.5, 133.7,
134.0, 148.5. ¥F NMR (376 MHz, DMSO-d,), 6,
ppm: -65.35. LCMS (ES-API), m/z: 259 [M+H]*.
HRMS (APCI), m/z: caled for C,,H,,;F.N,Si 258.0798,
found 258.0800.

5-(Trifluoromethyl)-2-((trimethylsilyl)ethy-
nyl)pyridin-3-amine (2f)

Flash chromatography purification using CHCI,
as an eluent.
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A white solid. Yield — 91.2 g (70.2%). M. p.
132 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
0.26 (9H, s), 5.94 (2H, s), 7.37 (1H, s), 8.01 (1H,
s). C NMR (126 MHz, DMSO-d,), 6, ppm: -0.4,
100.2, 101.7, 116.6, 122.5, 124.7, 129.4, 132.9,
146.0. ¥F NMR (376 MHz DMSO-d,), 6, ppm:
-61.99. LCMS (ES-API), m/z: 259 [M+H]".
HRMS (APCI), m/z: caled for C,;H,,F,N,Si
258.0804, found 258.0800.

4-Methyl-2-((trimethylsilyl)ethynyl)pyridin-
3-amine (2g)

The crude mixture was treated with MTBE.

A gray solid. Yield — 90.8 g (83.2%). M. p. 121 °C.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 0.24 (9H,
s), 5.13 (2H, s), 6.97 (1H, d, J = 4.6 Hz), 7.66 (1H,
d, J = 4.3 Hz). *C NMR (126 MHz, DMSO-d,),
6, ppm: -0.2, 17.0, 98.7, 102.0, 125.3, 125.7,
129.7, 138.0, 144.8. LCMS (ES-API), m/z: 205
[M+H]*. HRMS (APCI), m/z: caled for C,,H,;N,Si
204.1083, found 204.1089.

The general procedure for heterocycli-
zation 3a-g

KOtBu (1.2 equiv.) was added in one por-
tion to a stirring solution of compound 2a-g
(1 equiv., 50 g) in 1.0 L, THF at 0 °C. The tem-
perature was brought to reflux, and the result-
ing mixture was stirred for 15 h. After that, the
solvent was evaporated to dryness, the residue
was poured into the mixture of the concentrat-
ed HCI and water (100 mL—400 mL), the mix-
ture was stirred for 30 min and filtered through
celite; the mother liquid was neutralized with
ammonia to pH = 10, stirred for another 30 min.
Then the precipitate was collected via the vacu-
um filtration. In case if the precipitate was not
formed, the mixture was extracted with DCM
(3x200 mL), combined organic layers were dried
with the anhydrous Na,SO, and concentrated.
Compounds 3a-g required no additional puri-
fication.

5H-Pyrrolo[2,3-b]pyrazine (3a)

A white solid. Yield — 17.2 g (65.2%). M. p.
153 °C.'H NMR (400 MHz, DMSO-d,), 6, ppm: 6.61
(1H, dd, J=3.5,1.7 Hz), 7.85 (1H, t, J = 3.2 Hz),
8.21 (1H, d, J=2.6 Hz), 8.36 (1H, d, J = 2.3 Hz),
12.03 (1H, s). *C NMR (126 MHz, DMSO-d,),
6, ppm: 100.8, 131.5, 137.1, 138.5, 139.6, 141.7.
LCMS (ES-API), m/z: 120 [M+H]*. HRMS
(APCI), m/z: caled for C;H,N,Si 119.0492, found
119.0483.

2-Methyl-7H-pyrrolo[2,3-d]pyrimidine (3b)

A white solid. Yield — 18.4 g (56.8%). M. p.
179 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
2.60 (3H, s), 6.49 (1H, d, J = 2.6Hz), 7.42 (1H, s),
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8.85 (1H, s), 11.88 (1H, s). *C NMR (126 MHz,
DMSO-d,), §, ppm: 25.9, 99.6, 116.0, 126.8,
149.2, 152.4, 159.73. LCMS (ES-API), m/z: 134
[M+H]*. HRMS (APCI), m/z: caled for C,H,N,
133.0644, found 133.0640.
6-Chloro-1H-pyrrolo[3,2-c[pyridine (3¢)

A brown solid. Yield — 45 g (73.7%). M. p. 189 °C.
'H NMR (400 MHz, DMSO-d,), 6, ppm: 6.59 (1H,
m), 7.42 (1H, s), 7.48 (1H, m), 8.60 (1H, s), 11.62
(1H, s). C NMR (126 MHz, DMSO-d,), 6, ppm:
101.0, 106.4, 125.0, 128.7, 141.7, 141.8, 142.5.
LCMS (ES-API), m/z: 153 [M+H]*. HRMS (APCI),
m/z: caled for C,H,CIN, 152.0139, found 152.0141.

4-Methoxy-1H-pyrrolo[3,2-c]pyridine (3d)

A brown solid. Yield — 37.7 g (66.1%). M. p.
139 °C. 'H NMR (400 MHz, CDCl,), 6, ppm: 4.10
(3H, s), 6.66 (1H, d, J = 2.3Hz), 6.97 (1H, d, J =
5.7 Hz), 7.13 (1H, m), 7.84 (1H, d, J = 5.7 Hz),
8.59 (1H, s). ¥C NMR (126 MHz, DMSO-d,),
6, ppm: 52.9, 99.5, 103.2, 112.1, 124.7, 137.4,
141.5, 157.7. LCMS (ES-API), m/z: 149 [M+H]".
HRMS (APCI) m/z: caled for CgHN,O 148.0637,
found 148.0637.

5-(Trifluoromethyl)-1H-pyrrolo[3,2-b]pyridi-
ne (3e)

A white solid. Yield — 30.5 g (78.2%). M. p.
213 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
6.7 (1H, s), 7.54 (1H d, J = 8.2 Hz), 7.88 (1H, s),
7.99 (1H, d, J=8.5 Hz), 11.76 (1H, br). *C NMR
(126 MHz, DMSO-d)), 6, ppm: 102.0, 112.5, 119.4,
121.7-123.8 (q, J = 265 Hz, CF,), 129.6, 132.3,
139.4, 145.7. ¥F NMR (376 MHz, DMSO-d,)
6 -64.47 LCMS (ES-API), m/z: 187 [M+H]".
HRMS (APCI), m/z: caled for C.H,F.N,
186.0402, found 186.0405.

6-(trifluoromethyl)-1H-pyrrolo[3,2-b]pyridine (3f)

A white solid. Yield — 29.2 g (74.9%). M. p.
190 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
6.71 (1H, s), 7.95 (1H, s), 8.16 (1H, s), 8.65 (1H,
s), 11.85 (1H, br). 3C NMR (126 MHz, DMSO-d,),
6, ppm: 101.9, 117.3, 117.4, 124.5-126.3 (q, J =
227 Hz, CF.), 128.1, 134.7, 138.4, 147.8. F NMR
(376 MHz, DMSO-d,) 6 -58.81. LCMS (ES-API),
m/z. 187 [M+H]*. HRMS (APCI), m/z: caled for
C.H,F.N, 186.0406, found 186.0405.

Methyl-1H-pyrrolo[3,2-b]pyridine (3g)

A brown solid. Yield — 21.7 g (67.0%) M. p.
189 °C. 'H NMR (400 MHz, DMSO-d,), 6, ppm:
2.48 (3H, s), 6.51 (1H, s), 6.89 (1H, s), 7.57 (1H,
s), 8.17 (1H, s), 11.35 (1H, s). **C NMR (126 MHz,
DMSO-d,), §, ppm: 16.2, 101.8, 117.4, 128.3,
128.9, 142.3, 145.2, 145.6. LCMS (ES-API)
m/z: 133 [M+H]*. HRMS (APCI), m/z: caled for
C.H.N, 132.0685, found 132.0687.
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The procedure for the preparation of me-
thyl 1H-pyrrolo[3,2-c]pyridine-6-carboxyla-
te (4¢)

To the solution of compound 3¢ (30 g, 0,196 mol)
and TEA (32.9 mL, 0.234 mol) in 400 mL. MeOH in
500 mL autoclave, Pd(dppf)Cl, (4.75 g, 0.006 mol)
was added. The reaction vessel was flushed three
times with CO gas and stirred under 20 atm at
120 °C for 16 h. Upon completion, the reaction
mixture was cooled to room temperature, and the
precipitate was collected via the vacuum filtra-
tion, washed with water and MTBE, then dried
in air to obtain a pure product 4c¢ (27.3 g, 78.9%).

A yellow solid. Yield — 27.3 g (78.9%). M. p.
183 °C. 'H NMR (500 MHz, DMSO-d,), 6, ppm:
3.85 (3H, s), 6.70 (1H, d, J = 3.2 Hz), 7.62-7.73
(1H, m), 8.15 (1H, s), 8.89 (1H, s), 11.94 (1H, s).
1B3C NMR (151 MHz, DMSO-d,), 6, ppm: 52.4,
101.5, 110.0, 127.3, 130.4, 138.6, 139.2, 143.0,
166.8. LCMS (ES), m/z: 177 [M+H]*. HRMS
(APCI), m/z: caled for C,HyN,O, 176.0586,
found 176.0581.

The procedure for the preparation of me-
thyl 1H-pyrrolo[3,2-c]pyridine-6-carboxyla-
te (5¢)

To a cooled solution of LiAIH, (14.25 g, 1.25 equiv.)
in THF (1 L) at 0 °C, 4c¢ (53.0 g, 0.30 mol) was
added portionwise, keeping temperature bellow
0 °C. Then mixture was stirred at room tempe-
rature for 15 h. Upon completion, the reaction
mixture was cooled to 0 °C and carefully neutra-
lized with the water-NaOH solution and water.
The mixture was stirred for 1 h at room temper-
ature, and the precipitate was filtered through
celite, washed with MTBE, then the mother liquid
was evaporated in vacuo to give a pure product 5c¢
(31.3 g, 70.2%)

A yellow solid. Yield 31.3 g (70.2%). M. p. 132 °C.
'H NMR (500 MHz, DMSO-d,), 6, ppm: 4.26 (s,
2H), 5.27 (1H, br. s), 6.51 (1H, s), 7.37 (1H, s),
7.42 (1H, s), 8.69 (1H, s), 11.44 (1H, s). *C NMR
(151 MHz, DMSO-d,), 6, ppm: 65.0, 100.6, 103.1,
123.9, 126.7, 140.7, 142.2, 153.1; LCMS (ES),
m/z: 149 [M+H]*. HRMS (APCI), m/z: calcd for
C.H.N,O 148.0637, found 148.0635.

The procedure for the preparation of 1H-
pyrrolo[3,2-c]pyridin-6-yl)methanol (6¢)

To the mixture of 5¢ (20.0 g, 0.135 mol) in
400 mL of EtOAc, IBX (1.5 equiv.) was added
in one portion. Then the mixture was stirred at
reflux for 15 h. Upon completion, the reaction
mixture was filtered hot through celite, washed
with EtOAc, then the mother liquid was washed
with the K,CO, water solution (20 g in 500 mL of

water), the organic phase was dried and evapo-
rated in vacuo to give a pure product 6¢ (10.4 g,
52.7%).

A yellow solid. Yield — 10.4 g (562.7%). M. p.
162 °C. 'H NMR (500 MHz, DMSO-d,), 6, ppm:
6.73(1H,d,J=2.5Hz),7.75(1H, d,J=3Hz), 8.01
(1H, s), 9.01 (1H, s), 10.05 (1H, s), 12.08 (1H, s).
1BC NMR (151 MHz, DMSO-d,), 6, ppm: 101.3,
106.6, 127.9, 131.0, 138.6, 143.2, 144.8, 193.6.
GCMS, m/z: 146 [M]"; HRMS (APCI), m/z: caled
for C;H,N,O 146.0476, found 146.0480.

The procedure for the preparation of 1H-
pyrrolo[3,2-c]pyridine-6-carboxylic acid hyd-
rochloride (7¢)

To the solution of compound 4¢ (1.0 g, 0.0057 mol),
the conc. HCI (10 mL) was added. The resulting
mixture was stirred at 80 °C for 15 h. Upon com-
pletion, the reaction mixture was evaporated to
dryness to obtain a yellow solid product 7¢ in the
form of HCI salt (1.04 g, 92.0%).

A yellow solid. Yield — 1.04 g (92%). M. p.
280 °C. 'H NMR (500 MHz, DMSO-d,), &, ppm:
7.15(1H, s), 8.12 (1H, s), 8.49 (1H, s), 9.29 (1H, s),
13.81 (1H, s), 14.80 (1H, br). *C NMR (151 MHz,
DMSO-d,), 6§, ppm: 105.9, 111.3, 126.0, 130.9,
135.2, 137.8, 141.6, 162.3. LCMS (ES), m/z: 163
[M+H]*. HRMS (APCI) m/z: caled for C;HN,O,
162.0428, found 162.0429.

The procedure for the preparation of
6-(chloromethyl)-1H-pyrrolo[3,2-c]pyridine
hydrochloride (8c)

To the solution of SOCI, (1.5 equiv.) in 400 mL
of CHCI,, alcohol 5¢ (30 g, 0.20 mol) was added
dropwise at 0 °C. Then the mixture was stirred
at room temperature for 16 h. Upon completion,
the precipitate was collected via vacuum filtra-
tion, washed with CHC,, then dried to obtain pure
product 8c (30.5 g, 74.2%, hydrochloride salt).

A yellow solid. Yield — 30.5 g (74.2%). M. p.
209 °C. 'H NMR (500 MHz, DMSO-d,), &, ppm:
5.20 (2H, s), 7.01 (1H, d, J = 0.5 Hz), 7.96 (1H,
d, J = 2.2Hz), 8.12 (1H, s), 9.27 (1H, s), 13.37
(1H, s), 15.86 (1H, br. s). *C NMR (151 MHz,
DMSO-d,), §, ppm: 41.5, 104.8, 110.1, 124.1,
133.6, 136.8, 139.7, 142.4. LCMS (ES), m/z: 167
[M+H]*. HRMS (APCI) m/z: caled for C,;H,CIN,
166.0297, found 166.0298.

The procedure for the preparation of
6-(azidomethyl)-1H-pyrrolo[3,2-c]pyridine
(9¢)

To a cooled to 0 °C solution of DBU (1.2 equiv.)
and 5¢ (5.0 g, 0.03 mol) in 200 mL of THF, DPPA
(1.2 equiv.) was added portionwise keeping tem-
perature bellow 0 °C. Then the mixture was
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stirred at room temperature for 15 h. Upon com-
pletion, the reaction mixture was evaporated to
dryness. The crude mixture was purified by co-
lumn chromatography using the CHCI,-MeCN
system as an eluent to give 9c¢ (2.5 g, 42.8%) as
a yellow solid with 80% purity. The product was
used in the next step without any purification
due to stability issues.

Yield — 2.5 g (42.8%). Purity 80%. '"H NMR
(500 MHz, DMSO-d)), 6, ppm: 4.50 (2H, s), 6.58
(1H, d, J = 2.8 Hz), 7.41-7.52 (2H, m), 8.82 (1H,
s), 11.66 (1H, s).

The procedure for the preparation of
(1H-pyrrolo[3,2-c]pyridin-6-yl)methanami-
ne (10c)

To the solution of crude 9¢ (2.5 g, 0.01 mol)
in 50 mL of THF, PPh, (1.2 equiv.) was added
in one portion and H,O (1.5 equiv.) in 30 min.

The resulting mixture was stirred at room tem-
perature for 15 h. Upon completion, a diluted HCI
(2 equiv.) was added, the water solution was ex-
tracted twice with CHCL, (for PPh, and Ph,PO
separation), and then the water solution was
neutralized with K,CO,. The precipitate was
collected via the vacuum filtration, washed with
THF, then dried to obtain a pure product 10c¢
(2.0 g, 94.3%).

A white solid. Yield — 2.0 g (94.3 %). M. p.
190 °C. 'H NMR (500 MHz, DMSO-d,), 6, ppm:
1.96-2.40 (1H, br. s), 3.85 (2H, s), 6.52 (1H, d,
J=2.3Hz),7.37(1H, d, J=2.0 Hz), 7.39 (1H, s),
8.72 (1H, s), 11.45 (1H, br. s). *C NMR (151 MHz,
DMSO-d,), 6, ppm: 48.0, 100.5, 103.6, 123.8,
126.6, 140.7, 142.3, 154.0. LCMS (ES), m/z: 148
[M+H]*. HRMS (APCI), m/z: caled for CgH,N,
147.0794, found 147.0796.

B References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Zhao, S.-B.; Wang, S. Luminescence and Reactivity of 7-Azaindole Derivatives and Complexes. Chem. Soc. Rev. 2010, 39 (8), 3142.
https://doi.org/10.1039/c001897;].

Meanwell, N. A.; Krystal, M. R.; Nowicka-Sans, B.; Langley, D. R.; Conlon, D. A.; Eastgate, M. D.; Grasela, D. M.; Timmins, P.; Wang, T.;
Kadow, J. F. Inhibitors of HIV-1 Attachment: The Discovery and Development of Temsavir and Its Prodrug Fostemsavir. J. Med. Chem.
2018, 61 (1), 62—80. https://doi.org/10.1021/acs.jmedchem.7b01337.

Shirude, P. S.; Shandil, R.; Sadler, C.; Naik, M.; Hosagrahara, V.; Hameed, S.; Shinde, V.; Bathula, C.; Humnabadkar, V.; Kumar, N.;
Reddy, J.; Panduga, V.; Sharma, S.; Ambady, A.; Hegde, N.; Whiteaker, J.; McLaughlin, R. E.; Gardner, H.; Madhavapeddi, P.; Ramachan-
dran, V.; Kaur, P.; Narayan, A.; Guptha, S.; Awasthy, D.; Narayan, C.; Mahadevaswamy, J.; Vishwas, K.; Ahuja, V.; Srivastava, A.; Prabha-
kar, K.; Bharath, S.; Kale, R.; Ramaiah, M.; Choudhury, N. R.; Sambandamurthy, V. K.; Solapure, S.; lyer, P. S.; Narayanan, S.; Chatterji, M.
Azaindoles: Noncovalent DprE1 Inhibitors from Scaffold Morphing Efforts, Kill Mycobacterium Tuberculosis and Are Efficacious in Vivo.
J. Med. Chem. 2013, 56 (23), 9701—9708. https://doi.org/10.1021/jm401382v.

Bandarage, U. K.; Cao, J.; Come, J. H.; Court, J. J.; Gao, H.; Jacobs, M. D.; Marhefka, C.; Nanthakumar, S.; Green, J. ROCK Inhibitors 3:
Design, Synthesis and Structure-Activity Relationships of 7-Azaindole-Based Rho Kinase (ROCK) Inhibitors. Bioorganic & Medicinal
Chemistry Letters 2018, 28 (15), 2622 —2626. https://doi.org/10.1016/j.bmcl.2018.06.040.

Ballesteros-Garrido, R. Recent Developments in the Synthesis of 4-, 5-, 6- and 7-Azaindoles. In Advances in Heterocyclic Chemistry;
Elsevier, 2023; Vol. 140, pp 67-123. https://doi.org/10.1016/bs.aihch.2023.01.001.

Motati, D. R.; Amaradhi, R.; Ganesh, T. Recent Developments in the Synthesis of Azaindoles from Pyridine and Pyrrole Building Blocks.
Org. Chem. Front. 2021, 8 (3), 466—513. https://doi.org/10.1039/D0QO01079K.

Leboho, T. C.; Giri, S.; Popova, |.; Cock, I.; Michael, J. P.; De Koning, C. B. Double Sonogashira Reactions on Dihalogenated Aminopyridines
for the Assembly of an Array of 7-Azaindoles Bearing Triazole and Quinoxaline Substituents at C-5: Inhibitory Bioactivity against Giardia
Duodenalis Trophozoites. Bioorganic & Medicinal Chemistry 2015, 23 (15), 4943—4951. https://doi.org/10.1016/j.bmc.2015.05.024.

Xu, L.; Lewis, I. R.; Davidsen, S. K.; Summers, J. B. Transition Metal Catalyzed Synthesis of 5-Azaindoles. Tetrahedron Letters 1998, 39 (29),
5159-5162. https://doi.org/10.1016/S0040-4039(98)00986-1.

Koradin, C.; Dohle, W.; Rodriguez, A. L.; Schmid, B.; Knochel, P. Synthesis of Polyfunctional Indoles and Related Heterocycles Mediated
by Cesium and Potassium Bases. Tetrahedron 2003, 59 (9), 1571—1587. https://doi.org/10.1016/50040-4020(03)00073-5.

Sun, L.; Wang, J. Facile Synthesis of 2-Substituted 4-Azaindoles. Synthetic Communications 2007, 37 (13), 2187-2193.
https://doi.org/10.1080/00397910701397359.

Barl, N. M.; Sansiaume-Dagousset, E.; Karaghiosoff, K.; Knochel, P. Full Functionalization of the 7-Azaindole Scaffold by Selective Metala-
tion and Sulfoxide/Magnesium Exchange. Angew Chem Int Ed 2013, 52 (38), 10093 —10096. https://doi.org/10.1002/anie.201303490.
Hopkins, C. R.; Collar, N. 6-Substituted-5H-Pyrrolo[2,3-b]Pyrazines via Palladium-Catalyzed Heteroannulation from N-(3-Chloropyrazin-
2-Yl)-Methanesulfonamide and Alkynes. Tetrahedron Letters 2004, 45 (43), 8087 —8090. https://doi.org/10.1016/].tetlet.2004.08.155.
Azimoy, V. A.; Bychikhina, N. N.; Polezhaeva, A. I.; Mashkovskii, M. D.; Yakhontov, L. N. Synthesis and Pharmacologic Study of 6-Amino
Derivatives of 5-Azaindoline. Pharm Chem J 1980, 14 (5), 308 —313. https://doi.org/10.1007/BF00777399.

Zhang, Z.; Yang, Z.; Meanwell, N. A.; Kadow, J. F.; Wang, T. A General Method for the Preparation of 4- and 6-Azaindoles. J. Org. Chem.
2002, 67 (7), 2345—2347. https://doi.org/10.1021/jo0111614.

Subota, A. I.; Volochnyuk, D. M.; Gorlova, A. O.; Grygorenko, O. O. Scalable Synthesis and Properties of 7-Methyl- 4-Azaindole. Hetero-
cyclic Communications 2017, 23 (6), 449—453. https://doi.org/10.1515/hc-2017-0180.

Le, P. T,; Richardson, P. F,; Sach, N. W.; Xin, S.; Ren, S.; Xiao, J.; Xue, L. Development of a Scalable Synthesis of 4-Aminopyrimidin-5-0l,
a Versatile Intermediate. Org. Process Res. Dev. 2015, 19 (6), 639—645. https://doi.org/10.1021/acs.oprd.5b00074.

Paudler, W. W.; Jovanovic, M. V. Bromination of Some Pyridine and Diazine N-Oxides. J. Org. Chem. 1983, 48 (7), 1064—1069.
https://doi.org/10.1021/jo00155a027.

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



MypHan opaaHiyHOi ma papmayesmuyHoi ximii 2025, 23 (3)

18. Minzong Li; Konteatis Z.; Chen Y.; Zhou S.; Ma G.; Gross S.; Marjon K.; Hyer M.; Mandley E.; Lein M.; Padyana A.; Jin L.; Tong S.; Peters R.;
Murtie J.; Travins J.; Medeiros M.; Liu P.; Victoria-Frank; Judd E.; Biller S.; Marks K.; Sui Z.; Reznik S. Leveraging Structure-Based Drug
Design to IdentifyNext-Generation MAT2A Inhibitors, Including Brain-Penetrant and Peripherally Efficacious Leads. Med. Chem. 2022,
65, 6, 4600—4615. https://doi.org/10.1021/acs.jmedchem.1c01595

19. Biot, N.; Romito, D.; Bonifazi, D. Substituent-Controlled Tailoring of Chalcogen-Bonded Supramolecular Nanoribbons in the Solid State.
Crystal Growth & Design 2021, 21 (1), 536—543. https://doi.org/10.1021/acs.cgd.0c01318.

20. Chessari, G.; Buck, I. M.; Day, J. E. H.; Day, P. J.; Igbal, A.; Johnson, C. N.; Lewis, E. J.; Martins, V.; Miller, D.; Reader, M.; Rees, D. C,;
Rich, S. J.; Tamanini, E.; Vitorino, M.; Ward, G. A.; Williams, P. A.; Williams, G.; Wilsher, N. E.; Woolford, A. J.-A. Fragment-Based Drug
Discovery Targeting Inhibitor of Apoptosis Proteins: Discovery of a Non-Alanine Lead Series with Dual Activity Against clAP1 and XIAP.
J. Med. Chem. 2015, 58 (16), 6574—6588. https://doi.org/10.1021/acs.jmedchem.5b00706.

21. Hanan, E. J.; Eigenbrot, C.; Bryan, M. C.; Burdick, D. J.; Chan, B. K.; Chen, Y.; Dotson, J.; Heald, R. A.; Jackson, P.S.; La, H.; Lainchbury, M. D.;
Malek, S.; Purkey, H. E.; Schaefer, G.; Schmidt, S.; Seward, E. M.; Sideris, S.; Tam, C.; Wang, S.; Yeap, S. K.; Yen, L.; Yin, J.; Yu, C.; Zilber-
leyb, I.; Heffron, T. P. Discovery of Selective and Noncovalent Diaminopyrimidine-Based Inhibitors of Epidermal Growth Factor Receptor
Containing the T790M Resistance Mutation. J. Med. Chem. 2014, 57 (23), 10176—-10191. https://doi.org/10.1021/jm501578n.

Information about the authors:

Mykyta V. Kordubailo (corresponding author), Ph.D. student, Medicinal Chemistry Department, Institute of Organic Chemistry of the
National Academy of Sciences of Ukraine; https://orcid.org/0000-0002-8567-9838; e-mail for correspondence: nikital41193@gmail.com.
Andrey A. Tolmachev, D.Sci. in Chemistry, Professor, Director of ChemBioCenter of Taras Shevchenko National University of Kyiv;
https://orcid.org/0009-0001-4351-2829.

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



Journal of
rggniglnd Advanced Research OPEN () ACCESS
[e] . N
P b rchs:teutla e e e
emistry

UDC 547.6:546.18:547.261:615.281.8

O. I. Kalchenko?, S. O. Cherenok?, A. I. Selikhova?, P. Ldpez-Cornejo?,
A. B. Drapailo?, V. I. Kalchenko*

Institute of Organic Chemistry of the National Academy of Sciences of Ukraine,
5 Akademik Kuhar str., 02094 Kyiv, Ukraine

2Departamento de Quimica Fisica, Facultad de Quimica, Universidad de Sevilla,
c/o Prof. Garcia Gonzélez 1, 41012, Sevilla, Spain

The Study of the Complexation of Calix[4]arene-
Hydroxymethylphosphonic Acid and Calix[4]arene-
Hydroxymethyldimethylphosphine Oxide with Antiviral Drugs

Abstract

The host-guest complexation of cone-shaped calix[4]arene-hydroxymethylphosphonic acid (CPA) and calix[4]arene-hydroxymethyl-
dimethylphosphine oxide (CPO) with active pharmaceutical ingredients of antiviral drugs Remdesivir, Nevirapine, Vesatolimod,
and Bictegravir in the aqueous-organic mobile phase on a Zorbax CN column has been studied using RP HPLC method.
By analyzing the dependence of the drug capacity values on the concentration of calixarene in the mobile phase, the stabil-
ity constants (K, = 3672—-6884 M™) of the complexes formed have been determined. Quantum-chemical calculations show
that the drugs studied form supramolecular exo-complexes with CPA and CPO molecules. These complexes are stabilized
by intermolecular hydrogen bonds of proton donor groups P(O)(OH), CPA and proton acceptor groups Me,P=0 CPO with
the amino group of Remdesivir, the amide group of Nevirapine, the amino group and amide group of Vesatolimod, and the
amide group of Bictegravir.

Keywords: calixarenes; antiviral drugs; supramolecular complexes; chromatography; molecular modeling

O. I. KanbueHko?, C. 0. YepeHok?, A. |. Cenixosa?, IN. /lonec-KopHexo?, A. b. Opanaiino?, B. |I. KanbueHko!
T I[Hcmumym opeaHiyHoi ximil HauioHaneHOi akademii HayK YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa
2YHisepcumem Cesinbi, XimiyHuli pakynemem, BiddineHHA ¢izuyHoi Ximi,

syn. lMpogecopa lapcis loH3anec, 1, m. Cesinba, 41012, IcnaHia
[ocnig:keHHA KOMNIEKCOYTBOPEHHSA Kanikc[4]apeH-rigpokcumeTnndpocdoHOBOT KUCNOTHU
Ta Kanikc[4]apeH-rigpokcumetungumetundocdiHokcuay 3 aHTUBIPYCHMMU NpenapaTtamm
AHoTauin
MeTogamn O® BEPX y BogHO-opraHiyHili pyxomiit ¢pasi Ha KosoHLui Zorbax CN gocnigeHo KOMM/eKCOYTBOPEHHA KOHYCO-
noaibHux Kanikc[4lapeH-rigpokcumetundochoHoBoi Kucnotu (CPA) Ta Kanikc[4]apeH-rigpokcumeTnngumeTnndocdiHokcum-
Ay (CPO) 3 akTMBHUMM papMaLLeBTUYHMMM iHTpeLieHTaMKn aHTUBIPYCHUX NpenapaTiB Pemaecusip, HesipaniH, Becatonimog
Ta bikTerpasip. AHani30m 3an1eKHOCTi 3Ha4YeHb EMHOCTI NpenaparTiB Big, KOHLEHTPAL,T KanikcapeHy B pyxoMili ¢asi BU3HayeHo
KOHCTaHTW CTiMKOCTi yTBOPEHWUX CYyNPaMOoNERYNAPHUX KOMNAeKCB (K, = 3672—-6884 M™). KBaHTOBO-XiMiYHi po3paxyHKu Ao-
BOAATD, WO AOCANIAMXKEHI npenapaTy yTBOPIOTL 3 monekynamu CPA ta CPO cynpamonekynapHi eksokomnneKkcu. Ui komn-
NeKkcu cTabinizoBaHi MiXKMONEKYNAPHUMU BOAHEBUMMU 3B’A3KaMK NPOTOHOA0HOPHUX rpyn P(O)(OH), CPA Ta npoToHOaKLen-
TopHUX rpyn Me,P=0 CPO 3 amiHorpynoto Pemaecusipy, amigHoto rpynoto HesipaniHy, amiHOrpynoto ta amiHoo rpynoto
Becatnnimoay, amigHoto rpynoto bikterpasipy.
Kntouoesi cnoea: KanikcapeHw; aHTUBIPYCHI NpenapaTv; CynpamoneKynsapHi KOMMAEeKcU; XxpomaTtorpadia; monerkynspHe
MOAENtoBaHHA
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B Introduction

Cup-shaped calixarenes [1, 2] and their self-
assembled supramolecular aggregates [3], form-
ing host-guest supramolecular complexes with ac-
tive pharmaceutical ingredients (APIs) of drugs
are considered as promising objects in design of
the drug delivery vectors [4—11]. Advantages of
the calixarene vectors are low cytotoxicity [12—16]
and the absence of immune reactions [17]. Among
the variety of calixarenes, water-soluble calixarene
sulfonic acids are the best studied vectors [18].
They are capable of forming supramolecular
complexes with the known APIs — 3-phenyl-
1H[1]benzofuro[3,2-c]pyrazole (tyrosine kinase
III inhibitor) [19], Carvediol (treatment of hyper-
tension) [20], Paclitaxel (ovarian, breast, lung and
colon cancer treatment) [21], Tramadol (analge-
sic) [22], Irinotecan (colon cancer treatment) [23],
Nifedipine (calcium channel blocker) [24], Teno-
fovir (antiretroviral drug) [25].

The water-soluble cup-shaped calixarenes func-
tionalized on the upper or lower rim of the mac-
rocycle with hydrophilic organophosphorus groups
are also used in the creation of drug delivery
systems. It should be noted that phosphorus is
a biologically friendly element, and a number of
drugs for medicine have been created on the ba-
sis of natural and synthetic organophosphorus
compounds [26, 27].

Phosphorus-containing calixarenes are char-
acterized by a high biological activity and low cy-
totoxicity [28—30]. The calixarene and thiacalix-
arene-phosphonic acids effectively and selectively
inhibit ATP-hydrolase systems of smooth muscle
cells [31] and therapeutically important phos-
phatases of various origins [32—36]. It has been
shown that the lower-rim calixarene-diphosphoric
acid, which forms supramolecular complexes with
water-insoluble APIs in aqueous solutions, 1s ap-
propriate for drug formulation and delivery [37].
This acid also activates the transfer of polyargi-
nine cell-penetrating peptides through biological
membranes [38].

The upper rim modification of the cup-shaped
calix[4]arene with hydrophilic phosphine oxide
groups and phosphonic or phosphinic acid groups
yielded water-soluble derivatives that form su-
pramolecular complexes with APIs of 5-Fluoro-
uracil and 5-Methyluracil anticancer drugs [39]
as well as with antiretroviral drugs Tenofovir
and Emtricitabin [40]. Stability constants of the
complexes were determined by the HPLC method
in the aqueous-organic medium. The most favo-
red structures of the calixarene complexes with
the APIs were optimized at the DFT level of ap-
proximation. In the most favored structures, APIs
coordinate via hydrogen bonding with the phos-
phorus groups at the upper rim of the calixarene
ligands.

Micelles of amphiphilic alkoxycalixarene-
methylphosphonic acid form three-component na-
noparticles with the antitumor drugs Carbopla-
tin and Taxol in the aqueous medium [41]. In such
a three-component nanocomplex, Carboplatin en-
ters the molecular cavity of calixarene, and Ta-
xol is located among the alkyl substituents of the
micellar structure. These nanocomposites showed
higher cytotoxicity compared to a simple mixtu-
re of the two drugs on HT-29 and Caco-2 colon
tumor cells.

Micellar alkoxycalixarene-hydroxymethylene-
bisphosphonic acids form nanoscale supramole-
cular complexes with fluorescently labeled poly-
lysine and HIV-1 nucleocapsid due to electrosta-
tic interactions. Such nanocomplexes cross bio-
logical membranes and deliver the therapeuti-
cally important proteins into cells [42].

In this article, within the context of further re-
search on the drug formulation and delivery, the
host-guest complexation of the cup-shaped ca-
lix[4]arene-bis-hydroxymethylphosphonic acid CPA
and calix[4]arene-bis-hydroxymethyl-dimethyl-
phosphine oxide CPO with the antiviral drugs Ne-
virapine, Remdesivir, Vesatolimod, and Bicte-
gravir (Figure 1) in the aqueous-organic medi-
um was studied using RP HPLC and molecular
modeling methods.
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Figure 1. Calixarene-hydroxymethylphosphonic acid CPA (RS meso-form) and calixarene-hydroxymethyldimethylphosphine oxide CPO
(RS meso-form) (hosts, A); and antiviral drugs Remdesivir, Nevirapine, Vesatolimod, Bictegravir (guests, B)

B Materials and methods

Reagents and Materials

Calixarenes CPA and CPO were synthesized
according to the methods [43, 44], respectively.
Nevirapine, Vesatolimod and Bictegravir were
purchased from Sigma-Aldrich (St. Louis, MO,
USA) or Abcam (Cambridge, UK). Remdesivir was
obtained from UOSLAB (Kyiv, Ukraine).

HPLC analysis

The RP HPLC analysis of CPA, CPO, and
antiviral drugs was performed on a Hitachi high-
pressure liquid chromatography equipment (Hi-
tachi, Litd., Tokyo, Japan) under isocratic condi-
tions using a Zorbax CN chromatographic column
(250 x 4.6 mm) (supplier — Agilent) and the mobi-
le phase of MeCN/H,0/MeOH (79:20:1 by volume).
The choice of a three-component mobile phase was
driven by the need to solubilize calixarenes and
antiretroviral drugs of different natures simul-
taneously. The concentration of CPA and CPO
in the mobile phase varied within the range of
0.1X107*-1.4x10~* M. Samples of the antiviral drugs
for analysis were prepared in a solvent identical
to the mobile phase (C = 1X10®° M) and injected in
amounts of 20 pL. All chromatograms were ob-
tained at 28 °C. The UV detector wavelength was
254 nm. Each sample was analyzed in triplicate.

Molecular modeling

CPA and CPO, as well as their complexes
with antiviral drugs, were simulated in vacuum
(PM3, software package — evaluation version 8.0.10
of Hyper Chem program) [45]. The RMS gradi-
ent was 0.01 kcal mol .

B Results and discussion

Antiviral drugs are widely used to prevent and
treat many infectious diseases [46, 47]. However,
such drugs may have low bioavailability and cause
side effects [48, 49]. Therefore, in some cases they
are used in the form of prodrugs or supramole-
cular complexes with cyclodextrins. To search
supramolecular complexing agents for Remdesi-
vir, Nevirapine, Vesatolimod, and Bictegravir,
we studied water-soluble calixarenes CPA pos-
sessing anionic P(O)(OH), groups and calixare-
ne CPO possessing neutral Me,P=0 groups.

It is known that the highly polar Me,P=0
group [50] is currently used in medicinal che-
mistry to improve the water solubility of drug mo-
lecules and optimize their pharmacokinetic pro-
file [27, 51]. It was taken into account that the
proton-accepting property of the oxygen atom of
dimethylphosphine oxide derivatives exceeded the
proton-accepting property of the oxygen atoms
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of phosphates, phosphonates, sulfones, and car-
bonyl compounds [52]. A clear example of the ef-
fective use of the dimethylphosphine oxide group
in medicinal chemistry is the recent creation of
the drug Brigatinib [53, 54] and a number of cli-
nical candidates [55]. The proton acceptor group
Me,P(O) determines water solubility and ensures
an effective interaction of Brigatinib with the bio-
logical target through the formation of strong hyd-
rogen bonds. As a result, the medicinal efficacy
of Brigatinib increases by 70 times compared to
the corresponding non-phosphorylated analog.

The presence of hydrophilic proton-donating
P(O)(OH), or proton-accepting Me,P=0 groups
on the upper rim of CPA and CPO determines
the water solubility of calixarenes. On the other
hand, these groups stabilize supramolecular host-
guest complexes by forming intermolecular hy-
drogen bonds P-OH-X or P=0-H-X (X = O, N)
with amine, amide, hydroxyl, and other groups
of the antiviral drugs.

The main criterion for assessing the com-
plexing properties of a host molecule is the value
of the stability constant of the supramolecular
complex with a guest molecule. To determine the
stability constants of the calixarene complexes,
various physical methods are used: microcalori-
metry [56], nuclear magnetic resonance [57], UV
and fluorescence spectroscopy [68—60], selective
transport through liquid membranes [61], mass
spectrometry [62, 63], surface plasmon resonan-
ce [64], etc. However, the application of these me-
thods may be limited by the unsatisfactory solu-
bility of calixarene receptors or substrate mole-
cules, or the high cost of the methods.

A convenient and rapid method for determin-
ing the stability constants of complexes is re-
versed-phase high-performance liquid chromato-
graphy [65, 66]. This method has been used to
determine the stability constants of calixarene
complexes with organic substrates of various na-
tures in aqueous or aqueous-organic solutions
[67—T70]. According to this method, stability con-
stants are determined from the dependence of
the substrate’s retention time or capacity factor
on the calixarene concentration in the mobile
phase. The addition of calixarenes to the mobile
phase reduces the retention time of analytes due
to the formation of supramolecular host-guest
complexes and the increased polarity of the chro-
matographic column surface upon calixarene
sorption. The inverse sorption of calixarenes by
the column surface and the linear dependence
of the capacity value 1/k’ of the analyte on the

calixarene concentration indicate 1:1 stoichiometry
complexes in the mobile phase flow. This allows
to use equation (1) [68, 69] to calculate the sta-
bility constants of the host-guest complexes:

1/k'=1/k,+ K, x [CA] Ik, 1)

where k," and k' are the capacity factors of the
analyte determined before and after the addition
of calixarene to the mobile phase; [CA] is the con-
centration of calixarene in the mobile phase.

Under the analysis conditions, antiviral drugs
and calixarenes have retention times ¢;: 6.735 min
(Remdesivir), 6.915 min (Nevirapine), 7.327 min
(Vesatolimod), 5.873 (Bictegravir), 7.382 min (CPA),
and 6.958 min (CPO) (Figure 2).

Calixarenes CPA and CPO were characte-
rized by linear adsorption isotherms (Figures 3
and 4), which indicated their reverse adsorption
on the surface of the Zorbax CN column.

The addition of calixarenes to the mobile
phase reduces the retention time ¢, of antiviral
drugs. The linear nature of the dependences of
their parameters 1/k’ on the concentration of ca-
lixarenes in the mobile phase (Figures 5 and 6)
indicates the formation of supramolecular host-
guest complexes with a stoichiometry of 1:1.

The stability constants of the complexes K,
(3672—6884 M) calculated by formula (1),
and the values of the Gibbs free energies -AG
(4.852—-5.224 kJ-mol™) calculated by the equation
AG =-RTXInK, are given in Table 1. The stability
constants K, are rather close to the stability con-
stant of the 1:1 complex of the calix[4]arene-sul-
fonic acid with the antiretroviral drug Tenofovir
disoproxil fumarate determined by UV/Vis spec-
troscopy in the DMSO solution [42]. This calix[4]-
arene-sulfonic acid complex was further studied
for antimicrobial applications against methicil-
lin resistant Staphylococcus aureus (MRSA).

The values of the stability constants K, and
Gibbs free energies AG depend on the structure
of the calixarene host and the antiviral drug guest
and increase in the following order

Bictegravir < Vesatolimod <
< Nevirapine < Remdesivir

for complexes with CPA, and

Nevirapine < Vesatolimod <
< Remdesivir < Bictegravir

for complexes with CPO.
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Figure 2. Chromatograms of Remdesivir (a), Nevirapine (b), Bictegravir (c), Vesatolimod (d), CPA (e), CPO (f)
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Figure 4. The adsorption isotherm of calixarene CPO
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Figure 6. The dependence of 1/k' values of the antiviral drugs on the concentration of CPO in the mobile phase (R?=0.99)

Table 1. Stability constants K, and Gibbs free energies AG of the complexes of CPA and CPO with antiviral drugs

Antiviral drug CPA cPo
K,, M (RSD, %) AG, ki-mol* K,, M~ (RSD, %) AG, ki-mol™
Remdesivir 6884 (19) 5.224 4695 (15) 4.998
Nevirapine 5305 (27) 5.070 3672 (25) 4.852
Vesatolimod 4875 (21) 5.020 4015 (18) 4.905
Bictegravir 4850 (20) 5.017 5328 (27) 5.072

The dependence of the stability constants on
the structure of the calixarene and the antiviral
agent is complicated and can be determined by
hydrogen bonds, van der Waals forces, solvato-
phobic and other non-covalent interactions.

To understand the nature of complex formation,
the structures of calixarenes and their complexes
with molecules of antiviral agents were energeti-
cally minimized. According to energy minimization

data, CPA and CPO molecules exist in a flat-
tened cone conformation, in which the phospho-
rylated benzene rings are oriented “coplanarly”
and the unsubstituted rings are oriented “per-
pendicularly” to the main plane of the molecule
formed by the methylene groups of the macrocy-
clic backbone. This conformation is stabilized by
two intramolecular hydrogen bonds Ar-OH~0O-Alk
on the lower rim of the macrocycle (Figure 7).
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Figure 7. Energy-minimized molecular structures of CPA (a) and CPO (b)

Figure 8. Energy-minimized molecular structures of supramolecular exo-complexes CPA@Remdesivir (a), CPO@Remdesivir (b),
CPA@Nevirapine (c), CPCO@Nevirapine (d), CPA@Vesatolimod (e), CPO@Vesatolimod (f) CPA@Bictegravir (g), CPO@Bictegravir (h)
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According to the calculations, calixarenes form
exo-complexes with large and branched molecu-
les Remdesivir, Nevirapine, Vesatolimod, and Bic-
tegravir, which “hang” over the upper rim of the
macrocycle (Figure 8). The complexes are sta-
bilized by intermolecular hydrogen bonds of pro-
ton donor groups P(O)(OH), of CPA and proton
acceptor groups Me,P=0 of CPO with the amino
group and nitrile group of Remdesivir, the ami-
de group of Nevirapine, the amino group and amide
group of Vesatilimod, and the amide group of
Bictegravir.

It should be noted that among the drugs
studied, the most compact Nevirapine molecule
is directed by a nonmethylated pyridine fragment
into the lipophilic macrocyclic cavity of calixare-
nes (Figures 8c,d). In this case, the complexes,
in addition to hydrogen bonds of the amide group
of Nevirapine with the phosphorus groups of CPA
and CPO, can also be stabilized by van der Waals
forces, or solvatophobic interactions.

H® Conclusions

The wvalue of stability constants K,
(3672—-6884 M™) of supramolecular host-guest
complexes between water-soluble calix[4]arene-
hydroxymethylphosphonic acid CPA and ca-
lix[4]arenehydroxymethyldimethylphosphine oxi-
de CPO with active pharmaceutical ingredients
of antiviral drugs Remdesivir, Nevirapine, Vesa-
tolimod and Bictegravir depends on the structu-
res of the calixarene and the antiviral drug and
increases in the following order

Bictegravir < Vesatolimod <
< Nevirapine < Remdesivir

for complexes with CPA and
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Annelation of the 1,2,4-Triazine Core to 2,3-Benzodiazepine

Abstract

A one-pot, stepwise method for the annelation of the 1,2,4-triazine core to the seven-membered 2,3-benzodiazepine ring
via the interaction of the corresponding 2,3-benzodiazepin-1-yl- or 2,3-benzodiazepin-4-ylhydrazines with a-ketoesters has
been developed. It has been found that a stepwise formation of an azomethine intermediate followed by solvent replace-
ment and subsequent cyclization enables the desired compounds to be obtained in high yields. Derivatives of a new hetero-
cyclic system of [1,2,4]triazino[3,4-a][2,3]benzodiazepine have been synthesized.

Keywords: 2,3-benzodiazepine; a-ketoester; 1,2,4-triazine; annelation

H. M. borgas, C. I. WyBakiH, . C. Heuaesa, C. l0. Cyiikos, C. J1. bor3a
IHcmumym opeaHiyHoiI Ximii HayioHanbHOI akademii Hayk YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02660, YkpaiHa

AHenoBaHHA 1,2,4-TpMasnMHOBOro aapa Ao 2,3-6eH3oaiaseniHy

AHoTauin

Po3pobneHo ogHOpeaKTopHUIM meToa, aHentoBaHHsA 1,2,4-TpMasnMHOBOrO aapa A0 CEMUYNIEHHOIO UUKAY 2,3-6eH304ia3eniHy
LWNAXOM B3aemogji BignosigHux 2,3-6eH3oiasenin-1-in- abo 2,3-6eH3ogiazeniH-4-inriapasunHie i a-ketoecTtepis. 3’1coBaHoO,
LLLO NoeTanHe yTBOPEHHA a30METMHOBOIO iHTEpMeAiaTy Ta NoAanblua LUMKAI3aLia nicaa 3aMiHWM PO3YMHHUKA [03BONAIOTb OTPUMY-
BaTK 6aykaHi CNoNyKn 3 BUCOKMMM BUXoAamU. CUHTe30BaHO NoXiAHi HOBOT reTepoumMKaivyHoi cuctemu [1,2,4]tpuasuHol3,4-al-

[2,316eH304ia3eniHy.

Knrouoei cnoea: 2,3-6eH3oaia3zeniH; a-ketoecTtep; 1,2,4-TpMasunH; aHeNOBaHHA
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B Introduction

2,3-Benzodiazepines have been in the focus of
organic and medicinal chemistry for over 50 years
since the advent of the anxiolytic Grandaxin.
Extensive studies of 2,3-benzodiazepine deriva-
tives have revealed therapeutic applications for
the central nervous system, pain, metabolic syn-
drome, urology, gastrointestinal, and cardiovas-
cular systems (Talampanel) [1], cancer treat-
ment [2], and as AMPAA and AMPAR antago-
nists [3]. Despite the absence of recent novel me-
dical drugs based on 2,3-benzodiazepine, one of
the latest reviews states that “the benzodiazepine

saga continues to develop as the number and di-
versity of agents that modulate GABAA recep-
tors allosterically increases seemingly exponen-
tially. Such modulators are much sought after
for their potential subtype selectivity as a result
of the greater structural diversity of allosteric
sites as distinct from the orthosteric GABA binding
sites” [4]. 2,3-Benzodiazepine derivatives are at-
tractive due to their large number of biological
activities and their capacity to produce a more
subtle effect on various receptors than 1,4- and
1,5-benzodiazepine derivatives [5]. Thus, Gran-
daxin exerts anxiolytic activity but lacks sedati-
ve, amnestic, anticonvulsant, or muscle-relaxant
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properties, and does not bind to the benzodiaze-
pine binding site [6]. At present, there is a num-
ber of effective synthetic strategies for the con-
struction, functionalization, and heteroannela-
tion of the 1,2-diazepine core. New condensed he-
terocyclic systems with a 1,2-diazepine core have
been synthesized, and their structures, stabili-
ties, and biological activities have been studied.
Most biomedical studies of 2,3-benzodiazepines
have been performed on binuclear derivatives,
but some studies have shown that the annela-
tion of an additional heterocyclic ring to the seven-
membered ring could enhance activity or ex-
hibit a new property. It has been demonstrated
that the addition of an azole ring to the seven-
membered 2,3-benzodiazepine moiety at N3-C4
atoms provides a high activity of the molecule as
an AMPA antagonist and imparts a whole spec-
trum of activity to the molecule in relation to
the central nervous system [7]. The annelation
of the imidazole ring retains a high level of the
neurotropic activity, emphasizing the anticon-
vulsant and neuroprotective components in the
pharmacological profile [8].

In most fused heterocyclic systems with the
2,3-benzodiazepine fragment, the additional he-
terocycle is formed at N3-C4 atoms using avail-
able 2,3-benzodiazepine-4-thiones or the corre-
sponding hydrazines. Before our studies, only
one instance of a fused 2,3-benzodiazepine sys-
tem with a heterocycle at C(1)-N(2) atoms was
reported [9].

For novel C(1)-N(2) heterocyclic fused derivati-
ves of 2,3-benzodiazepine, we used 2,3-benzodiaze-
pinehydrazines-1 converted in moderate to high
yields to [1,2,4]triazolo[3,4-a][2,3]benzodiazepines
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by the action of carboxylic acids, acid chlorides,
and triethyl orthoformate [10] (Figure 1). The nit-
rosation in acetic acid forms the tetrazolo[5,1-a]-
[2,3]benzodiazepine heterocyclic system [11].
In addition to five-membered heterocycles, we were
also interested in the annelation of six-member
heterocycles, including 1,2,4-triazine. Heterocy-
clic systems with the 1,2,4-triazine core exhibit
a high anticancer activity [12, 13]. Thus, we in-
vestigated the possibility of adding a 1,2,4-tri-
azine ring to 2,3-benzodiazepines by reacting the
2,3-benzodiazepine hydrazines with 2-ketoesters.

B Results and discussion

As reported earlier, reactions of 1,3-dicarbo-
nyl compounds with 4-aryl-2,3-benzodiazepin-1-
ylhydrazines did not yield annelation products [11].
In contrast, Rosaria Gitto’s group obtained pro-
ducts of the triazine ring annelation at N(3)-C(4)
atoms by the action of oxalyl chloride on 1-aryl-
4-hydrazino-2,3-benzodiazepine [7]. Therefore, we
studied the interaction of 2,3-benzodiazepine-1-
hydrazines with a-ketoesters (Scheme 1). As a re-
sult of the interaction of hydrazine derivative 1
with methyl phenylglyoxylate (2a) in boiling 2-eth-
oxyethanol, the expected 7-(4-methoxyphenyl)-3-
phenyl[1,2,4]triazino[3,4-a][2,3]benzodiazepin-
4(8H)-one (3a) was obtained in 28% yield.

Increasing the cyclization temperature by
heating hydrazine 1 and ketoester 2a in 2-butoxy-
ethanol decreased the yield of cyclization pro-
duct 3a to 20%. To improve the yields of cycliza-
tion products, we studied the reaction stages of
the azomethine A formation and the cyclization
involving the ester group and the N(2) atom of

RCOOH or o 0o
RCOCI or )J\/lL Me Ar
/
Me Me N
< CH(OEt); N NN
N7 "N-N ref. [10] ref. [11] —N
N# Ar Me
R N
l N
= —N
HN._ O
NH, NC\HKRZ R
[HNO,] R HaN A
Ar = > o1_ />N Sn-N
N7 N-N ref. [11] ref. [11] R )
N=N N
R2

Figure 1. Selected studies in the formation of heterocyclic systems based on 2,3-benzodiazepin-1-yl-hydrazine
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Scheme 1. The synthesis of 7-(4-methoxyphenyl)-3-R-[1,2,4]triazino[3,4-a][2,3]benzodiazepin-4-ones 3a,b

the seven-membered ring. In the 'H NMR expe-
riment using hydrazine 1 and methyl trifluoro-
pyruvate (2b) as an example, it was found that
azomethine A formed quantitatively in acetoni-
trile at 30 °C within 30 min (Figure 2B). The cyc-
lization of azomethine A in boiling acetonitrile
was extremely slow (Figure 2C). After removing
acetonitrile from the reaction mixture, we suc-
cessfully carried out the cyclization step in boil-
ing toluene. Under preparative conditions, we
performed a stepwise synthesis of azomethine A
and cyclized it via solvent exchange. As a result,
3-(trifluoromethyl)-7-(4-methoxyphenyl)-8 H-[1,2,4]-
triazino[3,4-a][2,3]benzodiazepin-4-one (3b) was
isolated in 78% yield after the crystallization
step (Figure 2D).

The increase in yield is probably also due to
the removal of methanol released during the cy-
clization from the reaction zone. Triazinodiaze-
pine 3a was obtained by this method in 80% yield.

Table 1. The optimization of reaction conditions for the
cyclocondensation of hydrazines 1 and 4 with ketoesters 2a,b

Reagents Solvent T, °C Product | Yield, %
1+2a |2-Ethoxyethanol 135 3a 28
1+2a |2-Butoxyethanol 170 3a 20
1+2a |MeCN - PhMe |50- 110 3a 80
4 +2a |2-Ethoxyethanol 135 5 35
1+2b |MeCN - PhMe |50 - 110 3b 78
4+2a |[MeCN - PhMe |50 - 110 5 77

The reaction scheme does not require the isola-
tion of the azomethine intermediate (Table 1).
This approach is also effective for the 1,2,4-tri-
azine annelation at the N(3)-C(4) 2,3-benzodiazepi-
ne bond. The reaction of 1-aryl-2,3-benzodiazepin-4-
ylhydrazine (4) with ketoester 2a led to the isomeric
heterocyclic structure of 9,10-dimethoxy-7-(4-methyl-
phenyl)-3-phenyl[1,2,4]triazino[4,3-c][2,3]benzo-
diazepin-4(12H)-one with 77% yield (Scheme 2).

Me

MeO =N + I:)hm)kOMe
] N 0

MeO
N—NH;
H

4 2a

1. MeCN, 50 °C
2. PhMe, 110 °C

77 %

Y

Scheme 2. The synthesis of [1,2,4]triazino[4,3-c][2,3]benzodiazepin-4-one 5
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Figure 2. The 'H NMR study of the reaction of hydrazine 1 and 2a. *H NMR spectra of 1 in MeCN-d, (A); *H NMR spectra of 1 and 2b
in MeCN-d,, in 30 min at 30 °C (B); *H NMR spectra of 1 and 2b in MeCN-d,, 4 h at 80 °C (C); *H NMR spectra of 3b in DMSO-d,,

after 2 h in toluene refluxing (D)
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H® Conclusions

In summary, we report an easy approach to
the 1,2,4-triazine ring annelation to the “A” or
“C” bond of 2,3-benzodiazepine. Unlike the known
method [7], the method described allows for the
introduction of various substituents into the tri-
azine ring. Considering the availability of the
starting reagents and high yields of the final com-
pounds, we propose this simple and convenient
method for the 1,2,4-triazine ring annelation to
2,3-benzodiazepines and relative compounds.

m Experimental part

The solvents were purified according to the stan-
dard procedures. The initial hydrazines 1 and 4
were synthetized as described in [10, 11], a-keto-
esters 2a,b were received from commercial sources.
The melting points were determined on a Fisher-
Johns apparatus. 'H, *C and YF NMR spectra
were measured in the DMSO-d,; solution on a Bru-
ker Avance II 400 (400 MHz for protons, 100 MHz
for carbon, and 376 MHz for fluorine atoms, re-
spectively) and a Varian Mercury+ (300 MHz on
protons and 76 MHz on carbon atoms, respecti-
vely) at 25 °C. Tetramethylsilane for 'H and *C
and hexafluorobenzene for F were used as inter-
nal standards [14]. HPLC-MS spectra were re-
corded using the chromatography/mass-spectro-
metric system consisting of an Agilent 1100 high-
performance liquid chromatograph equipped
with a diode-matrix and mass-selective detector.
The parameters of the chromatography-mass ana-
lysis were the column SUPELCO Ascentis Ex-
press C18, 2.7 pym 4.6 mmX15 cm. The elemental
analysis was carried out in the Analytical La-
boratory of the Institute of Organic Chemistry,
NAS of Ukraine.

The cyclization of 2,3-benzodiazepin-1-yl- (1)
and 2,3-benzodiazepin-4-yl-hydrazine (4) with
ethyl phenylglyoxylate (Method A)

Hydrazine 1 or 4 (3 mmol) and ethyl phenyl-
glyoxylate (3.3 mmol) were refluxed in 10 mL of
2-ethoxyethanol for 4 h. After cooling the mixtu-
re, water was added, the precipitated product was
filtered, washed with water and recrystallized.

The yield of triazinodiazepine 3a was 28%,
the yield of triazinodiazepine 5 was 35%.

The [1,2,4]triazine ring annelation to 2,3-
benzodiazepin-1-yl- and 2,3-benzodiazepin-4-
yl-hydrazines (Method B)

To hydrazine 1 or 4 (3 mmol) in 50 mL of ace-
tonitrile, a-ketoester 2 (3.15 mmol) was added,

and the solution was stirred at 40—50 °C until
complete conversion in 0.5—1 h (*H NMR control).
The solvent was removed under reduced pressure
to dryness, 20 mL of toluene was added, and the
mixture was refluxed for 2 h. The solvent was re-
moved under reduced pressure to dryness, and
the residue was crystallized.
7-(4-Methoxyphenyl)-3-phenyl[1,2,4]triazi-
no|[3,4-a][2,3]benzodiazepin-4(8H)-one (3a)

Small light-yellow crystals. Yield 0.94 g (80%).
M. p. 209-211 °C (methanol). Anal. Caled for
C,,H :N,O,, %: C 73.08; H 4.60; N 14.20. Found, %:
C 73.2; H 4.6; N 14.3. '"H NMR (400 MHz,
DMSO-d,), 6, ppm: 3.88 (3H, s, CH,0); 4.00 (1H,
d, J =13.2 Hz), 4.52 (1H, d, J = 13.2 Hz), 7.02
(2H, d, J=8.8 Hz), 7.53-7.50 (4H, m), 7.65-7.55
(2H, m), 8.14 (2H, d, J=8.8 Hz), 8,21 (1H, d, J =
7.76 Hz), 8.36—8.30 (2H, m). *C NMR (100 MHz,
DMSO-d,), 6, ppm: 33.7, 55.3, 114.1, 125.1,
126.6, 127.5, 127.6, 127.8, 128.7, 129.0, 129.9,
130.1, 130.2, 132.3, 133.5, 138.9, 149.1, 151.3,
152.8, 172.0.

7-(4-Methoxyphenyl)-3-trifluoromethyl-
[1,2,4]triazino[3,4-a][2,3]benzodiazepin-4(8 H)-
one (3b)

Small white crystals. Yield 0.9 g (78%). M. p.
183-185 °C (propanol-2). Anal. Caled for
C,oH,;F,N,0,, %: C 59.07; H 3.39; F 14.75; N 14.50.
Found, %: C 58.95; H 3.35; F 14.84; N 14.67. 'H
NMR (300 MHz, DMSO-d,), 6, ppm: 3.86 (3H, s,
CH,0), 4.10 (1H, d, J = 12 Hz, 5-CH,), 4.59 (1H,
d, J = 12 Hz, 5-CH,), 7.10 (2H, d, J = 9 Hz),
7.52-7.63 (1H, m), 7.71 (2H, d, J = 9 Hz),
8.13-8.19 (3H, m). *C NMR (76 MHz, DMSO-d,),
6, ppm: 33.31, 55.66, 114.66, 124.52, 127.83,
128.13, 130.63, 130.89, 133.90, 139.88, 155.76,
163.10, 172.96. YF{!H} NMR (376 MHz, DMSO-d,),
0, ppm: -66.88. LC-MS (EI), m/z: 387 [M+H]".

9,10-Dimethoxy-3-phenyl-7-(p-tolyl)-12H-
[1,2,4]triazino[4,3-c][2,3]benzodiazepin-4-
one (5)

Small light-yellow crystals. Yield 1.0 g (77%).
M. p. 245-247 °C (propanol-2). Anal. Caled for
C,sH,,N,0O,, %: C 71.3; H 5,1; N 12.7. Found, %:
C 71.22; H 5.06; N 12.78. 'H NMR (400 MHz,
DMSO-d,), 6, ppm: 2.41 (3H, s, CH,), 3.63 (3H, s,
OCH,), 3.90 (3H, s, OCH,), 4.06 (2H, dd, 5-CH,,
J =14, 6.5 Hz), 6.75 (1H, s), 7.37 (3H, m), 7.49
(3H, m), 7.69 (2H, d, J = 6.8 Hz), 8.05 (2H, d, J =
6.8 Hz). *C NMR (100 MHz, DMSO-d,), 6, ppm:
23.1, 38.1, 57.7, 58.0, 113.2, 114.7, 114.8, 120.7,
122.6, 130.0, 130.7, 130.8, 131.3, 132.2, 132.4,
134.3, 135.1, 135.8, 144.3, 150.0, 151.2, 154.8,
156.6, 157.5, 170.0.
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The Experimental Study of the Quality and Safety of Injectable
Implant Medical Devices Based on Hyaluronic Acid in
Accordance with the Requirements of the EU Regulation

Abstract

The aim of the article is to present the results of the experimental study of leachables used as primary packaging for medi-
cal devices, namely injectable implants based on hyaluronic acid. For the study, a line of injectable implants with identical
qualitative composition and differing quantitative hyaluronic acid content was used. When developing the research condi-
tions, the main characteristics of the implant gel were taken into account, and the conditions for using the appropriate medi-
cal device were modeled to obtain the most informative results and confirm the safety of the primary packaging selected.
The analysis of extracts was carried out using the following methods: GC/MS, HPLC/UV/MS, ICP/MS, and IC. No substances
listed as Chemicals of Potential Concern were detected in the extracts obtained, thereby confirming the safety of using the
medical device for the patient under the conditions specified by the manufacturer.

Keywords: quality control; safety; hyaluronic acid; chromatography

I. P. BoHaapeub, B. A. TeoprisiHy,

HauioHanbHul papmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHu 300po8’s YKkpaiHu,

syn. [puzopis Ckosopodu, 53, m. Xapkie, 61002, YkpaiHa

EKcnepumeHTanbHe A0CNiIAKEeHHA AKOCTI Ta 6e3neyHocTi iH' eKLiMHUX imnaaHTaTiB

Ha OCHOBI riaNAypoHOBOI KUCNOTHU BignosiaHO Ao Bumor PernameHty EC

AHoTauinA

MeTa cTaTTi — BUKNACTU pe3y/bTaTh eKCNepUMEHTaNbHOMO AOCAIAKEHHSA BUYrOBYBAaHMX PEYOBUH i3 MePBUHHOIO NaKOBAHHA
MeanYHUX BUpobiB, a came iH’eKLiMHUX iIMNIaHTaTIB Ha OCHOBI rianypoHoBoi Kucnotu (FK). O6’ekTom aocnigxeHHs byna ni-
HilKa iH EKLiMHUX IMNNAHTaTIB, AKI MaloTb iAEHTUUYHWNI AKICHUI, ane BiAMIHHMIA KinbKicHWI cknag 3a smictom K. LLLo6 oTpu-
MaTK BUCOKY iHGOPMaTUBHICTb pe3yabTaTiB i NiagTBepaAnTM 6e3nedHicTb BUKOPUCTaHHA 06paHoro NepBMHHOIO NakoBaHHA,
nig, Yac po3pobsieHHA YMOB eKCNEPUMEHTY BPaX0BYBa/iM OCHOBHI XapaKTEPUCTUKM resito iIMNIaHTaTIB, @ TaKOX MOAEN0BaNN
YMOBW 3aCTOCYBaHHSA BignoBigHOro meanyHoro supoby. B oTpumaHmx 3paskax He BUABWIM PEYOBMH, LLLO HaleXaTb 40 No-
TeHUiMHO Hebe3neyHnx. OTKe, ByN0 NiaTBEPAKEHO BEe3neKy BUKOPMUCTaHHA MeAUYHOro BUPOBY A5 NalieHTa 3a YMOBM
AOTPUMAHHSA IHCTPYKLIN, 3a3HAaUYEHUX BUPOBHUKOM.
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B Introduction

Injection implants have become widely used
in current medical practice. Regardless of the pur-
pose — medical or cosmetic — the manufacturer is
responsible for the product’s quality and safety.

The quality of any medical devices is ensured
at the stage of their production. Previously, we
validated the technological process for manufac-
turing injectable implants based on hyaluronic
acid [1, 2]. It included a theoretical risk assess-
ment at the first stage and direct validation at
identified critical points at the second stage.

The most significant safety risks in the use
of medicines and medical devices are impurities.
These impurities can have different origins; there-
fore, during implementation and development, it is
mandatory to take into account all factors that
may contribute to the formation of associated and
extraneous impurities and to implement appro-
priate measures to regulate them. The highest
risk is also noted for parenterally administered
medical devices [3]. One of the focuses of the re-
cently entered into force European Union Regu-
lation (EU) 2017/745 (MDR) is compliance with
the safety standards for medical devices to mini-
mize harm to patients when used for their in-
tended purpose [4]. The biocompatibility assess-
ment is a key element in confirming the safety of
products for the human body [5]. In accordance
with the requirements of the MDR [4], manufac-
turers of medical products must conduct studies
to confirm the medical device’s ability to interact
with the patient without causing harm.

One source of hazardous impurities in the use
of medical devices is the containers used, such as
syringes. Therefore, one element of biocompatibility
research is the assessment of the physical and che-
mical properties of materials, namely the deter-
mination of extractable and leachable substances
from the primary packaging of a medical device
during its shelf life [6-9].

Research on leachable substances is always
a scientific challenge, since the extraction of sub-
stances from packaging by common solvents of
various natures can be predicted. Still, the ex-
traction of substances under the influence of the
product itself cannot. For some medical devices,
this information is extremely limited [10].

This article presents the results of the study
of leachable substances, 1.e., those that can be
released from the primary packaging of a medi-
cal device during its use under the influence of
temperature, environment, and other operating

conditions, and enter directly into the composi-
tion of the medical device itself. Such substances
can enter the patient’s body and potentially cause
undesirable reactions or toxic effects.

For injectable implants, this is critically im-
portant, given that such devices are introduced
into the human body and remain there until
they are completely biodegraded [11]. The safe-
ty threshold is 0.15 pg per day for genotoxic or
carcinogenic compounds and 1.5 pg per day for
others [4]. Depending on the nature of such sub-
stances, an adequate method for their detection
should be chosen.

The use of hyaluronic acid in various medical
devices has continued to expand in recent years,
as evidenced by numerous publications on its ef-
ficacy and safety [12—15]. At the same time, there
are few experimental studies in the literature on
the detection of substances extracted or leached
from the primary packaging of medical devices.
Studies of leachable substances from primary
packaging should be conducted by medical device
manufacturers at the design and development
stage of the product, as well as when making cri-
tical changes that could affect the product’s phy-
sicochemical parameters. Manufacturers are like-
ly to be reluctant to disclose this information.
This article presents a description of the methods
and results of studies on leachable substances
from the primary packaging of medical devices —
injectable implants based on cross-linked hyalu-
ronic acid.

Thus, the aim of this article was to demon-
strate the research results on leaching chemicals
that may pose a potential hazard to the patient in
medical devices —injectable implants in pre-filled
syringes. The studies were conducted on a finished
medical device (a pre-filled syringe with gel).

B Materials and methods

Equipment and reagents

To determine the conditions of the study, the
following characteristics of the medical device
were taken into account:

e the pH value — the limits of the line of in-
jectable implants studied — 7.2—7.4 (physiologi-
cal pH);

e duration of contact of the implants with
the human body — long term (> 30 days);

e the type of medical device — risk class III,
implantable product;

e the shelf life — 2 years;

e storage conditions — from +2 °C to +30 °C.

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



MypHan opaaHiyHOi ma papmayesmuyHoi ximii 2025, 23 (3)

The algorithm for conducting the study of
leachable substances was as follows [16]:

1. Selection of the research material —
assessment of primary packaging materials and
the medical product composition.

2. Determination of research conditions
and methodology — development of an analy-
sis method, research conditions, and determina-
tion of the required list of equipment.

3. Conducting the research:

3.1. Modulation of the conditions of use of the
finished medical device — to simulate the worst
case, a sample of the medical device that was in
climatic chambers and underwent product stabi-
lity studies was used. Thus, samples simulating
the medical device at the end of its shelf life
(2 years) and with a storage temperature at the
upper limit (+30 °C), i.e., the longest contact with
the primary packaging expected by the manu-
facturer, were used;

3.2. Analysis of the components released — the
quantitative and qualitative analysis in the sam-
ples of substances that could have leached from
the primary packaging into the gel of the medi-
cal device. The following methods were used for
the analytical study:

*  head-space gas chromatography for the
determination of volatile substances (an Agilent
RTX-624 capillary column — 30 m X 0.25 mm, the
aliquot volume — 1.0 mL, the ejector tempera-
ture — 200 °C, the flow rate — 1 mL min, helium
as a carrier gas, the GC temperature program —
from 40 °C to 240 °C at a rate of 8 °C min™);

+ gas chromatography coupled to a mass
spectrometric detector (GC/MS) for the determi-
nation of semi volatile organic compounds (an Agi-
lent HP-5MS capillary column — 30 m X 0.25 mm,
the aliquot volume — 1.0 mL, the injector tempera-
ture — 280 °C, the flow rate — 1.0 mL min™', helium
as a carrier gas, the GC temperature program —
from 40 °C to 280 °C at a rate of 10 °C min?,
then to 310 °C at a rate of 15 °C min™);

*  liquid chromatography coupled with UV
and mass spectrometric detectors (HPLC/UV/MS)
for the determination of non-volatile organic com-
pounds (an Agilent Zorbax Eclipse XDB-C18 co-
lumn — 2.1 mm X 50 mm, the aliquot volume —
5 pL, 5 mM ammonium acetate in water and
50:50 MeCN/MeOH (v/v) were used as the mobi-
le phase, the mobile phase speed — 0.4 mL min™,
the temperature — 380 °C, an UV detector — 210 nm;
MS ESI+ and ESI-);

* inductively coupled plasma mass spec-
trometry (ICP/MS) for metal determination (Data

acquisition parameters: the data acquisition mode —
spectrum; peak pattern — 3 points; repetition — 3;
repetition — 100; the stabilization time — 20 sec;
the resolution — standard).

The results of the study were calculated as pg
of the extracted product in 1 mL of the product.

4. Evaluation of the results obtained —
assessment of the toxicological impact of the
components found in the solutions and determi-
nation of the safety of the selected materials for
the medical device.

To conduct a chemical characterization study,
the threshold — the Analytical Evaluation
Threshold (AET) — was calculated below.

Determination of AET for the GC/MS and

HPLC/UV/MS methods:
ng 1
20 (—)x—
ngy _ day 2mLx1x1/ _ a
ART (1 )= f, =5ngmL

Each of the above methods was analyzed with
the reference solution, test sample, and blank
solution.

The limits of quantification for the metals
studied, expressed in pg Li !, are given in Table 1.

Sample preparation

Research on volatile organic compounds

To prepare the reference solution, an interme-
diate solution was prepared by diluting 0.2 mL
of the toluene solution to 20 mL with water.
Then, 0.5 mL of the intermediate solution was
diluted to 50 mL with water. An aliquot of 5 mL
of this solution was placed in a vial with a sealed
test tube for analysis.

To prepare the test sample, an aliquot of the gel
from the medical device, obtained after studying its
stability under the conditions specified by the manu-
facturer in the primary packaging, with a volume of
1 mL, was mixed with 4 mL of water (dilution 1:5).

The resulting solution was placed in a 20 mL
sealed test tube and analyzed without further
processing.

The sample was prepared in duplicate.

Water was used as a blank solution.

Table 1. Limits of the metal quantification

Metal Limits of quantification, ug L™
Li, V, Co, As, Mo, Ru, Rh, Cd,
Os, Ir, Pt, Tl 0.10
Ni, Cu, Se, Sn, Sb, Ba, Pb 0.50
Ag, Hg 1.00
Cr, Pd, Au* 5.00

Note: *the sample solution after 50-fold dilution
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The study of semi-volatile organic compounds

To prepare the reference solution, an interme-
diate solution was prepared by diluting 0.5 mL
of the phenanthrene-d,, solution to 5 mL with
dichloromethane (DCM). 0.1 mL of the interme-
diate solution was diluted to 10 mL with DCM.
This solution was used as the AET of the ana-
lytical evaluation.

To prepare the test sample, two 5 mL aliquots
of the gel samples from the medical device, ob-
tained after stability testing under the conditions
specified by the manufacturer in the original pack-
aging, were mixed with 5 mL of DCM using a la-
boratory shaker (shaking time — 1 min). One mL
of the organic phase was mixed with 4 mL of DCM
(5-fold dilution). The resulting solutions were
analyzed without further treatment.

An aliquot of DCM was used as a blank solu-
tion.

The study of non-volatile organic compounds

A mixture of the standard reference solution
Irganox® 1098 and Reserpine (1 pg mL™) was
used as a reference solution.

To prepare the test sample, 1 mL of the medi-
cal device gel, obtained after stability testing under
the manufacturer’s specified conditions in the ori-
ginal packaging, was diluted 5 times with water
to a final volume of 5 mL and analyzed without
further treatment.

An aliquot of H,0 was used as a blank solu-
tion.

The metal content study

As reference solutions, 0.5 mL of the certified
standard solution (1000 mg L) for each metal
and 1.0 mL of concentrated HNO, were diluted
to 50.0 mL with water.

To prepare the test sample, 1 mL of the medi-
cal device gel, obtained after stability testing under
the manufacturer’s specified conditions in the pri-
mary packaging, was mixed with 3 mL of HNO,
and digested using the microwave procedure.
The samples obtained were diluted to 50 mL with
water (dilution 1:100).

To prepare the blank solution, 1 mL of H,O
was mixed with 5 mL of HNO, and digested using
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the microwave procedure. The resulting solution
was diluted to 50 mL of H,O (dilution 1:100).

B Results and discussion

This article presents a study of substances
leached from the primary packaging for a group of
injectable implants (Table 2), using one product
line as an example, which was determined to be
the worst case (highest sodium hyaluronate con-
tent and highest daily dose).

The object of the study was an injectable im-
plant based on cross-linked hyaluronic acid con-
taining 20 mg mL" sodium hyaluronate, deli-
vered in a prefilled syringe. To assess potentially
hazardous substances, the composition and pro-
perties of the materials used in all components
of the syringe should be considered. The syringe
manufactured by Becton (Dickinson & Company)
consists of a borosilicate glass cylinder, a bromo-
butyl rubber seal, and a polyisoprene rubber cy-
linder tip. The silicone covering the inner space
of the cylinder, to facilitate smooth movement of
the seal and piston, was also considered. Thus, all
components of the primary packaging that come
into contact with the medical device during its
storage under the conditions specified by the ma-
nufacturer are subject to investigation. The manu-
facturer of hyaluronic acid is confidential in-
formation of the medical device manufacturer.
However, the manufacturer has completed the
internal qualification procedure and meets all the
requirements.

It is known that hyaluronic acid can promote
the release of substances, such as mangiferin, from
polymers [16]. Such information creates a pre-
requisite for releasing other organic substances
from packaging.

These studies aim to identify and control che-
micals that may pose a hazard. These chemicals
may have harmful effects on the patient’s health
and the environment. Their list is compiled by
organizations, such as the World Health Orga-
nization (WHO), the International Agency for Re-
search on Cancer (IARC), the Organization for

Table 2. The group of medical devices under study: injectable implants based on hyaluronic acid

Product name Sodium hyaluronate, mg mL™

Volume of primary

packaging, mL Sodium hyaluronate, mg

15 1 15

Injectable implant 17.5 1 17.5
based on hyaluronic acid 20 1 20
20 2 40
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Economic Co-operation and Development (OECD),
the European Chemicals Agency (ECHA), the
United States Environmental Protection Agen-
cy (EPA), etc., and includes substances that meet
at least one of the following criteria:

* carcinogenicity, mutagenicity or toxicity
to the reproductive system,;

* endocrine-disrupting properties that may
have a negative impact on the hormonal system;

*  persistence, bioaccumulation and toxicity;

+ hazardous properties for ecosystems.

A theoretical assessment of the probability of
leaching of harmful substances preceded the study.
Based on the results of the forecast, we selected
groups of substances that could be leached from the
packaging according to the groups: semi-volatile,
volatile substances, and metal impurities. The po-
tential impact of substances on the patient was
predicted using various mathematical models [17].

Research on volatile substances

In medical devices containing hyaluronic acid,
as a rule, volatile organic compounds used in the
production of raw materials, the finished product,
or during its storage may be present. In particu-
lar, these may include alcohols, aldehydes, keto-
nes, and essential oils used to flavor cosmetics.
In this case, such substances were not used in the
production of the injectable implant. However,

volatile solvents, such as ethylene glycol, methy-
lene chloride, and perchloroethylene [18, 19], may
be used during the production of hyaluronic acid
raw materials. Such substances may remain in
the final raw material product and thus enter
the finished medical product.

For volatile substances that are leached, the
headspace gas chromatography-mass spectromet-
ry method is traditionally used [20]. The leach-
ing of volatile substances was evaluated com-
pared to toluene at a concentration of 5 pg mL™".
During chromatography of the test solution, no
unidentified substance with a concentration
greater than the standard was detected (Figure 1).

Research on semi-volatile organic compounds

The content of extraneous semi-volatile orga-
nic compounds was estimated by GC/MS. The sub-
stances were extracted from the hyaluronic acid
solution with dichloromethane. The results were
evaluated against the reference standard of phen-
anthrene added at a concentration of 5 png/mL.
Thus, any impurities with an area under the
peak smaller than the reference are not subject
to determination, while impurities with a high-
er content should be identified and determined.

As a result of the GC/MS study, no com-
pounds with the content above AET were iden-
tified (Figure 2).
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Non-volatile organic compounds leached from
the primary packaging were determined by HPLC
using two detectors — UV and a mass-selective de-
tector. This method is generally accepted for such
studies [2]. The results obtained by HPLC/UV/MS
were evaluated using two reference standards de-
pending on the ionization mode (positive or ne-
gative).

When examining the sample by HPLC/UV/MS
at the 0.42 min point, a compound with a con-
centration of 42.4 ng mL" was detected, which
was higher than the AET value of 5 pg/mL we
calculated (Figure 3C).

According to the mass spectrum in the posi-
tive ESI mode, the compound was identified as

a derivative of the API — hyaluronic acid, so the
source of its entry into the implant is not leach-
ing. Therefore, this impurity was not considered
by us among the substances leached/extracted
from the primary packaging.

Metal impurities

Among the metals potentially leachable
from the primary packaging, all metals listed
in Table 1 above were evaluated. The results
obtained using the ISP/MS method were evalu-
ated against reference standards for the tested
metals. The MS peaks were compared with the
MS library for GC and with the known MS tem-
plates for LC to identify the detected compounds.
Only one metal, lithium (Li), was detected by
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Figure 3. The HPLC chromatogram of the solution studied: A — HPLC/MS, negative ionization, B—HPLC/MS, positive ionization, C— HPLC/UV
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the ISP/MS method at a level exceeding the ex-
pected acceptable level (0.005 ng L' after 50-fold
dilution). However, Li at such trace levels has
no toxicological or biological effect.

The borosilicate glass used to manufacture
the syringe cylinders for gel storage contains
not only silicon and boron but also alkali met-
als, such as sodium, potassium, and lithium,
at low concentrations. Lithium oxide (Li,0) is
added to the glass to increase thermal resist-
ance, reduce the coefficient of thermal expan-
sion, and improve chemical durability. A portion
of these ions may leach into the solution during
prolonged contact, especially if the medium has
a particular ionic strength, pH, or viscosity that
promotes diffusion.

The presence of low concentrations of un-
known extractables was considered acceptable.

primary packaging of injectable implants con-
taining stabilized hyaluronic acid. Only one un-
known organic compound was detected by the
HPLC/UV/MS analytical method. However, the
peak was studied in the ESI-positive mode and
was identified as a compound related to hyalu-
ronic acid; therefore, this substance was not con-
sidered as a substance leached from the primary
packaging. Other organic compounds in quanti-
ties above the AET were found in the gel sam-
ples of the medical device, obtained after evalu-
ating its stability under the conditions specified
by the manufacturer in the primary packaging.
The ICP/MS method detected a small amount of
lithium; however, this substance does not pose
a concern due to its insignificant risk to human
safety and its low concentration in the sample.
The results of the study demonstrate the

sults of a study on substances leached from the

|
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10.

11.

12.

13.
14.

15.

16.

confirmation of the quality and safety of the use
of medical devices — injectable hyaluronic acid-
based implants for the patient under the condi-
tions specified by the manufacturer in the se-
lected primary packaging.

Conclusions

This article presents the algorithm and re-
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Oleksandr Ishchenko: And Gladly Would He Learn,
and Gladly Teach

Abstract

The Ukrainian school of organic dye chemistry has long received worldwide recognition. Among the scientists whose achieve-
ments embody this success is Academician Oleksandr Oleksandrovych Ishchenko. Over more than half a century of fruit-
ful research at the Department of Color and Structure of Organic Compounds of the Institute of Organic Chemistry of the
National Academy of Sciences of Ukraine, he laid the foundations for the rational design of functional dyes for light-energy
conversion, particularly for various laser technologies; became one of the pioneers of polymethine ion-pair photonics; de-
veloped methodological approaches to the study of electronic absorption and fluorescence spectra using the method of
moments, which provided new insights into the electronic structure of organic chromophores; and made a significant con-
tribution to the systematic study and interpretation of the solvatochromism of polymethines of different types. The driving
force behind all these achievements was his enduring passion for science — a deep desire to learn and share knowledge with
future generations of researchers.

Keywords: polymethine dyes; color theory; electronic structure; material science; history of chemistry

A. B. KyniHiy

IHcmumym opeaHiyHOI ximii HayioHanbHOI akademii HayK YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa

OnekcaHgp lweHKo: HaTXxHeHHO ni3HaBaB — HATXHEHHO HaB4YaB

AHoTauinA

YKpaiHCbKa LWKo/a opraHiyHMx 6apBHMKIB AaBHO 3406yna cBiToBe BU3HaHHA. Cepes, y4eHUX, YMi LOCATHEHHA YyOCOb610t0Tb
uen ycnix, — akagemik HAH Ykpaitu OnekcaHgp OnekcaHgposumy leHKo. 3a noHaa niBCToAiTTA NAiAHOT HAayKOBOI NpaLi y Bia-
Aini Konbopy Ta 6yA0BKM OpraHivYHMX CNoAyK IHCTUTYTY opraHivHoi ximii HAH YKpaiHu BiH 3aK/1aB OCHOBM LiiIecnpAMOBAHOr0O
O13anHy yHKLioHabHMX BapBHUKIB A1 NepeTBOPIOBaYiB CBIT/I0BOI eHeprii, Hacamnepes AA8 PiSHOMaHITHUX Na3epPHUX
TEXHOJIOTiN; CTaB OA4HMM i3 NioHepPiB GOTOHIKM iIOHHUX Map NONIMETMHIB; PO3POOMB METOAONONIYHI NiAXOAN A0 AOCNIANKEHHA
€NeKTPOHHUX CNEKTPIB NOIMHAHHA Ta dayopecLeHL;i i3 3acToCyBaHHAM MeToAy MOMEHTIB, WO A03BOUIO0 OTPUMATN HOBY
iHbopMmaL,ito Npo enekTPoHHY ByaoBY OpraHiYyHUX Xpomodopis; 3pobMB BaromMmnin BHECOK Y paLioHa/ibHe AOCNIAXKEHHA Ta iH-
TeprnpeTaL,ito CONbBaTOXPOMIi MONIMETUHIB pi3HOI Npupoau. KntoyoBmMm pyLUiEM LbOro ycnixy 6yi0 Moro HeamiHHe HaTXHEH-
HA HayKO0, NParHeHHA Ni3HaBaTW HOBe 1 NepeaaBaTV 3HAHHA MabyTHIM NOKONIHHAM HayKOBLLiB.
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m Early Life and Education

Oleksandr Oleksandrovych Ishchenko was born
on August 26, 1950, in Piskivka, Kyiv Oblast,
Ukraine. Soon afterward, the family of the future
scientist moved to Kyiv, which from then on be-
came his lifelong home.

His father, Oleksandr Trokhymovych, had just
retired from military service and was working
as an engineer while pursuing higher education
through evening studies. His mother, Larysa Hry-
horivna, was a philologist and university lecturer.

In the courtyards of his Kyiv childhood, one
of Oleksandr Ishchenko’s first lifelong passions
began to take shape — he became an ardent sup-
porter of the Kyiv football club Dynamo. Later,
during his student years (1968—1973) at the Fa-
culty of Chemistry of Taras Shevchenko Kyiv Sta-
te University, he developed other, more active
and creative interests — travel and photography,
and later, filming his family — his wife Valentyna,
also a chemist, and son Yevgen — with a home
movie camera. Together with friends, Oleksandr
set out on hiking trips to the Carpathians, jour-
neys across the lakes of Karelia, and rafting ex-
peditions along the Chusovaya River in the Urals.
Yet all these pursuits filled only the time left free
from the main passion of his life — science.

Oleksandr Ishchenko was among the best stu-
dents of his year. From the very beginning of his
studies, he displayed a strong enthusiasm for
scientific and creative work. It was this passion
that led him to approach Mykhailo Kornilov and
ask him to become his research supervisor. At that
time, Prof. Kornilov was deeply engaged with a ra-
pidly developing method of physicochemical ana-
lysis — NMR spectroscopy. He entrusted the young
Ishchenko and his classmate and friend, Olek-
sandr Turov, with studying the relevant litera-
ture, particularly on the principles of the NMR
spectrometer operation and the use of lanthanide
shift reagents to resolve overlapping signals in
"H NMR spectra — a technique of great importance
in the era before high-field superconducting spec-
trometers became widely available. The open lec-
ture on NMR spectroscopy prepared by the two
Oleksandrs attracted undergraduate and grad-
uate students, as well as faculty members who
had completed their education before the advent
of NMR spectroscopy and wished to acquaint
themselves with the capabilities of this rapidly
developing field. The lecture was received with
great interest, and the two were even invited to
present it at other venues in Kyiv.
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B Journey into Science

After graduating from the University with dis-
tinction, Oleksandr Ishchenko — on the advice of
Prof. Mykhailo Kornilov, who recognized that his
student’s “greatest” opinion talent lay in the field
of theoretical chemistry — chose Heorhii Dyadyu-
sha as his scientific advisor. The latter was an
outstanding theoretician and one of the pioneers
of quantum chemistry in Ukraine; at that time,
he worked in the Department of Color and Struc-
ture of Organic Compounds at the Institute of
Organic Chemistry of NAS of Ukraine.

The problems, assigned by Dr. Dyadyusha to
his graduate students — Oleksandr Ishchenko,
Oleksii Rykov, and Oleksii Kachkovsky — required
them to acquire new knowledge in physical and
quantum chemistry, as well as in computer pro-
gramming. The young researchers found a crea-
tive solution: they prepared scientific presenta-
tions on the topics they needed and discussed
them vigorously together.

The topic of Oleksandr Ishchenko’s first dis-
sertation research was the mathematical analy-
sis of band shapes in the absorption and fluo-
rescence spectra of organic dyes. By that time,
the scientific community already understood that
the shape of a band in an electronic spectrum
provides much more information about the elec-
tronic structure of the corresponding chromo-
phore than do the traditional parameters of
the band maximum and intensity. However,
no methodology yet existed that would allow
a meaningful comparison of the shapes of ab-
sorption and fluorescence bands of different
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dyes and the formulation of reliable conclusions
based on such analysis.

The only parameter then commonly used to
describe band shapes was the full width at half
maximum (FWHM), which, as Oleksandr Ishchen-
ko demonstrated in his PhD (Candidate of Sci-
ences) thesis “The chemical structure and ab-
sorption band width of cyanine dyes” (1980), is
not sufficiently reliable for comparing bands of
markedly different shapes, especially strongly
structured ones. Instead, he proposed applying
mathematical analysis of spectral bands using
the method of moments, defining the criteria ne-
cessary for the use of this approach, such as the
required signal depth at the band edges, the sepa-
ration of higher electronic transitions (in absorp-
tion spectra), and recommendations for the appro-
ximation of band edges of different shapes [1, 2].

It should be noted that the young researcher
was fortunate to have convenient model systems
at hand, since for cyanines (cationic polymethi-
nes) the long-wavelength electronic transition is
typically well separated from the higher ones, while
the shape of these long-wavelength bands can vary
significantly depending on the structure of the
terminal heterocyclic fragments and the difference
in their electron-donating abilities. Yet this “good
fortune” was multiplied by enormous effort: an
extensive analysis of the literature and selection
of the optimal way to represent spectral bands
(a question that, even today, lacks a universal
consensus for fluorescence spectra [3]); a careful
choice of compounds from among thousands of
dyes available in the Department of Color and
Structure; hundreds of measured and digitized
spectra; writing and debugging a dedicated pro-
gram in the era of punch cards; exhausting “night
shifts” at the Glushkov Computational Center to
obtain calculation results more quickly — making
corrections to the tasks and resubmitting them
for processing while the queue was shorter; and,
finally, the analysis of the data obtained.

The result of this tremendous work was not
merely a dissertation, but a genuinely advanced
tool for the analysis of molecular spectra, as well
as a significant broadening of his scientific out-
look and deep familiarity with the literature in
his chosen field — the electronic structure, spec-
tral properties, and applications of polymethine
dyes.

At that time, one of the most active and pro-
mising areas of application for functional dyes
was laser optics. The young scientist continued
to learn intensively, deepening his knowledge in

this field and establishing broad scientific con-
tacts with laser physicists in Lithuania, Bela-
rus, Russia, and Kazakhstan. He soon realized
that the requirements for dyes in this area ex-
tended far beyond the classical structure-color
relationships. Accordingly, it became clear that
new regularities had to be uncovered — in partic-
ular, those linking the molecular structure with
the lifetime of its excited state. Here, in addition
to the analysis of spectral bands by the method
of moments, his background in theoretical and
quantum chemistry proved invaluable. A strik-
ing example of the synergy between these ap-
proaches was Oleksandr Ishchenko’s classical in-
terpretation of the differences in band shapes and
excited-state lifetimes of isomeric pyrilocyanines
and related compounds [4], which opened the way
to the rational design of dyes with record-short
lifetimes for laser applications [5, 6].

Thanks to the initiative and efforts of the
young scientist, the Department of the Color and
Structure of Organic Compounds acquired the best
spectrofluorometer available at the time (in 1984),
which enabled the launch of active studies of the
fluorescence properties of polymethines — a di-
rection he himself led. Among the first notable
results of this work was the discovery that the
fluorescence bands of strongly asymmetric cya-
nines (with respect to the electron-donating
strengths of their terminal groups), unlike their
absorption bands, resemble in their shape,
Brooker’s deviations, and vinylene shifts the fluo-
rescence bands of the corresponding symmetric
parent dyes [7], which opened the way to the de-
sign of cyanines with record-high Stokes shifts.
Moreover, the fluorescence solvatochromism of
both asymmetric and symmetric cyanines was
found to be determined almost entirely by the
solvents polarizability (n,) and to be independ-
ent of their general (¢,) and specific (nucleophili-
city, electrophilicity) polarities [7, 8]. Oleksandr
Ishchenko concluded that this result implies both
an increase in the electronic symmetry of poly-
methines in the fluorescent S, state compared
with the ground S, state and a decrease in charge
alternation within the chromophore. This inter-
pretation was corroborated by quantum-chemi-
cal calculations. It is worth noting that the fluo-
rescent properties of polymethines, and more
broadly, fluorescence spectroscopy as a powerful
tool for studying organic compounds, became the
subject of a brilliant plenary lecture delivered
by Oleksandr Ishchenko at the All-Ukrainian
Conference in Uzhhorod in 1986, dedicated to
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the 90* anniversary of the birth of Academician
Andrii Ivanovych Kiprianov.

In Oleksandr Ishchenko’s studies on the sol-
vatochromism of polymethines, his broad scienti-
fic outlook and excellent theoretical background —
as well as his deep understanding of solvation at
the molecular level — were clearly manifested.
These qualities formed the basis for his inter-
pretation of the atypical spectral behavior of
cyanines in weakly polar solvents [9]. In fact, he
was one of the founders of a distinct line of re-
search — the photonics of polymethine ion pairs
and their associates.

Here, the knowledge he had gained during his
student research projects proved particularly use-
ful. Using NMR spectroscopy, he was able to ex-
perimentally determine the localization of coun-
terions in cyanine ion pairs [10, 11] and, by ana-
lyzing aromatic solvent-induced shifts (ASIS), to
show that in the first solvation shell of polymethi-
nes, the molecules of aromatic solvents are ori-
ented predominantly parallel to the plane of the
polymethine chromophore [8]. This effect proved
to be so pronounced that in strongly nucleophi-
lic pyridine, the long-wavelength absorption bands
of cyanines, which undergo strong nucleophilic
solvation and hence hypsochromic shifts and
broadening, for example in DMF, appear simi-
lar to those observed in less polar solvents.
These results served as the basis for both prac-
tical recommendations on solvent selection for

the laser applications of polymethines and for
subsequent studies on dye behavior in polymer
matrices (composites), as well as for the use of
dye-doped functional materials in light-energy con-
version and quantume-electronic applications.
In this latter field, Oleksandr Oleksandrovych
became an internationally recognized expert; he
was repeatedly invited to deliver plenary lectu-
res at international conferences, to give lecture
courses at Ben-Gurion University (Israel) and Ka-
raganda State University (Kazakhstan), and to
contribute review articles on the subject [5, 12].

The defense of his doctoral thesis in 1991, titled
“The Structure and Spectral-Luminescent Proper-
ties of Polymethine Dyes”, which later formed the
basis of a monograph of the same name [13], just
officially confirmed Oleksandr Ishchenko’s sci-
entific maturity and outstanding achievements in
his chosen field of research. Another early marker
of his success as a scientist was the awarding of
the A.I. Kiprianov Prize of the NAS of Ukraine
in 1997.

This essay cannot accommodate a full account
of Oleksandr Ishchenko’s numerous subsequent
studies, reflected in more than 400 publications
in scientific journals, dozens of patents, several
book chapters, and four monographs. I will there-
fore mention only a few more of the most re-
markable directions of his work.

The first of these is the study of photoconducti-
ve polymer composites, carried out in collaboration
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0. 0. Ishchenko (left) and M. O. Davydenko (right) showcase their laser defectoscopy device at the exhibition

with Dr.Sci. Mykola Oleksandrovych Davydenko.
Among the topics of this extensive research were
the influence of external electric fields on the spec-
tral properties and electronic structure of sym-
metric and asymmetric polymethines in polymer
matrices; the effect of the structure of dye do-
pants on the photoconductivity and photovoltaic
characteristics of dyed polymer composites; and
the development of highly efficient holographic
recording media that require no protection from
scattered light, among others [14, 15].

The second one, conducted in collaboration with
several research groups — most notably with Vo-
lodymyr Ivanovych Bezrodnyi at the Institute of
Physics of the NAS of Ukraine — was a develop-
ment of Oleksandr Ishchenko’s ideas on laser ma-
terials based on organic dyes [16—18]. The first
successful demonstration worldwide of passive
mode-locking of Erbium-doped laser at 1340 nm
represented a particularly notable achievement
in this area [19].

The third — one in which I was fortunate to par-
ticipate — involved fundamental studies on the
solvatochromism, electronic structure, and pho-
tophysical properties of merocyanines [20, 21].
The success of this pursuit owed much to Olek-
sandr Oleksandrovych’s deep understanding of the
electronic structure of conjugated systems, extensive
use of the method of moments for spectral data ana-
lysis (using the program he had developed), and the
broad collaboration with physicist-spectroscopists

that he established. This collaboration made it
possible, in particular, to obtain essential spec-
tral data at cryogenic temperatures [22, 23], to
record for the first time the absorption spectra of
merocyanines in the gas phase [24], and to trace
how the molecular structure of merocyanines
affects their (photo)isomerization behavior and
excited-state lifetimes [25, 26].

B Imparting Knowledge

Yet throughout his long and fruitful scientific
career, Oleksandr Oleksandrovych’s defining pas-
sion was his tireless desire to share knowledge —
to ignite curiosity and a love of science in people’s
hearts, regardless of their age. Even as a univer-
sity student, he organized and conducted classes
and lectures for schoolchildren and helped pre-
pare prospective university applicants. And he
never abandoned this mission after graduation.

Since the early 1990s, already a young Doc-
tor of Sciences, he developed and taught a lectu-
re course on electronic spectroscopy at his alma
mater, the Faculty of Chemistry of Taras Shev-
chenko National University of Kyiv. Remarkably,
he initially did so voluntarily and was formally
appointed to a professorship only in 1998. His lec-
tures — clear and accessible, yet truly fundamen-
tal and richly illustrated with examples both
from his own research and from the most up-to-
date scientific achievements — attracted not only
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students but also graduate students and even
faculty members.

This popularity stemmed not only from his na-
tural teaching talent and ability to connect with
an audience but also from his meticulous pre-
paration of both content and visual materials.
Both components were continuously refined, im-
proved, and expanded from year to year. Later,
to the course on electronic spectroscopy, he added
an independently designed special course on ma-
terials science and on physical methods for the
investigation of chemical compounds. In addition
to the Faculty of Chemistry, Oleksandr Ishchen-
ko also taught several courses at the Education-
al and Research Institute of High Technologies
of the same university from its founding in 2009.

m Concluding Remarks

To encompass an entire human life within the
bounds of a memorial article is a task that goes
far beyond what is possible. A globe may serve as
an adequate model of the Earth, yet it still con-
ceals more than it reveals. Our imagination and
experience remind us that behind every genuine
success, every achievement that remains in peo-
ple’s memory, lie immense effort — above all, the
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labor of self-discipline and self-development —
as well as a deep love: love for one’s chosen path,
for knowledge, for people, and the courage to
make difficult choices in difficult times.

The scientific career of Professor Oleksandr
Ishchenko was far from an “easy walk.” Within
the Department of Color and Structure of Orga-
nic Compounds, he advanced from engineer to
the head of the Department — a position he held
from 2006 until his sudden passing on July 31,
2024. In 2015, he was elected a Corresponding
Member, and in 2021, a Full Member of the Na-
tional Academy of Sciences of Ukraine. Yet these
marks of recognition and professional success also
meant that he had less time for what he loved
most — the search for new knowledge and the joy
of sharing it.

He had many ideas and plans for future studies
and projects. He lived, worked, and thought cre-
atively to the very end.

m Acknowledgments

I express my deep gratitude to Professor Va-
lentyna Ishchenko, the wife of Oleksandr Olek-
sandrovych, for her invaluable assistance in
preparing this article.

1. Ishchenko, A. A.; Derevyanko, N. A.; Kudinova, M. A.; Dyadyusha, G. G.; Tolmachey, A. |. Chemical Structure and Shape of the Absorption
Bands of Pyrylocyanine Dyes. Theoretical and Experimental Chemistry 1978, 13 (6), 628 —630. https://doi.org/10.1007/BF00520821.

2. Dyadyusha, G. G.; Ishchenko, A. A. Application of the Method of Moments to the Study of the Electronic Spectra of Organic Dyes.
Journal of Applied Spectroscopy 1979, 30 (6), 746—750. https://doi.org/10.1007/BF00615763.

3. Catalan, J. On the Mirror Symmetry between the Absorption and Emission of Complex Molecules in Solution. Journal of Physical Or-
ganic Chemistry 2020, 33 (3), e4034. https://doi.org/10.1002/poc.4034.

4. Dyadyusha, G. G.; Ishchenko, A. A.; Derevyanko, N. A.; Tolmachey, A. |. Absorption Bandwidth of Isomeric Polymethine Dyes. Journal
of Applied Spectroscopy 1984, 41 (6), 1400—1404. https://doi.org/10.1007/BF00659321.

5. Ishchenko, A. A. Laser Media Based on
https://doi.org/10.1070/qe1994v024n06abeh000122.

Polymethine

Dyes. Quantum Electronics 1994, 24 (6), 471-492.

6. Ishchenko, A. A. Physicochemical Aspects of the Creation of Modern Light-Sensitive Materials Based on Polymethine Dyes. Theoretical
and Experimental Chemistry 1998, 34 (4), 191-210. https://doi.org/10.1007/BF02523249.

7. Ishchenko, A. A.; Derevyanko, N. A.; Svidro, V. A. Constitution and Fluorescence Spectra of Unsymmetrical Polymethine Dyes. Dyes and
Pigments 1992, 19 (3), 169—177. https://doi.org/10.1016/0143-7208(92)80023-G.

8. Ishchenko, A. A.; Svidro, V. A.; Derevyanko, N. A. Solvatofluorochromy of Cationic Cyanine Dyes. Dyes and Pigments 1989, 10 (2), 85—96.
https://doi.org/10.1016/0143-7208(89)85001-6.

9. Dyadyusha, G. G.; Ishchenko, A. A.; Derevyanko, N. A.; Tolmachey, A. I. Study of lonic Equilibria of Indotricarbocyanines in Aromatic
Hydrocarbons. Doklady Physical Chemistry 1982, 264 (2), 351—355.

10. Komarov, . V.; Turoy, A. V.; Kornilov, M. Yu.; Derevyanko, N. A.; Ishchenko, A. A. Study of the Chemical Structure of lon Pairs of Cationic
Cyanine Dyes in Weakly Polar Solvents by the Method of PMR Spectroscopy with the Use of Lanthanide Shift Reagents. Journal of
General Chemistry of the USSR 1989, 59 (10), 2110-2115.

11. Komarov, I. V.; Turoy, A. V.; Ishchenko, A. A.; Derevyanko, N. A.; Kornilov, M. Yu. Study of the Structure of lon Pairs of Cationic Cyanine
Dyes Using Lanthanide Chelates and NMR Quadrupole Nuclei. Doklady. Chemistry 1989, 306 (5), 178 —181.

12. Ishchenko, A. A. Photonics and Molecular Design of Dye-Doped Polymers for Modern Light-Sensitive Materials. Pure and Applied
Chemistry 2008, 80 (7), 1525—-1538. https://doi.org/10.1351/pac200880071525.

13. Ishchenko, A. A. Structure and Spectral-Luminescent Properties of Polymethine Dyes [in Russian]; Naukova Dumka: Kyiv, 1994.

14. Davidenko, N. A.; Ishchenko, A. A.; Kuvshinsky, N. G. Photonics of Molecular Semiconductor Composites Based on Organic Dyes [in
Russian]; Naukova Dumka: Kyiv, 2005.

15. Bulavko, G. V.; Ishchenko, A. A. Organic Photovoltaic Structures [in Ukrainian];

Naukova Dumka: Kyiv, 2023.

https://doi.org/10.15407/978-966-00-1839-6.

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



MypHan opaaHiyHOi ma papmayesmuyHoi ximii 2025, 23 (3)

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Bezrodnyi, V. I.; Ishchenko, A. A.; Karabanova, L. V; Slominskir, Y. L. Highly Stable Polymethine-Dye-Based Polymer Switches for Passive
Mode Locking in Neodymium Lasers. Quantum Electronics 1995, 25 (8), 819—822. https://doi.org/10.1070/QE1995v025n08ABEH000477.
Bezrodnyi, V. I.; Ishchenko, A. A. High Efficiency Lasing of a Dye-Doped Polymer Laser with 1.06 Mm Pumping. Applied Physics B: Lasers
and Optics 2001, 73 (3), 283 —285. https://doi.org/10.1007/s003400100646.

Bezrodna, T.; Bezrodnyi, V.; Ishchenko, A.; Slominskii, Y.; Sharanov, I. New Polymethine Dyes for Liquid and Polymer Passive Q-Switches
of Neodymium Lasers. Optik 2022, 267, 169725. https://doi.org/10.1016/].ijle0.2022.169725.

Bezrodnyi, V. I.; Derevyanko, N. A.; Ishchenko, A. A.; Slominskii, Y. L. Polymer Passive Laser Switches for Stimulated Emission in the
Region of 1.3 Mm. Quantum Electronics 1995, 25 (8), 823 —825. https://doi.org/10.1070/QE1995v025n08ABEH000478.

Kulinich, A. V.; Ishchenko, A. A. Electronic Structure and Spectral and Fluorescence Properties of Merocyanines [in Ukrainian]; Naukova
Dumka: Kyiv, 2022.

Kulinich, A. V.; Ishchenko, A. A. Merocyanines: Electronic Structure and Spectroscopy in Solutions, Solid State, and Gas Phase. Chemical
Reviews 2024, 124 (21), 12086 —12144. https://doi.org/10.1021/acs.chemrev.4c00317.

Kulinich, A. V.; Ishchenko, A. A.; Bondarey, S. L.; Knyukshto, V. N. Low-Temperature Effect on the Electronic Structure and Spec-
tral-Fluorescent Properties of Highly Dipolar Merocyanines. Journal of Physical Chemistry A 2018, 122 (50), 9645-9652.
https://doi.org/10.1021/acs.jpca.8b09522.

Kulinich, A. V.; Ishchenko, A. A.; Bondarey, S. L.; Knyukshto, V. N. Effect of Donor and Acceptor End-Groups on Electronic Structure and
Spectral-Fluorescent Properties of Merocyanines in Frozen Ethanol. Journal of Photochemistry and Photobiology A: Chemistry 2021,
405, 112932. https://doi.org/10.1016/j.jphotochem.2020.112932.

Ishchenko, A. A.; Kulinich, A. V.; Bondarey, S. L.; Raichenok, T. F. UV-Vis Absorption Spectra and Electronic Structure of Mero-
cyanines in the Gas Phase. Spectrochimica Acta — Part A: Molecular and Biomolecular Spectroscopy 2018, 190, 332—-335.
https://doi.org/10.1016/j.saa.2017.09.054.

Kulinich, A. V.; Ishchenko, A. A.; Chibisov, A. K.; Zakharova, G. V. Effect of Electronic Asymmetry and the Polymethine Chain
Length on Photoprocesses in Merocyanine Dyes. Journal of Photochemistry and Photobiology A: Chemistry 2014, 274, 91-97.
https://doi.org/10.1016/j.jphotochem.2013.09.016.

Voiciuk, V.; Redeckas, K.; Derevyanko, N. A.; Kulinich, A. V.; Barkauskas, M.; Vengris, M.; Sirutkaitis, V.; Ishchenko, A. A. Study of Pho-
tophysical Properties of a Series of Polymethine Dyes by Femtosecond Laser Photolysis. Dyes and Pigments 2014, 109, 120—-126.
https://doi.org/10.1016/j.dyepig.2014.05.012.

Information about the author:

Andrii V. Kulinich, Dr.Sci in Chemistry, Leading Researcher of the Colour and Structure of Organic Compounds Department,
Institute of Organic Chemistry of the National Academy of Sciences of Ukraine; https://orcid.org/0000-0002-0857-6632;
e-mail for correspondence: andrii.kulinich@gmail.com.

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



rganic and Original Research opeN G Access
[] . "
rarmaceutical Petpifophainuph.sdu.us

Journal of
&3
Chemistry

UDC 542.913+547-304.2+547.478.92
R. M. Zakharko, Yu. V. Rassukana

Institute of Organic Chemistry of the National Academy of Sciences of Ukraine,
5 Academik Kuhar str., 02094 Kyiv, Ukraine

The Interaction of N-(tert-butylsulfinyl)imine

of Trifluoropyruvate with Diazomethane

as a Convenient Synthetic Approach to Enantiomeric
Trifluoromethylamino Acids

Abstract

The interaction of enantiomerically pure N-tert-butylsulfinyl imines of trifluoropyruvate with diazomethane has been studied.
It has been shown that there is the [3+2]-cycloaddition at the initial step with the formation of diastereomeric trifluoro-
methyltriazoline carboxylates in the ratio of 5.6:1. Treating the triazoline carboxylates with trifluoroacetic acid yielded opti-
cally pure aziridine carboxylates, which were subsequently converted into their corresponding acids. When subjected to
hydrochloric acid in an ethereal solution, trifluoromethylaziridines underwent ring-opening and the sulfinyl group removal,
producing a-chloromethylamino acids. The study also demonstrates the potential use of these aziridinecarboxylic acids in
the peptide synthesis.
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P. M. 3axapko, HO. B. PaccykaHa

IHcmumym opeaHiyHOI ximii HayioHansHOI akademii HayK YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa

B3aemogpia N-(TpeT-6yTuncynbdiHin)imiHy Tpudroponipysaty 3 giasomeTaHOM AK 3pyYHUIA
CUHTETUYHUI NiaxXia [0 eHaHTioMepHUX TPUPTOPOMETUNAMIHOKUCAIOT

AHoTauiA

LLLO Ha nepLliomy eTani BiabyBaeTbcA [3+2]-LMKNONPUEAHAHHA 3 YTBOPEHHAM AiacTepeoMepHUX TPUGTOPOMETUNTPUA3ONIH-
Kapbokcunati y cniBBigHOWEHHI 5.6:1. EHAHTIOMEPHO YMCTi TpMasoniHM byno BUAiINEHO B iHAMBIAYaIbHOMY CTaHi METO40M
nepekpwuctanisauii. [is TpudTopooLTOBOT KUCAOTU Ha TPMA30AiHKaPOOKCUAATU NPUBOAUTL A0 YTBOPEHHA OMTUYHO YUCTUX
a3npuaMHKapboKcunaTiB, AKi byn NnepeTBOpeHi Ha BiANOBIAHI KMCNOTU. B edipHOMY pO34MHI X10pMAHOT KMCAoTH TpudTo-
POMETUNA3NPUAMNHM 3a3HAIOTb PO3KPUTTA LUKAY, WO CYNPOBOAKYETLCA BUAANEHHAM CYbiHINBHOI rpynu Ta NPUBOAUTL
[0 YTBOPEHHA 0-X/I0POMETUIaMIHOKMCAOT. [POAEMOHCTPOBAHO MOM/IMBICTb 3aCTOCYBAHHA a3MpPUAMHKAPOOHOBMX KUCNOT
y NeNTUAHOMY CUHTE3I.
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B Introduction

a-Amino acids are fundamental to life, not only
serving as the structural components of proteins,
but also as crucial precursors for other biologi-
cally important molecules, including hormones,
neurotransmitters, and purines. Consequently,
numerous methods for the synthesis of both na-
tural and unnatural a-amino acids have been de-
veloped. They allow the creation of new drugs,
functional materials, and protein analogs for sci-
entific research. The site-selective introduction
of fluorine-containing groups into amino acids al-
lows for the targeted modification of their struc-
ture, thereby altering specific physicochemical
and/or biological properties [1-7]. Therefore, in-
troducing fluorine into an amino acid is an effec-
tive strategy for protecting peptide bonds from en-
zymatic cleavage, which significantly increases
the stability of peptides and proteins in biologi-
cal systems. Trifluoropyruvate imines contain an
oxidized trifluoroalanine fragment, which allows
for their reductive functionalization at the azo-
methine bond. This provides an efficient route to
acyclic and heterocyclic derivatives of trifluorome-
thyl substituted amino acids (CF;-a-AAs) [8—12].

A prime example of heterocyclization of trif-
luoropyruvate imines I is their interaction with
diazomethane, which proceeds via the [3+2]-cy-
cloaddition scheme and leads to triazolines II,
which further transformation provided the first
known examples of water-soluble 2-(trifluoro-
methyl)aziridine-2-carboxylic acids III [13—15]
(Figure 1). This transformation is important since
triazoline and aziridine rings can be considered
as “built-in” heterocyclic prodrugs due to their
chemical reactivity and propensity for ring open-
ing [16].

At the same time, stereochemical aspects are
an integral part of the chemistry of a-amino acids
since their optical antipodes interact differently
with the active sites of receptors, leading to dif-
ferent, and sometimes even opposite, biological
activities towards target molecules. Therefore, the
synthesis of compounds containing a chiral stereo-
center in optically pure form remains an important
task. So, imines I with a stereo-directing N-phe-
nylethyl group were among those investigated

in their reaction with diazomethane (Figure 1).
They were shown to form a mixture of two dia-
stereomeric triazolines II in the ratio of 4.5:1, which
could be separated chromatographically [15].

Recently, a preparative method for the syn-
thesis of N-tert-butylsulfinyl imines of trifluoro-
pyruvate 1 has been developed, and it has been
shown that this type of imines are convenient
substrates for the preparation of enantiomerical-
ly pure CF;-a-AAs derivatives [10]. However, the
reaction between N-sulfinyl imine 1 and diazo-
methane has not been previously studied. At the
same time, they have significant advantages over
N-phenylethyl analogs [15], namely a relatively
higher reactivity towards nucleophilic agents and
the possibility of removing the sulfinyl group from
the nitrogen atom after carrying out the neces-
sary transformations. The latter factor is partic-
ularly important as it will allow the production
of compounds with a free amino group, which will
significantly expand the scope of the products in
synthetic practice.

This work reports the results of the study on
the interaction between N-tert-butylsulfinyl imi-
nes of trifluoropyruvate 1 and diazomethane.
The subsequent transformations of the resulting
products are explored as a pathway to enantio-
merically pure CF,-a-AA derivatives.

B Results and discussion

It has been found that (Sg)-N-tert-butylsulfi-
nyl imine of trifluoropyruvate (Sy)-1 reacts with
diazomethane similarly to other fluorinated imi-
nes, giving at the first stage the products of the
[3+2]-cycloaddition — triazolines (S,Sy)-2/(R,Sy)-2
isolated as a mixture of diastereomers in the ratio
of 5.6:1 with the total yield of 99% (Scheme 1).
Note that the cycloaddition for N-sulfinyl imine 1
occurs much faster, completing in minutes, com-
pared to N-phenylethyl imine II under similar
conditions, which takes five days [15]. The re-
action progress is easily monitored by *F NMR
spectroscopy, the sp?>—sp’ rehybridization of the
imino carbon atom causes a shift in the trifluoro-
methyl group signal from -71 ppm to -73.5 ppm
(minor diastereomer) and -74.3 ppm (major dia-
stereomer). While the diastereoselectivity of the

CO,Me F,C R

R — MeOZCArN\
FsC~ N

HO,C
—_—
Ls

CF; R = Ph, 2-Py, 2-pyrimidyl, 1,2-oxazolyl,
2-benzothiazolyl, CO,Me, Ts,
P(O)(OEt),, CH(Ph)Me

Figure 1. The interaction of trifluoropyruvate imines I with diazomethane
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Scheme 1. The cycloaddition of diazomethane to the enantiomeric trifluoropyruvate imine (S,)-1

process typically depends on temperature, the ra-
tio of diastereomers (S,Sg)-2/(R,S;)-2 in this re-
action remains unchanged, even when the tem-
perature is lowered to -78°C.

Triazolines 2 are stable compounds that can
be stored long-term without losing their chemi-
cal or optical purity. The major diastereomer
(S,Sg)-2 was easily isolated in the yield of 40%
in an optically pure form by the trituration with
the MTBE/hexane mixture (1:1).

The X-ray diffraction analysis of the single
crystal confirmed the (S)-configuration of the new-
ly created stereocenter in the major triazoline
(S,S)-2, which was formed from the (Sg)-imine 1
(Figure 2). The partially unsaturated nature
of the triazole ring caused a slightly pyramidal
configuration of the N1 atom (the sum of bond
angles centered at this atom is 352.1°). The tert-
butylsulfinyl substituent was found in the cis-
conformation to the carboxylate group (the
C4-C2-N1-S1 torsion angle is -43.3(8)°) and is
turned in such a way that the S1=01 bond is
orthogonal to the C2-N1 endocyclic bond (the
C2-N1-S1-01 torsion angle is 91.6(6)°). The pla-
nar carboxylate group is rotated in relation to
the triazole ring by -67.9(9)° (the N1-C2-C4-02

Figure 2. The molecular structure of triazolinecarboxylate (S,S,)-2.
Thermal ellipsoids of non-hydrogen atoms are shown at 50 %
probability level

Using reaction conditions identical to Sche-
me 1, we obtained diastereomers (R,R¢)-2 and
(S,Ry)-2 (5.6:1) by reacting diazomethane with
the imine of trifluoropyruvate 1 in the (Rg)-con-
figuration.

The acid catalysis with trifluoroacetic acid
(0.1 equiv., 0 °C, DCM) caused triazoline (S,Sg)-2
to undergo the denitrogenation, leading to the
quantitative formation of aziridine carboxylate
(S,Sy)-3, isolated in the yield of 82% (Scheme 2).
It is worth noting that the ethyl ester of aziridi-
necarboxylic acid 3 was previously prepared
from the corresponding trifluoropyruvate imine
using the aza-Corey-Chaykovsky reaction [17].
In contrast to our findings, this approach produced

torsion angle).
0,
s < TFA
e

MeO,C MeO,C NaOH HO,C ||
F3C“>”N\ F.C' \VN > F.C! \VN
DCM, 0 °C 3 THF/H,0, r.t. 3
(S,Ss)-2 (S,Ss)-3, 82 % (S,Ss)-4, 84 %
de >99 % de >99 %
HCI l Et,O
Q 0
HCI LiOH
» CI” @77 OMe ——— » g O@ |_|®
Et,0, 20 °C © HiN CF, MeOH, r.t. H,N CF,
Cl
(S)-5, 70 % (S)-6, 92 %
ee>99 % ee>99 %

Scheme 2. The synthesis of aziridine carboxylic acid (S,S,)-4 and polyfluorinated chloroethylamino acid derivatives (S)-5, (S)-6
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the compound in only milligram quantities and
with a modest 24% yield.

The sequential treatment of aziridine carboxy-
late (S,Sg)-3 with NaOH and diluted acid con-
verted it to aziridine carboxylic acid (S,Ss)-4 with
the yield of 84%. Mild conditions for converting
triazoline 2 — aziridine carboxylate 3 — aziri-
dine carboxylic acid 4 allow to avoid opening
of the three-membered ring and preserve the
protecting sulfinyl group on the nitrogen atom.
Additionally, NMR data shows the presence of
only one stereoisomer of the aziridines 3, 4 formed,
indicating that the optical purity of the reaction
products is preserved. Since the chiral carbon
atom is not involved in the 2 — 3 transforma-
tion, the stereocenter’s configuration in aziridines
(S,Sy)-3, 4 is maintained.

In the ethereal solution of hydrochloric acid
at room temperature, aziridine (S,S)-3 under-
goes ring opening, accompanied by removal of the
sulfinyl group. As a result, a chloromethyl deri-
vative of trifluoroalanine (S)-5 is formed, isola-
ted in the optically pure form as hydrochloride.
Compound (S)-5 can be also obtained directly from
triazoline (S,S¢)-3 by the action of hydrochloric
acid on the latter.

It should be noted that the hydrolysis of esters
containing several electron-withdrawing substi-
tuents near the quaternary carbon atom is often
accompanied by the decarboxylation. This process
can be either secondary or dominant, depending
on the environment around the carbon atom.
The decarboxylation can be avoided by obtaining
amino acid (S)-6 as a water-soluble lithium salt.

The trifluoromethyl-substituted aziridine-
2-carboxylic acid (S,Sy)-4 (CF,-Azy) synthesized
can be used in the peptide synthesis primarily
as a unique electrophilic building block for the
late-stage, site-selective chemical modification
of peptides. Its highly strained three-membered
aziridine ring provides an active anchor for the
attachment of various complex molecules, while
the trifluoromethyl group can be served as a spe-
cific YF NMR label. The possibility of their use in
the peptide synthesis was demonstrated in the

Scheme 3. For this purpose, compound (S,S)-4
was converted in situ to the corresponding an-
hydride using oxalyl chloride, and the resulting
intermediate was subsequently reacted with the
(R)-phenylglycine methyl ester to give dipeptide
(R,S,Sy)-7. Notably, the aziridine ring remains
intact under these conditions, but undergoes open-
ing with the removal of the sulfinyl group upon
treatment with hydrochloric acid in dioxane,
forming dipeptide (R,S)-8, which contains a free
amino group and can thus be involved in the
further peptide chain extension.

B Conclusions

The reaction of N-tert-butylsulfinyl imines of
trifluoropyruvate and diazomethane leads to the
quantitative formation of [3+2]-cycloaddition pro-
ducts, triazolines, in the ratio of 5.6:1. Upon the
acid catalysis, the major (S,Sy)-triazoline is convert-
ed to enantiomeric aziridine carboxylate (S,Sy)-3,
which after the reaction with NaOH gives optical-
ly pure (S,Sy)- aziridine carboxylic acid. The lat-
ter is involved to the peptide synthesis.
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m Experimental part

NMR spectra were recorded on a Bruker
Avance DRX 600 spectrometer with operating
frequencies of 600 MHz (*H), 150.8 MHz (**C), and
470 MHz (**F); a Bruker Avance DRX 500 spectro-
meter with operating frequencies of 499.9 MHz (‘H),
125.6 MHz (**C), and 376.5 MHz (*°F); a Varian
Unity Plus 400 instrument with operating fre-
quencies of 400 MHz (*H), 100 MHz (**C) and
376.5 MHz (**F); a Mercury Varian Unity Plus 300

Phg

CF3-Azy /O\EO
J% ” K (COCI), Ph

DIPEA
DCM
(S.5)-4

(R,S,Ss)-7

0._.0

o) - O

f NH,
PR N Y
FsC K dioxane HE.C HCI

Cl
(R,S)-8

Scheme 3. An example of the use of aziridine carboxylic acid (S,S,)-4 in the peptide synthesis
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instrument with operating frequencies of 300 MHz
(*H) and 76 MHz (*3C); a Mercury VX 200 Varian
instrument with operating frequency of 188 MHz
(*F). Chemical shifts were reported relative to the
internal TMS (*H, 3C) or CFC]l, (**F) standards.
The optical rotation was measured on an Anton
Paar MCP 300 polarimeter (the sample cell path
length — 100 mm, the wavelength — 589 nm).
The solvents were dried according to the standard
procedures. The starting materials were pur-
chased from Enamine Ltd. Melting points were
uncorrected. TLC was performed using Kieselgel
Merck 60 silica gel (400—630 mesh) as the sta-
tionary phase. The elemental analysis was per-
formed in the analytical laboratory of the Insti-
tute of Organic Chemistry of the National Acade-
my of Sciences of Ukraine.

Methyl (S)-1-((S)-tert-butylsulfinyl)-5-(tri-
fluoromethyl)-4,5-dihydro-1H-1,2,3-triazole-
5-carboxylate ((S,Sy)-2)

A cooled solution of diazomethane (41.8 mmol)
in diethyl ether (250 mL) was added dropwise to
the solution of (S)-N-tert-butylsulfinyl imine of tri-
fluoropyruvate (S)-1 (5.4 g, 20.9 mmol) in diethyl
ether (50 mL) at room temperature. The reaction
mixture was kept at r.t. for 2 h. 'F NMR spectra
showed the formation of the diastereomeric mix-
ture of triazolinecarboxylates (S,Sy)-2/(R,Ss)-2
(5.6:1). The solvent was evaporated to give pro-
duct (S,S¢)-2/(R,Sy)-2 (6.2 g, ~100%), which was
triturated with the mixture of MTBE/hexane (1:1),
a white solid was filtrated to obtain the major
diastereomer (S,Sy)-2.

A white solid. Yield — 2.52 g (40%). M. p. =
90-100°C (dec.). [a]p?°= +533.59 (c 0.5, CHCL,).
Anal. Calced for C;H ,F.N,0.S, %: C 35.87, H 4.84,
N 13.94. Found, %: C 36.05, H 4.79, N 14.10. 'H
NMR (301.5 MHz, CDCl,), 6, ppm: 1.47 (9H, s,
tBu), 3.93 (3H, s, CH,0), 4.80 (1H, d, 2J;;;; = 18 Hz,
CH,), 5.13 (1H, d, %J4z4z = 18 Hz, CH,). *C NMR
(125.6 MHz, CDCL), 6, ppm: 23.49 (C(CH,),),
53.94 (CH,), 61.76 (C(CH,),), 67.00 (q, %J . =30 Hz,
CCF,), 75.58 (CH,0), 122.2 (q, ' =282 Hz,
CF,), 163.7 (C=0). *F NMR (188.1 MHz, CDCL),
0, ppm: -72.9.

The X-ray experimental part

The colorless crystals of compound (S,Sg)-2
(CH,,N,0,S) are trigonal. At 173 K a = b =
10.1183(3), ¢ = 11.3463(4) A, V = 1006.00(7) A3,
M, = 301.29, Z = 3, space group P3,, d =
1.492 g/cm?, m(MoK,) = 0.285 mm™, F(000) = 468.
Intensities of 10656 reflections (2351 indepen-
dent, R, ,=0.0360) were measured on a Bruker
APEXII diffractometer (graphite monochromated
MoK, radiation, a CCD detector, @- and o-scaning,

Journal of Organic and Pharmaceutical Chemistry 2025, 23 (3)

20 .. = 50°). The structure was solved by the di-
rect method using the OLEX2 [18] package with
SHELXT [19] and SHELXL modules [20]. Posi-
tions of the hydrogen atoms were located from
electron density difference maps and refined us-
ing the “riding” model with U, = nU,, (n = 1.5
for methyl groups and n = 1.2 for other hydrogen
atoms) of the carrier atom. Full-matrix least-
squares refinement against F? in the anisotropic
approximation for non-hydrogen atoms using
2351 reflections was converged to wR, = 0.1459
(R, = 0.0580 for 2099 reflections with F > 40(F),
S = 1.046). The final atomic coordinates, and cry-
stallographic data for molecule (S,S)-2 were de-
posited to with the Cambridge Crystallographic
Data Centre, 12 Union Road, CB2 1EZ, UK (fax:
+44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk)
and are available on request quoting the deposi-
tion numbers CCDC 2497351).

Methyl (S)-1-((S)-tert-butylsulfinyl)-2-(tri-
fluoromethyl)aziridine-2-carboxylate ((S,So)-3)

Trifluoroacetic acid (0.094 g, 0.063 mlL,
0.83 mmol) was added to the solution of triazoli-
necarboxylate (S,Sg)-2 (2.5 g, 8.3 mmol) in DCM
(20 mL) at 0 °C. The reaction mixture was kept
at r.t. for 4 h, washed with the saturated aque-
ous solution of NaHCO,, the organic layer was
dried over Na,SO,. The solvent was evaporated
under reduced pressure to give a pure aziridine
carboxylate (S,Sy)-3.

A white solid. Yield — 1.87 g (82%). M. p. =
65—67°C. [a],*’=-238.62(c 1, CHC]l,). Anal. Calcd
for C,H,,F.NO,S, %: C 39.55, H 5.16, N 5.12.
Found, %: C 39.37, H 5.20, N 4.88. 'H NMR
(301.5 MHz, CDCl,), 6, ppm: 1.24 (9H, s, tBu),
2.44 (1H, s, CH,), 3.14 (1H, s, CH,), 3.85 (3H, s,
CH,0). C NMR (150.8 MHz, CDCl,), 6, ppm:
22.17 (C(CH,),), 26.93 (CH,), 44.0 (q, %J . =38 Hz,
CCF,), 53.69 (CH,0), 58.16 (C(CH,),), 121.6
(q, *Jop =276 Hz, CF,), 162.8 (C=0). YF NMR
(188.1 MHz, CDCL), 6, ppm: -71.0.

(S)-1-((S)-tert-butylsulfinyl)-2-(trifluoro-
methyl)aziridine-2-carboxylic acid ((S,S;)-4)

Aziridine carboxylate (S,S¢)-3 (1.8 g, 6.6 mmol)
was added to a stirred solution of NaOH (0.52 g,
13 mmol) in THF (10 mL) and water (10 mL).
The resulting reaction mixture was left at r.t.
overnight. The organic solvent was removed in
vacuo, the resulting water solution was washed
with dichloromethane (5 mL) and acidified to
pH 2-3 with the saturated sodium hydrogen sul-
fate solution. The solution was extracted with
DCM (3%15 mL), dried over Na,SO,, the solvent
was evaporated under reduced pressure to give
a pure aziridine carboxylic acid (S,Sg)-4.
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A white solid. Yield — 1.5 g (84%). M. p. =
115-120 °C (dec.). [a]p* = -192.51 (c 1, CHCL,).
Anal. Calcd. for C;H ,F.NO,S, %: C 37.06, H 4.66,
N 5.40. Found, %: C 37.38, H 4.59, N 5.49. 'H NMR
(301.5 MHz, CDCL,), 6, ppm: 1.30 (9H, s, tBu), 2.48
(1H, s, CH,), 3.22 (1H, s, CH,), 8.79 (1H, s, COOH).
BC NMR (75.8 MHz, CDCl,), 6, ppm: 22.33 (C(CH.,).),
27.75 (CH,), 44.39 (q, %J =37 Hz, CCF,), 58.94
(C(CH,),), 121.69 (q, 'Jop =277 Hz, CF,), 162.84
(C=0). ¥F NMR (188.1 MHz, CDCL,), 6, ppm: -72.0.

Methyl (S)-2-amino-2-(chloromethyl)-3,3,3-
trifluoropropanoate hydrochloride ((S)-5)

A dioxane solution of hydrogen chloride (10 mL)
was added to the stirred solution of (S,Sg)-3
(1.86 g, 6.8 mmol) in MeOH (100 mL) at 0 °C.
The reaction mixture was allowed to warm up
to r.t. and was kept for 6 h. The solvent was re-
moved under reduced pressure; the residue was
triturated with hexane and filtered to give com-
pound (S)-5.

A white solid. Yield — 1.15 g (70%). M. p. =
154-156 °C. [a]p* = -0.37 (¢ 0.5, MeOH). Anal.
Calcd for C;H,CL,F,NO,, %: C 24.81, H 3.33, CI
29.29, N 5.78. Found, %: C 24.72, H 3.47, C1 29.77,
N 5.67. 'H NMR (301.5 MHz, DMSO-d,), §, ppm:
3.85 (3H, s, CH,0), 4.0 (1H, d, 2J; = 12.1 Hz, CH,),
4.2 (1H, d, %/, = 12.1 Hz, CH,), 5.87 (2H, s, NH,).
13C NMR (100.6 MHz, DMSO-d,), 6, ppm: 42.73
((CH),),55.26(CH0),65.62(q,%J ;=28 Hz, CCF,),
122.68 (q, 'J =286 Hz, CF.), 164.01 (C=0).
YEF NMR (188.1 MHz, DMSO-d,), 6, ppm -72.4.

Lithium (S)-2-amino-2-(chloromethyl)-
3,3,3-trifluoropropanoate ((S)-6)

Lithium hydroxide (0.04 g, 1.6 mmol) was
added to the solution of compound (S)-5 (0.2 g,
0.8 mmol) in methanol (10 mL). The mixture was
stirred at r.t. for 16 h. The precipitate formed
was filtered off, the solution was evaporated un-
der reduced pressure to obtain a white crystal-
line residue (S)-6.

White crystals. Yield — 0.15 g (92%). M. p. =
160 °C (dec.). Anal. Caled for C,H,CIF,LiNO,, %:
C24.32,H 2.04, C117.95, N 7.09. Found, %: C 24.06,
H 2.23, CI 18.33, N 6.78. 'H NMR (301.5 MHz,
DMSO-d,), 6, ppm: 4.11-4.24 (2H, m, CH,), 5.12
(2H, s, NH,). *C NMR (100.6 MHz, DMSO-d,), 6,
ppm: 44.56 (CH,Cl), 66.46 (q, %J =30 Hz, CCF,),
124.83 (q, 'Jo =280 Hz, CF.), 165.83 (C=0).
YEF NMR (188.1 MHz, DMSO-d,), 6, ppm: -69.84.

Methyl (R)-2-((S)-1-((S)-tert-butylsulfinyl)-
2-(trifluoromethyl)aziridine-2-carboxami-
do)-2-phenylacetate ((R,S,Sy)-7)

Oxalyl chloride (0.42 g, 3.2 mmol) was added
to the stirring solution of aziridine carboxylic

acid (S,Sg)-4 (0.28 g, 1.08 mmol) and DIPEA
(0.7 g, 5.4 mmol) in DCM (5 mL) at 0 °C. The reac-
tion mixture was allowed to warm up to r.t. and
stirred for 1 h. The solvent was removed under
reduced pressure. The residue was dissolved
in DCM (5 mL) and added dropwise to the stir-
ring mixture of (R)-phenylglycine methylester
hydrochloride (0.217 g, 1.08 mmol) and DIPEA
(0.42 g, 3.2 mmol) in DCM (5 mL) at 0 °C. The reac-
tion mixture was allowed to warm up to room
temperature and was stirred for 24 h. The solvent
was removed under reduced pressure. The resi-
due was purified by flash chromatography (he-
xane:EtOAc, 1:1, Rf = 0.6) to give a compound
(R,S,Sy)-17.

A white solid. Yield — 135 mg (30%). M. p. =
138-140 °C. [a]*=-292.3 (c 0.25, DCM). Anal.
Calcd for C,;H,,F.N,0O,S, %: C 50.24, H 5.21, N
6.89. Found, %: C 50.32, H 5.17, N 6.83. '"H NMR
(301.5 MHz, CDCl,), 6, ppm: 1.23 (9H, s, tBu),
2.40 (1H, s, CH,), 3.12 (1H, s, CH,), 3.72 (3H, s,
CH,0), 5.55 (1H, d, 2J; = 6.8 Hz, CH), 7.29-7.41
(6H, m, Ph+NH). *C NMR (150.8 MHz, CDCl,),
0, ppm: 22.27 (C(CH,),), 30.48 (CH,), 44.55 (q,
%J.» =30 Hz, CCF,), 52.87 (CH,0), 56.10 (CHPh)
59.38 (C(CH,),), 121.72 (q, 'J =281 Hz, CF,),
127.53 (C,,), 128.56 (C,,), 128.85 (C,,), 135.87 (C,),
163.81 ((C=0O)NH), 171.64 (COOMe). *F NMR
(188.1 MHz, CDCL,), 6, ppm: -71.5 ppm.

Methyl (R)-2-((S)-2-amino-2-(chloromethyl)-
3,3,3-trifluoropropanamido)-2-phenylacetate
hydrochloride ((R,S)-8)

A dioxane solution of hydrogen chloride
(2 mL) was added to the dipeptide (R,S,Sy)-7
(85 mg, 0.21 mmol) in dioxane (2 mL) at 0 °C.
The reaction mixture was allowed to warm up
to r.t. and kept for 2 h. The solvent was removed
under reduced pressure. The residue was tritu-
rated with hexane and filtered to give compound
(R,S)-8.

A white solid. Yield — 60 mg (85%). M. p. =
160 °C. Anal. Calcd for C,,H,,CL,F.N,O., %: C 41.61,
H 4.02, CI 18.90, N 7.46. Found, %: C 41.45, H
4.15, Cl 18.72, N 7.59. 'H NMR (301.5 MHz,
DMSO-d,), 6, ppm: 3.91 (1H, d, %J; = 11.8 Hz,
CH,), 4.20 (1H, d, %J,; = 11.8 Hz, CH,), 5.48
(1H, d, %Jyy = 6.7 Hz, CH), 7.29-7.46 (5H, m,
Ph), 8.87 (2H, br s, NH,). *C NMR (150.8 MHz,
DMSO-d,), 6, ppm: 47.48 (CH,), 52.81 (CH,0),
56.10 (CHPh), 68.43 (q, %J . =32 Hz, CCF,), 123.72
(q, 'Jor =279 Hz, CF,), 128.53 (C,,), 129.56 (C,,),
129.85 (C,,), 136.38 (C,,), 167.45 ((C=O)NH),
171.45 (COOMe). F NMR (188.1 MHz, DMSO-d,),
6, ppm: -73.0.
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