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Abstract

A new synthetic procedure for preparing tetrabutylammonium closo-dodecaborate (Bu,N),B,,H,, by the solvent-free pyroly-
sis of tetrabutylammonium tetrahydroborate Bu,NBH, has been developed. The procedure also provides isolation of pure
tetrabutylammonium octahydrotriborate Bu,NB,H, as a by-product. The main advantages of the route proposed are conveni-
ence and utilization of readily available starting materials. The compounds prepared have been characterized by NMR and
IR spectroscopy. Based on the DFT calculations of normal modes of the [B,H,]™ and [B,,H,,]* anions, the assignment of the
main absorption bands in the IR spectra of the compounds synthesized has been performed.

Keywords: closo-dodecaborate; octahydrotriborate; pyrolysis; DFT calculations
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B Introduction

Highly symmetric icosahedral closo-dodeca-
borate anion [B,,H,,]*> fills one of the central
places among numerous boron hydrides [1-3].
Compounds based on the closo-dodecaborate core
are not only of great theoretical interest, but are
also promising for the use in medicine as thera-
peutic agents in cancer treatment by neutron-
capturing therapy [4, 5]. An inestimable advan-
tage of these compounds is their low toxicity,
which is due to the high chemical stability of the
icosahedral B,, cluster. The development of an
inexpensive method for preparing closo-dodeca-
borate salts from commercially available reagents
1s an important task on the way to the introduc-
tion of such drugs into medical practice.

Synthetic routes to closo-dodecaborate salts
can be classified roughly into 3 groups according
to the starting materials, which could be either
boron hydride B,H,, octahydrotriborate [B;Hg]
or tetrahydroborate [BH,]". In early works, tri-
ethylammonium closo-dodecaborate (Et,NH),B,,H,
was prepared by the interaction of triethylami-
ne borane Et,.NBH, with boron hydrides, such as
B.H, [6] or B, H,, [7]. In a similar manner sodium
salt Na,B,,H,, was synthesized by the treatment
of NaBH, with B, H,, in boiling diglyme [1, 8].
Despite this route being featured with high yields,
it requires working with hazardous, lammable,
and commercially unavailable boron hydrides.

The second group of synthetic routes is based
on the disproportionation of octahydrotriborate
anion [B,H,]" into [B,,H,,]> and [BH,]" in boil-
ing diglyme. In turn, octahydrotriborate is pre-
liminarily synthesized in the same reactor by the
oxidation of NaBH, with iodine [9] or hydrocar-
bon halides [10]. The yields of closo-dodecaborate
are generally higher in the latter case: for exam-
ple, a tetrabutylammonium salt (Bu,N),B,,H,,
was prepared in the yield of 84, 82, 81, and 80%
via application of PhCH,Cl, Ph,CCl, C,,;H,CH,Cl
and nBuBr, respectively [10]. However, this pro-
cess 1s moisture sensitive, and diglyme should
be thoroughly dried beforehand, increasing the
complexity and total cost of the process.

Synthetic procedures, which include the pyro-
lysis of tetrahydroborate salts form another group
of routes for preparing closo-dodecaborates.
The formation of a magnesium salt MgB,,H,, was
achieved by the pyrolysis of an equimolar mix-
ture of Mg(BH,), and tetraglyme at 200 °C for
8 h although the yield was not very high [11].
The preparation of sodium and potassium closo-

dodecaborates in up to the yield of 95% was re-
ported by reactions of the corresponding tet-
rahydroborates with trialkylamine boranes in
high-boiling alkanes (dodecane, hexadecane) at
200—-250 °C [1]. The temperature of the process
can be lowered by replacing the cation with tet-
raalkylammonium. For example, a tetraethylam-
monium salt (Et,N),B,,H,, can be prepared by
heating the suspension of Et,NBH, in triethyl-
amine borane at 185 °C, and it plays a dual role of
a reagent and a heat-transfer liquid medium [1].
The main drawback of the method mentioned is
the low purity of the product, which is contaminat-
ed with other polyhedral boron hydrides (ByHy*,
B, H,,*, B;;H,,) [12], and thus requires addition-
al chromatographic purification. The high cost of
triethylamine borane as a solvent is an addition-
al obstacle for a large-scale application of this
synthetic procedure.

The composition of the solid residue after the
pyrolysis of tetraalkylammonium tetrahydrobo-
rate 1s known to depend strongly on the nature
of the cation [1, 13]. Our study has revealed that
a tetrabutylammonium cation favored the forma-
tion of closo-dodecaborate. Based on these find-
ings, a convenient synthetic procedure for pre-
paring (Bu,N),B,,H,, by the solvent-free pyroly-
sis of Bu,NBH, was elaborated. The products
were identified by '"H and "B NMR spectroscopy.
In some cases, the formation of closo-decaborate
[B,H,]> was detected. This fact deserves more
attention in future studies since this anion is a
valuable starting compound for the synthesis of
carboranes. It is worth noting that 'H NMR spec-
tra of all solid products obtained show solely 4 re-
sonances of Bu,N* cation at 0.93 (t, = 7.4 Hz,
3H), 1.30 (sx, J = 7.4 Hz, 2H), 1.57 (m, 2H) and
3.17 (m, 2H) ppm, therefore, only ''B NMR spec-
tra are discussed herein.

Assignment of the vibrations in IR spectra of
the boranes is also a non-trivial task. In this pa-
per, we report the assignment of the main absorp-
tion bands in the IR spectra of (Bu,N),B,,H,, and
Bu,NB.H; based on DFT calculations of normal
modes of the corresponding hydroborate anion.

B Materials and methods

Starting materials and solvents were obtained
from commercial sources and used as received.
Tetrabutylammonium tetrahydroborate Bu,NBH,
was prepared according to the literature procedure
[14] and its purity was determined by the iodo-
metric titration method [15].
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Nuclear magnetic resonance (NMR) spectra
were measured on a Varian Unity Plus 400 spec-
trometer. 'H chemical shifts were referenced to
tetramethylsilane, and "B chemical shifts were
referenced to BF, ‘Et,O. Infrared (IR) spectra were
recorded on an IR5 spectrometer (Edinburgh In-
struments) within the range of 4000—-600 cm™.

The synthesis of (Bu,N),B,,H,, and Bu,NB,H,

A 250 mL pear-shaped flask was charged with
30.00 g of Bu,NBH, and connected to a diaphragm
pump through a condenser (a 250 mL round-bot-
tom flask equipped with a receiver adapter). After
the pump was turned on, the reaction mixture was
heated to 170 °C and kept at this temperature for
6 h. The solid residue left after the pyrolysis was
transferred to a 100 mL beaker and stirred with
50 mL of boiling ethanol. After cooling to room
temperature, the precipitate was filtered off, washed
with a small amount of ethanol, and dried in air
to give 4.10 g of (Bu,N),B,,H,, as a white solid.

'H NMR (DMSO-d,, 400 MHz), 6, ppm: 0.93
(8H, t, J = 7.4 Hz), 1.30 (2H, sx, J = 7.4 Hz),
1.567 (2H, m), 3.17 (2H, m). *B NMR (DMSO-d,,
192,4 MHz), 6, ppm: —15.56 (12B, d, J = 126.4 Hz).
IR (KBr), v,,,,, cm™: 2960, 2936, 2873, 2464, 1470,
1381, 1153, 1053, 882, 740, 710.

The filtrate was evaporated to dryness under
reduced pressure, and the residue was stirred
with 25 mL of boiling ethyl acetate. After cooling to
room temperature, the suspension was filtered,
and the filtrate was evaporated to dryness un-
der reduced pressure to give 2.44 g of Bu,NB,H|
as a white solid.

'H NMR (DMSO-d,, 400 MHz), 6, ppm: 0.93
(8H,t,JJ="7.4Hz), 1.31 (2H, sx, J = 7.4 Hz), 1.57
(2H, m), 3.16 (2H, m). "B NMR (DMSO-d,,
192,4 MHz), 6, ppm: —29.40 (3B, nonet, J = 33.1 Hz).
IR (KBr), v,,,, cm™: 2962, 2935, 2875, 2437,
2386, 2117, 2066, 1569, 1470, 1382, 1299, 1137,
1009, 882, 778, 737, 711, 681, 6417.

Computation details

The geometry optimization and normal coor-
dinate analysis in the harmonic approximation
of [B,H,]~ and [B,,H,,]*" anions were carried out
in a GAMESS (US) program package [16] (ver-
sion 2023 R1) with the ® B97X-D functional [17]
and the Karlsruhe triple zeta basis with one po-
larization function (TZVP) [18]. No symmetry
restrictions were applied.

B Results and discussion

Within the project concerned with the de-
velopment of a convenient route for multi-gram

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (4)

scale production of closo-dicarbadodecaboranes,
we were studying the pyrolysis of tetraalkylam-
monium tetrahydroborates in order to find opti-
mal conditions for the conversion of [BH,]~ into
closo-decaborate [B, H,,]*>". Previously, it was ar-
gued that the presence of butyl groups in tetraal-
kylammonium cation promotes the formation of
[B,,H,]* [13]. However, in our preliminary ex-
periments on the autoclave pyrolysis of Bu,NBH,
(in a pure state, as well as in a mixture with to-
luene) closo-dodecaborate (Bu,N),B,,H,, was al-
ways found to be the main solid product. One pos-
sible reason was that the increased pressure in
the autoclave could be responsible for these re-
sults. To check this supposition, experiments on
the pyrolysis of Bu,NBH, in the vacuum were
carried out. Pyrolysis products were studied by
'H and B NMR spectroscopy.

Firstly, the pyrolysis was performed in the
vacuum of a water jet pump. Bu,NBH, melts at
~130 °C and, upon further heating, begins to
decompose at ~160 °C liberating tributylamine.
The latter could be collected in the trap. During
the remaining time (12 h), the temperature was
maintained at 180 °C. The weight loss upon
the pyrolysis was about 85—87%; i.e., typically,
0.45-0.55 g of a solid residue were obtained from
5.00 g of Bu,NBH,). After the pyrolysis, the solid
residue contained (Bu,N),B,H,, and (Bu,N),B, H,,,
which were identified by "B NMR (see positions
of signals and coupling constants in the Experi-
mental Part). In addition, it was found that a sig-
nificant quantity of the starting material was
transformed into polyborate, presumably due to
the hydrolysis caused by water vapor.

To reduce the possible effect of water va-
pors, the pyrolysis was performed under the
same conditions, but for a shorter period of time
(3 h) until the evolution of gas ceased, and the
residue in the reaction flask solidified. By this
means, 1.87 g of a solid residue were obtained
from 10.40 g of Bu,NBH, (the weight loss was
8.53 g, 82.0%). To separate borate impurities,
the residue was intensively mixed with 25 mL
of dichloromethane, the mixture was filtered,
and the filtrate was evaporated to dryness un-
der reduced pressure to give 1.27 g of a white
powder. Its "B NMR spectrum exhibits only
the resonances of [B,,H,,]> (-15.6 ppm) and
[B,H,,]* anions (-0.9 and —28.8 ppm). Based on
the relative intensities of these signals, it can be
concluded that pyrolysis product is comprised of
about 85% (Bu,N),B,,H,, and 15% (Bu,N),B, H,,
(mass percentages).
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In another experiment, the pyrolysis of Bu,NBH,
was carried out under conditions, which excluded
the presence of water vapor (the vacuum of a con-
tinuously working diaphragm pump). The tem-
perature was maintained at a level just above the
beginning of decomposition (160—170 °C). In typi-
cal experiments, about 12 g of an off-white solid
were obtained by heating 45.00 g of Bu,NBH,
at 170 °C for 6 h (the weight loss was 70-75%).
This solid contained 60% (Bu,N),B,,H,, and 40%
Bu,NB,H, (mass percentages), as evidenced by
1B NMR. Taking into account that the pyrolysis
product contains a minor quantity of impurities,
the efficient procedure for isolation of the main
component was elaborated. The separation is based
on different solubility of tetrabutylammonium
hydroborates in organic solvents: (Bu,N),B,H,,
was insoluble in ethanol, while Bu,NB,H, is so-
luble in ethanol and ethyl acetate (see the Ex-
perimental Part for a detailed description).

The main advantages of the procedure pro-
posed for the synthesis of (Bu,N),B,,H,,include
the pyrolysis without adding any high-boiling
solvent and purification of the products by sim-
ple recrystallization. Another advantage offered
by the procedure proposed is that not only closo-
dodecaborate, but also the octahydrotriborate by-
product Bu,NB,H, can be isolated, which is a more
convenient route for preparing octahydrotribo-
rate compared to other known methods based on
reactions of NaBH, with iodine [19] or CuCl [20]
in diglyme, with BH, THF [21], alkali metals tet-
rahydroborates with BH, THF [22] or BH, DMS
[23] and reduction of BH, THF by sodium dis-
persed on silica gel [24].

The identity of the (Bu,N),B,,H,, and Bu,NB.H,
prepared was additionally confirmed by IR (Figu-
re 1) spectroscopy. In order to perform an accu-
rate assignment of IR absorption bands associ-
ated with vibrations of the hydroborate anions,
the normal coordinate analysis of [B,H,,]*
(Table 1) and [B,H,]" (Table 2) was performed
at @B97X-D/TZVP level of theory. The bands
associated with vibrations of the Bu,N* cation
were assigned according to [25].

The closo-dodecaborate anion (Figure 2, a)
possesses an icosahedral symmetry with calcula-
ted BB and BH bonds of 1.78 and 1.21 A, respec-
tively. It has 3 X 24 — 6 = 66 vibrational modes,
but only 3 groups of them are IR active (Table 1).
The most intense bands in the IR spectrum of
(Bu,N),B,,H,, are due to antisymmetric BH stretch-
ing (2464 cm™) and the BBH bending (1053 cm™)
vibrations. The medium-intensity band in the
low-frequency region with a maximum at 710 cm™

Table 1. Experimental IR absorption bands of (Bu,N),B,,H,,
and calculated normal modes (v,) of [B,,H,,]*” anion

" Calculated | Calculated
Band (cm™), . ] . .
. | Assignment v, | frequency intensity
intensity! o O
(cm™) (km mol™)
2960, m
2936, m v(C-H) -
2873, m
Ves | 2532.9 1200
2464, s v(B—H) Ve | 25326 1200
Ve | 2532.1 1202
1470, s
1381, m &(CH) i
1153, w p(CH,) - - -
Ve, | 1083.0 44.8
1053, s 5(BH) v, | 10813 45.2
v, | 1079.9 44.8
882, m v(C—N) - -
740, m p(CH,) - - -
v, | 721.0 7.2
710,m t v | 717.9 7.2

Notes: [a] s — strong, m — medium, w — weak; [b] v — stretching,
6 — scissoring, p — rocking, T — skeletal

is assigned to skeletal vibrations of the B, clus-
ter. Other absorption bands are attributed to vi-
brations of the Bu,N* cation.

The octahydrotriborate anion (Figure 2, b)
has a structure of isosceles BBB triangle with
BH, moieties at vertices. The base of the triangle
is a conventional covalent B—B bond, and verti-
ces at the legs are linked by bridging hydrogens.
Due to the formation of bent B-H,~B bonds, the
legs are somewhat shorter (1.79 A) than the base
(1.83 A). The calculated H,B—B(H)H, stretching
force constants (2.99 N cm™) are also larger than
H,(H)B-B(H)H, one (2.08 N cm™). The bent B-H,—B
bond is asymmetric: the interatomic distances
(stretching force constants) for constituent B-H,

Transmittance

(BuyN),ByoH,,

Bu,NB;Hg
Bu,NBH, v (cm™)
T T T T T
3000 2500 2000 1500 1000

Figure 1. IR spectra of the tetrabutylammonium hydroborates
prepared
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Figure 2. Optimized structures of [B,,H,,]* (a) and [B,H,]™ (b)
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b

Table 2. Experimental IR absorption bands of Bu,NB,H, and
calculated normal modes (v,) of [B,H,]™ anion

4 Calculated | Calculated
Band (cm™), . bl . .
intensity® Assignment® | v, freque_:lncy |nten5|ty
(cm™) (km mol™)
2962, s
2935, m v(C-H) - - -
2875, m
2437, s v.(B=H,) |v,, | 2518.0 707
v, ({H}B=H v 2447.8 175
2386, s ai{(B}=Hz) ! v, | 24451 409
2117, w v,(B-H,) | v, | 22486 153
2066, w v(B-H,) | vy, | 2204.2 423
1470, s
1382, s 5(CH) - - -
1299, m
1137, s 6(BH,) Vs 1162.3 61.7
1009, s w(BH,) [v,| 10425 85.8
882, s v(C-N) - - -
778, m V. 823.8 8.0
' v(B-B) v.| 8128 11.0
737, s p(CH,) - - -
711, m
681, m T - - -
647, w

Notes: [a] s — strong, m — medium, w — weak; [b] v — stretching,
6 — scissoring, p — rocking, w — wagging, T — skeletal, s — symmetric,
as — antisymmetric, b — bridging

parts are 1.26 A (2.72 N cm™) and 1.48 A
(1.00 N em™). For comparison, the length and force
constant for the B-H bonds involving terminal
hydrogen atoms are 1.21 A and 3.36 N cm™,
respectively. For the [B,,H,,]* anion, the B-H
force constant was calculated to be 3.46 N cm™.
The computed values correspond to those previ-
ously reported in [26].

The IR spectrum of Bu,NB.H; is more com-
plicated compared to (Bu,N),B,,H,, (Figure 1).

The intense band in the 2330—-2550 cm™ range
is split into 2 components. According to the cal-
culations performed for [B,H,|-, the higher fre-
quency component (peaked at 2437 cm™) 1s at-
tributed to the antisymmetric stretching of all
three BH, moieties in the octahydrotriborate
anion. The lower frequency component (peaked
at 2386 cm™) is due to the symmetric counter-
part of the previous vibration and antisymmetric
BH, stretching in two BH, fragments. Two weak
bands in the 2030—-2150 cm™ range are assigned
to symmetric (higher frequency) and antisymmet-
ric (lower frequency) B-H, stretching involving
bridging hydrogens. Strong, sharp bands at 1137
and 1009 cm™! are assigned to scissoring and
wagging deformations of the BH, moieties, re-
spectively. In the low-frequency region two intense
bands at 882 and 737 cm™ are due to vibrations of
the Bu,N* cation (as can be seen from Figure 2,
these bands are common for all tetrabutylammo-
nium compounds studied), while other less inten-
se bands are associated with BB stretching (band
at 778 cm™) or other skeletal vibrations of the oc-
tahydrotriborate anion (bands below 720 cm™).

B Conclusions

Tetrabutylammonium  closo-dodecaborate
(Bu,N),B,,H,, can be conveniently prepared by
the thermal decomposition of Bu,NBH, in the va-
cuum of a diaphragm pump. When the process is
carried out at temperatures not exceeding 175 °C,
both the final (Bu,N),B,,H,, and the interme-
diate Bu,NB,H, products can be isolated from
pyrolysis residue by simple recrystallization.
The procedure proposed is easy to handle and
does not require any sophisticated equipment.
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Introduction of the Difluoro(methoxy)methyl Group into
the Aromatic Ring and the Study of Its Electronic Properties

Abstract

A simple and efficient method for synthesizing aromatic compounds with a difluoro(methoxy)methyl fragment (CF,OCH,) by the
fluorodesulfurization of thionoesters has been developed. Systematic screening identified SnCl,/DAST as the optimal reagent
combination, providing excellent selectivity and high yields of target products. A series of aromatic difluoro(methoxy)methyl
compounds was synthesized under these conditions. Further studies of the electronic properties of the difluoro(methoxy)-
methyl group using **F NMR allowed us to determine its Hammett constants for inductive (o,) and resonance (o;) effects.
The results show that CF,0CH, acts as a moderately electron-withdrawing substituent, underscoring its potential as a versa-
tile group for designing organic molecules with precisely tuned electronic characteristics.

Keywords: difluoro(methoxy)methyl; fluorodesulfurization; Hammett constants

M. O. Nawko'?, 0. /1. ArynonbcbKuit'?
1 lHcmumym opaaHiuHOiI ximii HauioHanbHOI akademii Hayk YKpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa
2TOB HBI «EHamiH», 8yn. BiHcmoHa Yepyunnsa, 78, m. Kuis, 02094, YkpaiHa
BeepeHHA audpTopo(METOKCU)METUNBbHOI rPynu B apoOMaTUUHE KiNblue Ta A0CNigMKeHHA
il @NeKTPOHHUX BRacTUBOCTEM
AHoTauiA
Po3pobneHo npocTuii Ta edeKTUBHUIN METOA CUHTE3Y apOMaTUYHKX CNOAYK i3 AMDTOPO(METOKCU)METUNBHUM GparmeHTOM
(CF,OCH,) wnsxom ¢TopoaecynbdypmrsaLii TIOHOBKUX ecTepiB. Mif Yac cUCTEMATUYHOTO MOLYKY YMOB peakLii 6yno BU3Ha4eHo,
Lo ONTUMaNbHUM NOEAHAHHAM peareHTis € SnCl,/DAST, ake 3a6e3neuye BiAMIHHY CENEeKTUBHICTb NPOLLeCy Ta BUCOKI BUXOAM
LiNbOBUX MPOAYKTIB. 3 BUKOPUCTAHHAM LIMX YMOB BY/10 CUHTE30BAHO CEPit0 apOMATUYHUX AUPTOPO(METOKCU)METUNBHUX NO-
xigHux. Mopanblie AOCAIAKEHHA eNeKTPOHHUX BAacTuBocTelt AndTopo(MeTOKCUM)MEeTUAbHOI rpynu 3a gonomoroto °F AMP
£l03BONINIIO BU3HAYUTK iT KOHCTAHTU famMmeTa A iHAYKTUBHOTO (0,) Ta pe3oHaHcHoro (o,) edekTiB. OTpUMaHi pesynbTaTy
CBiAYaTb, WO AMPTOPO(METOKCUM)METUABbHA rPYNa € MOMIPHO e/IeKTPOHOAKLENTOPHUM 3aMiCHMKOM, WO pobuTs 1i LikaBUM
CTPYKTYPHUM dparmeHTOM Ansa nobygoBu opraHiyHUX MOMEKYA i3 HEOOXiAHUMU eNEeKTPOHHUMU XapaKTEPUCTUKAMMU.
Kntouosi cnoea: andropo(meToken)metun; dropogecynbdypmsaltia; KOHCTaHTU fammeTa
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B Introduction

The development of methodologies for intro-
ducing difluoro(alkoxy)methyl fragments (CF,0OR)
into organic molecules has gained prominence in
the chemical community, owing to their distinc-
tive impact on the physicochemical and biologi-
cal properties of compounds [1, 2]. In particular,
the difluoro(methoxy)methyl group (CF,0CH,)
combines the electron-withdrawing properties of
a CF, moiety with the ambiguous electronic na-
ture of a methoxy substituent, potentially result-
ing in an intriguing balance of field (inductive)
and resonance effects.

Traditionally, the synthesis of difluoro(alkoxy)-
methyl ethers has relied on aggressive reagents,
such as SF, [3], BrF, [4], or HF with oxidant sys-
tems [5], which typically demand elevated tem-
peratures and pressures, and often involve toxic
or explosive conditions. More moderate protocols
employing DAST and related reagents [6] can
enable the fluorodesulfurization under milder con-
ditions, but they may be limited by compatibi-
lity issues with certain functional groups. Recent
literature has described the use of silver(I) salts
(AgF) [7] for similar transformations although
this approach is quite sensitive to the purity of
the AgF reagent.

Despite progress in the synthesis of difluo-
ro(alkoxy)methyl compounds, the electronic pro-
perties of the CF,OCH, group, particularly in terms
of its Hammett constants, have remained large-
ly unexplored. The first objective of our study,
therefore, was to develop a convenient method
for accessing aryl-CF,0CH, derivatives by uti-
lizing thionoesters as precursors to install the
difluoro(methoxy)-methyl group. The second goal
was to study the electronic characteristics of the
CF,0CH, group and determine its Hammett con-
stants (0; and oy) comparing these values with
those of related fluorinated substituents [8].
The Hammett analysis was performed via the
19F NMR approach [9, 10, 13].

B Results and discussion

Optimization of the aryl-CF,OCH, synthesis

We selected O-methyl benzothioate (3) as a mo-
del substrate to evaluate the transformation of
a methyl thionoester into a difluoro(methoxy)me-
thyl group. Thionoesters were prepared from the
corresponding aryl bromides using O-methyl car-
bonochloridothioate (2), following a reported pro-
cedure [11]. According to the literature, there are
three main strategies for converting thionoesters
into difluoro-(alkoxy)methyl compounds: (1) us-
ing DAST or related fluorinating reagents [6];
(2) using oxidizing agents for the fluorination
[5, 12]; (3) performing the nucleophilic fluorine
substitution with S-selective metal fluorides (or
their salts) in the presence of additional fluoride
sources [7]. It is important to note that methods
not relying on DAST or morphDAST were very
sensitive to the presence of water; in many ex-
periments, methyl benzoate (5) appeared as an im-
purity or even the main product. After testing va-
rious conditions for forming the difluoro(methoxy)-
methyl group, we found that the best results came
from using DAST with small (catalytic) amounts
of tin chlorides (SnCl, or SnCl,). This approach,
in our opinion, is the most effective since it to-
lerates trace moisture and uses readily available
reagents.

Using the SnCl,/DAST method to convert me-
thyl thionoesters into difluoro(methoxy)methyl
derivatives, we synthesized a series of aromatic
compounds 4a-1 containing the CF,0CH, group
(Figure 1).

Determination of Hammett Constants

Compounds 4e and 4f were used to measure
Hammett constants via the F NMR method.
This method is known to be simple and often used
for studying electronic properties [13]. The F NMR
spectra were recorded in the presence of small
amounts of hexafluorobenzene (to calibrate chemical
shifts) and monofluorobenzene. From the difference
in YF chemical shifts between monofluorobenzene

S 0] S (0]
Br ~
1) Mg, Ix(cat)
Cle_ O
12 I( 2 3 3

F ;
- F L O« OO
conditions (Table 1) é
4 } 5

Scheme 1. The synthetic approach to the synthesis of difluoro(methoxy)methyl compounds
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Table 1. Screening fluorination conditions for forming the difluoro(methoxy)-methyl group

Reagents Conditions Result
morpDAST 2 equiv. DCM, rt, 16 h No reaction
SbCl, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h Conversion —100%, 15% of 5
SbF, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h No reaction
PCl, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h No reaction
PBr, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h No reaction
SiCl, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h No reaction
SnCl, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h Conversion — 100 %
SnCl, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h Conversion — 100 %
NBS 3 equiv., NEt,*3HF 3 equiv. DCM, rt, 16 h Conversion —100%, 60% of 5
SnCl, 0.05 equiv., morphDAST 2 equiv. DCM, rt, 16 h Conversion — 100%
SnCl, 0.05 equiv., DAST 2 equiv. DCM, rt, 2 h Conversion — 100 %
SnCl, 0.05 equiv., DAST 2 equiv. DCM, rt, 2 h Conversion — 100 %
DAST 2 equiv. DCM, rt, 36 h Conversion — 100 %
CsF 3 equiv., HgCl, 0.1 equiv. THF, rt, 16 h Starting material. Product traces in °F
TBAF 3 equiv., HgCl, 0.1 equiv. THF, rt, 16 h Starting material. Product traces in °F
CsF 3 equiv., Hg(OAc), 0.1 equiv. THF, 60 °C, 2 h | Conversion — 80%, 5 was formed
CsF 3 equiv., Hg(OAc), 0.1 equiv., NEt,*3HF 2 equiv. | THF, rt, 0.25 h Conversion — 100 %, 5 was formed. Product traces in *°F
CsF 3 equiv., HgCl, 0.1 equiv., NEt,*3HF 2 equiv. THF, 60°C,2h | Conversion—100%, 70% of 5
AgF 3 equiv. MeCN, rt, 3 h Conversion — 100%, 40% of 5

F
F F F F (0]
F (ONg F (ONQ F N o F O F O<
Me F
M F
© Me

4c, 91 %

4,89 % 4a, 85 % 4b, 88 %

F F
F FO F.LO
o O F O - - F
EEVO\
e
0
_0 NO,

4i, 79 %

49, 80 % 4h, 83 %

4j, 62 %

F
F F Fl O~
F
4d, 69 % de, 72 % 4f, 66 %
F F
O\ F O\
NO,
NO,
4k, 64 % 41, 55 %

Figure 1. The synthesis of a series of aromatic compounds 4a—I containing the CF,OCH, group

and the target samples, we calculated the Ham-
mett constants using equations (1) and (2) [10, 14].
To ensure that the fluorine atom was not shield-
ed by intermolecular interactions, additional
9F spectra were taken at lower concentrations;
the chemical shift difference remained nearly
the same (Table 2). Based on these results, we
calculated the inductive (0;) and resonance (o)
Hammett constants for the difluoro(methoxy)-
methyl group as 0; = 0.2163 and oz = 0.0686.

(1)
2)

ASYF=-11x0; +0.6

ASF =11 x0;—29.5 xo5 + 0.6

These positive values of Hammett constants
indicate that the CF,0OCH, group acts as a mode-
rate electron acceptor through both inductive and
resonance effects. Comparing these Hammett
constants with those of similar groups suggests
that CF,0OCH, lies near CHF, within the series
CF,, CHF,, CH,F, and CH, (Table 3).

® Conclusions

A convenient method for synthesizing aro-
matic compounds bearing the difluoro(methoxy)
methyl group (CF,0CH,) via the fluorodesul-
furization of thionoesters has been developed.
By screening various fluorination conditions, an
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Table 2. **F NMR data for 4e and 4f at different concentrations.

19 _ K19
Concentration 81 F(C,H,F) 5Y9F(Ar) 8°F(CF,0Me) 6 F(Csl(-lg?lg,c? F(Ar)
F c -113.006 -112.07 -72.007 -0.936
F O
c/2 -113.008 -112.071 -72.009 -0.937
c/a -113.014 -112.078 -72.017 -0.936
c/8 -113.019 -112.083 -72.023 -0.936
F
c/16 -113.019 -112.083 -72.023 -0.936
de c/32 -113.022 -112.087 -72.033 -0.935
F c -113.005 -110.046 -71.307 -2.959
F O
c/2 -113.014 -110.055 -71.317 -2.959
c/4 -113.018 -110.059 -71.321 -2.959
c/8 -113.019 -110.059 -71.323 -2.96
F c/16 -113.019 -110.059 -71.322 -2.96
af c/32 -113.019 -110.059 -71.322 -2.96

Table 3. Hammett constants for CF,0CH, and similar groups [15]

Group o] Op
CF,0OCH, 0.22 0.07
CH, -0.08 -0.15
CH,F 0.13 -0.02
CHF, 0.26 0.06

CF, 0.39 0.1
CH,OCH, 0.09 -0.05

SnCl,/DAST combination has proven to be opti-
mal in terms of both selectivity and yield.

The compounds 4e and 4f synthesized served
as models to study the electronic effects of this
group. The Hammett constant measurements
(o; and oy) by YF NMR have shown that the di-
fluoro(methoxy)methyl group acts as a moderate
electron acceptor through both inductive and re-
sonance pathways (o; = 0.22, oy = 0.07). The com-
parison with similar substituents (CF,, CHF,, CH,F,
CH,0OCH, and CH,) suggests that CF,0CH, oc-
cupies an intermediate position and is closest in
overall electronic effect to CHF,.

These findings indicate that CF,OCH, can be
used as an effective tool for the targeted modu-
lation of the electronic properties of aromatic
compounds. The described mild-condition syn-
thesis of the difluoro(methoxy)methyl fragment
from thionoesters broadens the scope for incor-
porating this group into a diverse range of mol-
ecules. Determining the electronic features of
the CF,0CH, group opens up promising oppor-
tunities for its further application in medicinal
chemistry, materials science, and other areas of
organic synthesis.

m Experimental part

General information and materials

The solvents were purified according to the
standard procedures. All starting materials were
obtained from Enamine Ltd. NMR spectra were
recorded on a Bruker Avance 500 spectrometer
(at 500 MHz for 'H and 126 MHz for *C nucle-
us) and Varian Unity Plus 400 spectrometers
(at 400 MHz for 'H, 101 MHz for *C nucleus).
Tetramethylsilane (*H, *C) was used as an inter-
nal standard. GCMS analyses were performed
using an Agilent 5890 Series II 5972 GCMS in-
strument (electron impact (EI) ionization (70 eV)).
Column chromatography was performed with si-
lica gel (200—300 mesh). The elemental analysis
was carried out in the Analytical Laboratory of the
Institute of Organic Chemistry, NAS of Ukraine.

The general procedure for the fluorodesul-
furization (on the example of thionoester 3)

A stirred solution of methyl benzenecarboth-
ioate (1.0 g, 6.58 mmol) in CH,Cl, (30 mL) was
cooled to 0°C. DAST (2.12 g, 13.16 mmol, 1.74 mL,
2.0 equiv.) was added dropwise, followed by SnCl,
(85.45 mg, 328.95 pmol, 0.05 equiv.). The reac-
tion mixture was then allowed to warm to room
temperature and stirred for 2 h. It was quenched
with saturated aqueous NaHCO,, and the resul-
ting mixture was extracted with CH,Cl,. The com-
bined organic layers were dried over Na,SO,, fil-
tered, and concentrated in vacuo to give a crude
residue. The residue was purified by silica gel co-
lumn chromatography (hexanes) to give [difluo-
ro(methoxy)methyl]benzene as a colorless liquid
(0.93 g, 89% yield).
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(Difluoro(methoxy)methyl)benzene (4)

A colorless liquid. Yield — 0.93 g (89%). Anal.
Caled for C;H.F,0, %: C 60.76, H 5.10. Found, %:
C61.10, H 5.04. *H NMR (500 MHz, Chloroform-d),
6, ppm: 7.61 (2H, d, J = 7.4 Hz), 7.43 (3H, dt,
J = 14.5, 6.9 Hz), 3.72 (3H, s). ¥C{H} NMR
(126 MHz, Chloroform-d), §, ppm: 133.71 (t, J =
32.6 Hz), 129.94, 127.75, 124.89 (t, J = 3.8 Hz),
122.60 (t, J = 257.9 Hz), 50.06 (t, J = 8.0 Hz).
YE{H} NMR (376 MHz, Chloroform-d), §, ppm:
-72.84. GC-MS (EI), m/z: 158 [M]*".

1-(Difluoro(methoxy)methyl)-2-methyl-
benzene (4a)

A colorless liquid. Yield — 0.88 g (85%). Anal.
Caled for C,H, F,0, %: C 62.78, H 5.85. Found, %:
C 62.80, H 5.84. '"H NMR (500 MHz, Chloroform-d),
6, ppm: 7.63 (1H, d, J = 7.7 Hz), 7.34 (1H, t,
J =17.5 Hz), 7.23 (2H, d, J = 8.2 Hz), 3.71 (3H,
s), 2.48 (3H, d, J = 1.9 Hz). *C{'H} NMR (126
MHz, Chloroform-d), §, ppm: 136.10, 131.70 (t, J
=30.5 Hz), 131.08, 129.84, 125.31 (t, J = 5.9 Hz),
124.87, 122.99 (t, J = 259.6 Hz), 49.92, 19.12.
YE{H} NMR (376 MHz, Chloroform-d), 6, ppm:
-73.38. GC-MS (EI), m/z: 172 [M]*".

1-(Difluoro(methoxy)methyl)-3-methyl-
benzene (4b)

A colorless liquid. Yield — 0.92 g (89%). Anal.
Calcd for C,H,F,0, %: C 62.78, H 5.85. Found, %:
C62.47, H 5.88. 'H NMR (400 MHz, Chloroform-d),
6, ppm: 7.45 (2H, d, J = 9.2 Hz), 7.31 (2H, dt, J =
13.7, 7.5 Hz), 3.74 (3H, s), 2.41 (3H, s). *C{'H}
NMR (101 MHz, Chloroform-d), §, ppm: 138.15,
134.01 (t, J = 32.7 Hz), 131.22, 128.23, 125.97,
123.16 (t, J = 258.0 Hz), 122.45, 50.67 (t, J =
7.0 Hz), 21.35. YF{!H} NMR (376 MHz, Chloro-
form-d), 6, ppm: -73.39. GC-MS (EI), m/z: 172 [M]*".

1-(Difluoro(methoxy)methyl)-4-meth-
ylbenzene (4c¢)

A colorless liquid. Yield — 0.94 g (91%). Anal.
Calcd for C,H,,F,0, %: C 62.78, H 5.85. Found, %:
C 63.14, H 5.88. 'H NMR (500 MHz, Chloroform-d),
6, ppm: 7.51 (2H, d, J = 7.9 Hz), 7.22 (2H, d,
J =179 Hz), 3.71 (3H, s), 2.39 (3H, s). *C{'H}
NMR (126 MHz, Chloroform-d), §, ppm: 140.03,
130.85 (t, J = 32.7 Hz), 128.40, 124.81 (t, J =
3.8 Hz), 122.84 (d, J = 258.0 Hz), 50.10, 20.75.
YE{H} NMR (376 MHz, Chloroform-d), §, ppm:
-71.32. GC-MS (EI), m/z: 172 [M]*".

1-(Difluoro(methoxy)methyl)-2-fluoro-
benzene (4d)

A colorless liquid. Yield — 0.72 g (69%). Anal.
Caled for C;H,F.0, %: C 54.55, H 4.01. Found, %:
C54.27, H 4.05. 'H NMR (500 MHz, Chloroform-d),
6, ppm: 7.61 (1H, t, J = 7.6 Hz), 7.44 (1H, q,

J=17.1Hz),7.17 (1H,t,J=7.8 Hz), 7.13 (1H, dd,
J =10.8, 8.4 Hz, 1H), 3.73 (3H, s). *C{'"H} NMR
(126 MHz, Chloroform-d), 6, ppm: 159.37 (d,
J =254.3 Hz), 133.90 (d, J = 8.9 Hz), 131.97 (d,
J=8.3 Hz), 126.96 (d, J = 4.8 Hz), 123.10 (d, J =
3.8 Hz), 121.13 (t, J = 258.0 Hz), 116.04 (d, J =
21.0 Hz), 50.15. ¥F{*H} NMR (376 MHz, Chloro-
form-d), 6, ppm: -72.29 (d, J = 14.3 Hz), -115.11
(t, J = 14.2 Hz). GC-MS (EI), m/z: 176 [M]*".

1-(Difluoro(methoxy)methyl)-3-fluoro-
benzene (4e)

A colorless liquid. Yield — 0.75 g (72%). Anal.
Caled for C;H,F.,0, %: C 54.55, H 4.01. Found, %:
C 54.16, H 4.03. *H NMR (400 MHz, Chloroform-d),
6, ppm: 7.43-7.35 (2H, m), 7.35-7.27 (1H, m),
7.14 (1H, ddd, J = 10.5, 5.5, 2.6 Hz), 3.71 (3H, d,
J=1.7THz). ®C{H} NMR (101 MHz, Chloroform-d),
§, ppm: 162.41 (d, J = 246.8 Hz), 136.28 (td,
J = 33.5, 7.7 Hz), 130.09 (d, J = 8.0 Hz), 122.22
(t, J = 256.8 Hz), 121.16 (q, J = 3.6 Hz), 117.54
d, J = 21.1 Hz), 112.99 (dt, J = 23.9, 3.8 Hz),
50.77 (t, J = 7.1 Hz). YF{H} NMR (376 MHz,
Chloroform-d), 6, ppm: -72.61, -112.66. GC-MS
(EI), m/z: 176 [M]*".

1-(Difluoro(methoxy)methyl)-4-fluoro-
benzene (4f)

A colorless liquid. Yield — 0.68 g (66%). Anal.
Calcd for C,H,F,0, %: C 54.55, H 4.01. Found, %:
C 54.29, H 4.05. 'H NMR (500 MHz, Chloroform-d),
6, ppm: 7.60 (2H, dd, J=8.5, 5.3 Hz), 7.09 (2H, t,
J=8.5Hz), 3.71 (3H, s). *C{'"H} NMR (101 MHz,
Chloroform-d), 6, ppm: 163.90 (d, J = 249.9 Hz),
130.29 (td, J = 32.8, 2.8 Hz), 127.68 (dt, J =
8.4, 3.7 Hz), 122.67 (t, J = 257.7 Hz), 115.30 (d,
J = 22.0 Hz), 50.66 (t, J = 7.0 Hz). “F{{H} NMR
(376 MHz, Chloroform-d), &, ppm: -71.91, -110.65.
GC-MS (EI), m/z: 176 [M]*".

1-(Difluoro(methoxy)methyl)-2-methoxy-
benzene (4g)

A colorless liquid. Yield — 1.03 g (80%). Anal.
Caled for C,H, F,0,, %: C 57.45, H 5.36. Found, %:
C 57.66,H 5.35. '"H NMR (500 MHz, Chloroform-d),
6, ppm: 7.59 (1H, dd, J =17.9, 1.7 Hz), 7.41 (1H,
td, J=17.9, 1.8 Hz), 6.97 (2H, d, J = 7.9 Hz), 3.88
(8H, s), 3.69 (3H, s). *C{'"H} NMR (126 MHz,
Chloroform-d), 6, ppm: 156.89, 131.49, 126.92 (t,
J = 5.5 Hz), 122.06 (t, J = 258.7 Hz), 121.56 (t,
J = 31.4 Hz), 119.40, 111.58, 55.47, 50.05.
YE{H} NMR (376 MHz, Chloroform-d), §, ppm:
-73.39. GC-MS (EI), m/z: 188 [M]*".

1-(Difluoro(methoxy)methyl)-3-methoxy-
benzene (4h)

A colorless liquid. Yield — 0.86 g (83%). Anal.
Caled for C,H, F,0,, %: C 57.45, H 5.36. Found, %:
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C57.44,H 5.40. 'H NMR (400 MHz, Chloroform-d),
0, ppm: 7.35 (1H, t, J = 8.0 Hz), 7.22 (1H, d, J =
7.6 Hz), 7.15 (1H, d, J = 2.0 Hz), 7.01 (1H, dd,
J=8.3,2.6 Hz), 3.84 (3H, s), 3.73 (2H, s). *C{'H}
NMR (101 MHz, Chloroform-d), §, ppm: 159.48,
129.48, 122.89 (t, J = 258.4 Hz), 121.97, 119.49,
116.47, 110.73 (d, J = 3.8 Hz), 55.34, 50.73 (t,
J="17.1Hz). YF{'"H} NMR (376 MHz, Chloroform-d),
0, ppm: -73.39. GC-MS (EI), m/z: 188 [M]*".

1-(Difluoro(methoxy)methyl)-4-methoxy-
benzene (4i)

A colorless liquid. Yield — 0.82 g (79%). Anal.
Calcd for C,H, F,0,, %: C 57.45, H 5.36. Found, %:
C 57.79, H 5.30. 'H NMR (500 MHz, Chloroform-d),
o, ppm: 7.54 (2H, d, J = 8.5 Hz), 6.91 (2H, d,
J=8.7Hz), 3.82 (3H, d, J=1.1 Hz), 3.70 (3H, s).
BC{*H} NMR (101 MHz, Chloroform-d), §, ppm:
161.12, 126.98 (t, J = 3.6 Hz), 126.51 (t, J = 33.0
Hz), 123.28 (t, J = 257.0 Hz), 113.55, 55.31,
50.64 (t, J = 7.1 Hz). YF{'H} NMR (376 MHz,
Chloroform-d), 6, ppm: -71.51. GC-MS (EI), m/z:
188 [M]*".

1-(Difluoro(methoxy)methyl)-4-nitroben-
zene (4j)

A yellow liquid. Yield — 0.64 g (62%). Anal.
Calced for C;H, F,NO,, %: C 47.30, H 3.47, N 6.90.
Found, %: C 46.64, H 3.51, N 6.79. 'H NMR (500 MHz,
Chloroform-d), 6, ppm: 8.26 (1H, dd, J = 9.3,
2.6 Hz), 7.86-7.67 (1H, m), 3.75 (1H, s). *C{*H}
NMR (101 MHz, Chloroform-d), §, ppm: 149.19,
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139.92 (t, J = 33.7 Hz), 126.85 (t, J = 3.5 Hz),
123.61,121.83 (t,J=248.5 Hz), 51.01 (t,J="7.1 Hz).
YEF{H} NMR (376 MHz, Chloroform-d), §, ppm:
-72.69. GC-MS (EI), m/z: 203 [M]*".
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50.99 (t, J = 7.0 Hz). ¥F{'H} NMR (376 MHz,
Chloroform-d), 6, ppm: -72.72. GC-MS (EI), m/z:
203 [M]*".

1-(Difluoro(methoxy)methyl)-2-nitroben-
zene (41)

A yellow liquid. Yield — 0.57 g (65%). Anal.
Calcd for C,H,F,NO,, %: C 47.30, H 3.47, N 6.90.
Found, %: C 46.61, H 3.50, N 6.80. 'H NMR (400 MHz,
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Synthesis and Anti-inflammatory Activity of Some New
6-Aryltriazolo[3,4-b][1,3,4]thiadiazole Derivatives

Abstract

A series of 6-aryl[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole derivatives has been synthesized. Their anti-inflammatory activity has
been studied in vivo in a carrageenan model of the paw inflammatory edema in rats. 3-(2-Fluorophenyl)-6-phenyl-[1,2,4]triazolo-
[3,4-b][1,3,4]thiadiazole (3c) and 3-(2-fluorophenyl)-6-(4-methoxy-phenyl)[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole (3d) have
been identified as hit compounds with the anti-exudative activity. The crucial role of the fluorine atom in the anti-inflammatory
activity has been determined, which value considerably correlates with the calculated values of lipophilicity and solubility.
Keywords: [1,2,4]triazolo[3,4-b][1,3,4]thiadiazole; anti-inflammatory activity; cyclooxygenase; docking

I. I. Mupko

JlbgiscoKuli HauioHanbHUlU medu4Hull yHisepcumem imeHi aHuna fanuysKoeo,

syn. Mekapcoka, 69, m. /lbsis, 79010, YKpaiHa

CuHTE3 Ta NpoTU3anajsibHa aKTUBHICTb AeAKMUX HOBUX NOXigHUX
6-apun[1,2,4]tpnasono[3,4-b][1,3,4]riagiazony

AHoTauiA

CvHTe30BaHoO psg noxiaHux 6-apun[l,2,4]tpmnasonol3,4-b][1,3,4]tiagiazony. Ana umx cnonyk AOCNIAXKEHO in vivo NpoTu3anasb-
HY aKTMBHICTb Ha KapareHiHOBI Moae i 3anasbHOro HabpsaKky fanu wypa. 3-(2-dtopodeHin)-6-deHin-[1,2,4]T1pmnasono(3,4-b]-
[1,3,4]tiagiazon (3c) Ta 3-(2-dTOpodeHin)-6-(4-meTokcndeHin)[1,2,4]tpuasonol3,4-b][1,3,4]tiagiason (3d) 6yno iaeHTUdiKO-
BAHO fIK CMONYKU-XiTU 3 aHTUEKCYAAaTUBHOIO aKTUBHICTIO. BuABNeHO BaxKAMBY posb aToma PTopy B NpoTU3ananbHili akTUB-

HOCTI, BE/IMYMHA AKOT KOPEIOE 3 PO3PaX0BaHUMM 3HAUYEHHAMM NiN0dINbHOCTI Ta PO3YMHHOCTI.
Knwuoei cnosa: [1,2,4]tpuaszono(3,4-b][1,3,4]tiagiazon; npoTnsanasnbHa aKTUBHICTb; LIMKAOOKCUTeHa3a; AOKIHT
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B Introduction

Inflammation is a universal physiological res-
ponse to injury that can be caused by infectious,
allergic, toxic, physical, and neurogenic factors.
It is one of the most common diseases that can be
fatal [1]. Nonsteroidal anti-inflammatory drugs
(NSAIDs) represent a class of important thera-
peutic agents. They are used as anti-inflammato-
ry, antipyretic, and analgesic medicines. However,
NSAIDs may cause serious side effects, including
gastrointestinal bleeding, peptic ulcer disease,
hypertension, edema, and kidney disease [2].

Some NSAIDs have also been associated with
an increased risk of myocardial infarction [3].
Therefore, novel anti-inflammatory and analge-
sic compounds with improved safety profiles still
need to be invented.

Currently, the synthesis and biological acti-
vities of various 1,2,4-triazole and 1,3,4-thiadia-
zole derivatives and their N-bridged heterocy-
clic analogs are the subject of intensive research
[4-T7]. 1,2,4-Triazole and 1,3,4-thiadiazole rings
are known to be unique pharmacophores in seve-
ral drugs and natural products. The favorable pro-
perties of triazole and thiadiazole rings, including
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moderate dipole properties, hydrogen bonding abi-
lity, optimal lipophilicity and rigidity, are respon-
sible for their biological activities [4—7]. Thiadiazo-
le 1s the bioisostere of pyrimidine and oxadiazo-
le [7].

[1,2,4]Triazolo[3,4-b][1,3,4]thiadiazoles, inclu-
ding 1,2,4-triazole and 1,3,4-thiadiazole rings,
are attractive heterocyclic compounds for medi-
cal chemists. They are important analogs of bio-
active compounds with diverse pharmacological
effects, including the anti-inflammatory one [8—18].
Among [1,2,4]triazolo[3,4-b][1,3,4]thiadiazole de-
rivatives, some selective inhibitors of the cyc-
looxygenase COX-2 isoform were found [18, 19].

The aim of this work was to synthesize new
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole derivati-
ves and study their anti-exudative potential.

B Results and discussion

Synthesis of [1,2,4]triazolo[3,4-b][1,3,4]-
thiadiazole targeted derivatives

The synthesis of the targeted [1,2,4]triazolo-
[3,4-b][1,3,4]thiadiazole derivatives was carried
out by the reaction of 1-amino-4H-[1,2,4]triazol-

3-thiols 1a—c¢ with commercially available ben-
zoic acid 2a and its substituted derivatives 2b—-d
(Scheme). The reaction was performed in POCIl,
under reflux. The resulting compounds are light
yellow substances that are highly soluble in DMFA,
DMSO, and dioxane, moderately soluble in etha-
nol and acetic acid, and insoluble in water and
non-polar solvents.

The anti-inflammatory activity of compounds
3a-f synthesized was evaluated by the carragee-
nan-induced paw edema method [19]. The com-
pounds were tested in the dose of 50 mg kg,
and the activity was compared to the reference
drugs — Ibuprofen, Diclofenac, and Ketorolac in
the mean therapeutic dose of 10 mg kg™ (Table 1).

Compounds 3c and 3d were identified as the
most active among the substances studied, and
their anti-inflammatory effect was equal to or
higher than that of the reference drugs. A signi-
ficant effect was also observed in the case of com-
pound 3b. All active compounds possess a fluorine
atom in the aromatic cycle in position 6 of the
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole moieties.

Compounds containing heterocyclic rings
substituted with fluorinated phenyl moiety are

N O
N/
M D—st 7" oH
R™ N + R
NH, Z
1a—d 2a-d

N—N
\
P >\s
POCl; R” N
e N/
reflux I N
R’

3a—f, 71-87 %

1a: R = CgHs; 1b: R = 2-F-CgHy; 1c: R = 4-CI-CgH,CH,; 1d: R = 4-MeO-CgH,4CH,
2a: R' = H; 2b: R" = 4-CF3; 2c: R" = 4-MeO; 2d: R" = 3,4-di-MeO
3a: R = CgHs, R' = H; 3b: R = C4Hs, R! = 4-CF5; 3¢: R = 2-F-CgH,4, R' = H;
3d: R = 2-F-CgH,, R' = 4-MeO; 3e: R = 4-CI-CgH,4CH,, R = H;
3f: R = 4-MeO-CgH,CH,, R" = 3,4-di-MeO
Scheme. The synthesis of [1,2,4]triazolo[3,4-b][1,3,4]thiadiazoles 3a—f

Table 1. The anti-inflammatory activity of compounds 3a—f synthesized compared to Ibuprofen, Diclofenac and Ketorolac

Paw edema volume,

Activity relative to

Activity relative to

Activity relative to

Compound (mL) £ SEM* Inhibition, % Ibuprofen, % Diclofenac, % Ketorolac, %
Control 2.20+£0.05 - - - -
3a 1.73+£0.04 21.4 53.5 49.1 55.4
3b 1.48 £ 0.05 32.7 81.8 75.0 84.7
3c 1.24 £0.03 43.6 109.0 100.0 113.0
3d 1.27 £0.05 42.3 105.8 97.0 109.6
3e 1.64 £0.02 25.5 63.8 58.5 66.1
3f 1.94 £ 0.03 11.8 29.5 27.1 30.6
Ibuprofen 1.32+0.03 40.0 100 - -
Diclofenac 1.24+0.03 43.6 - 100 -
Ketorolac 1.35+0.04 38.6 - - 100

Note: *SEM denotes the standard error of the mean
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well-recognized anti-inflammatory and analge-
sic agents [20—24]. There are many reports that
the incorporation of fluorine into a molecule re-
sults in increased binding affinity to the target
protein [25—29]. In addition, an increase in the
rate of absorption and transport of the drug in
vivo was observed [27—-29].

The consensus values for lipophilicity and wa-
ter solubility [30] calculated using the Swiss-
ADME web resource [31] correlate with the anti-
inflammatory activity of highly active fluorinated
compounds (Figure 1). An increase in lipophilicity
and a decrease in solubility lead to the loss of the
anti-inflammatory effect. It should be noted that
fluoro-substituted derivatives are also among the
anti-inflammatory drugs available in the phar-
maceutical market (Celecoxib, Fluproquazone).

Cyclooxygenase (COX) enzymes are involved
in the synthesis of various prostanoids, which par-
ticipate in physiological and pathological mecha-
nisms of inflammation. There are two isoforms
of COX enzymes: COX-1 and COX-2. COX-1 is
a regulatory enzyme with physiological and ho-
meostatic functions, whereas COX-2 stimulates
the synthesis of prostaglandins, which cause
pathological conditions, such as inflammation.
Side effects of NSAIDs are caused by the inhibi-
tion of the physiological function of COX-1, while
selective COX-2 inhibitors cause the anti-inflam-
matory activity without the risk of side effects.
Compounds 3b-d were docked [32, 33] into the
binding site pockets of COX-1 and COX-2. The mo-
lecular docking studies were conducted using
Autodock Vina [32] for docking simulations and a
Discovery Studio Visualizer [33] for visualization

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (4)

and interpretation. The protein structures
were retrieved from the Protein Data Bank (PDB):
Cyclooxygenase 2 (PDB ID 1PXX) and Cyclooxy-
genase 1 (PDB ID 1HT5). Proteins were prepa-
red by removing water molecules, adding hydro-
gen atoms, assigning partial charges, and con-
verting the protein to the PDBQT format us-
ing AutoDock Tools. Ligands were drawn using
ChemDraw and prepared by adding hydrogens,
assigning charges, and optimizing their geomet-
ry through the energy minimization using Open
Babel, then converted to the PDBQT format.
AutoDock Vina was then utilized to perform the
docking simulation, with a grid box size of 20 A
defined to encompass the protein’s active site
and an exhaustiveness value of 8 to ensure a
thorough search. A Discovery Studio Visualizer
was used to visualize and analyze the docked
complexes, identifying key interactions.

These compounds exhibited stronger interac-
tions at the COX-2 binding site than the COX-1
active site pocket. Binding scores and informa-
tion about amino acids involved in interactions
of the docked compounds 3b-d on the active
sites of COX-1 and COX-2 enzymes are provided
in Table 2 and visualized in Figures 2—4.

Compounds 3b—d are characterized by Pi-
Sigma and Pi-Alkyl interactions of amino acid
fragments, which contain alkyl residues with aro-
matic cycles or a heterocyclic system (Table 2).
In addition, an important role in bonding is
played by Pi-Cation, Pi-Sulfur, Pi-Pi Stacked,
Pi-P1 T-shaped, and various hydrogen bonds.
(Conventional Hydrogen Bond, Carbon Hydrogen
Bond, Pi-Donor Hydrogen Bond) (Table 2).

F NN FONN R
| j
’N\>\S N\>\ i N N\>\ i
\N/l N= |/ N=

3c
Activity relative to ibuprofen = 109.0 %
Consensus Log P, = 3.66
Water solubility = 8.01e-03 mg mL™"

3d

FsC 0

O fon

0]

N

-

Y

Me Celecoxib

Activity relative to ibuprofen = 105.8 %
Consensus Log P, = 3.59
Water solubility =

Activity relative to ibuprofen = 81.8 %
Consensus Log P,, = 4.32

7.93e-03 mg mL™! Water solubility = 2.08e-03 mg mL™"

Me
%Me

e~ ) N
N—§ Me

o)

Fluproquazone

Figure 1. Bioactive fluorinated compounds 3b-d and anti-inflammatory drugs
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88 A324
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Figure 2. The binding mode of compound 3b into the binding sites of COX-1 and COX-2
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Figure 3. The binding mode of compound 3c into the binding sites of COX-1 and COX-2
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Figure 4. The binding mode of compound 3d into the binding sites of COX-1 and COX-2
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Table 2. Binding scores and amino acids involved in interactions of the docked compounds 3b-d on the active sites of COX-1 and COX-2

enzymes*

Compound

Binding energy,
kcal mol™

Interacting residues

Conventional
Hydrogen Bond,

Pi-Cation,

Pi-Pi Stacked, Pi-Pi
T-shaped

Pi-Alkyl,
Pi-Sigma

w
o

COX-1 -7.4

Arg B:88
Tyr B:323

Arg B:88

Tyr B:323

Leu B:499
Val B:317
lle B:57
Leu B:61
Val B:84
Ala B: 495

COX-2 -9.6

Ser A:499
Phe A:487

Ala A:496
Val A:85
Val A:318
Val A:492
Leu A:328
Leu A:321
Ala A:485
His A:58
Leu A:500
Ala A:496
Val A:318
Val A:492

3c

COX-1 -7.5

Tyr B:323

Tyr B:323
Trp B:355

Val B:84
Val B:317
Ala B: 495
Leu B:320
Leu B:499
lle B:491

COX-2 -8.8

Tyr A:324

Trp A:356

Leu A:321
Val A:318
Val A:492
Ala A:496
Leu A:328
Val A:85
Leu A:500

3d

COX-1 -6.6

Arg B:88

Tyr B:323

Leu B:61
lle B:57
Val B:84
Leu B:499
Val B:317
Leu B:61
lle B:57
Val B:84
Ala B:495

COX-2 -8.9

Val A:318
Ala A:496
Leu A:328
Val A:492
Phe A:487
His A:58
Ala A:485
Leu A:500
Val A:318
Ser A:322
Val A:492

Note: *Colors of the amino acids involved in the interactions correspond to those shown in Figures 2-4
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The calculated binding energy of compounds
3b-d is similar to the binding energy for such non-
steroidal anti-inflammatory drugs as Ibuprofen,
Diclofenac, Ketorolac, and Celecoxib. The selec-
tivity of binding to cyclooxygenases was not ob-
served (Table 3).

B Conclusions

In order to develop new effective anti-inflam-
matory agents, a series of [1,2,4]triazolo[3,4-b]-
[1,3,4]thiadiazoles has been synthesized. Among
them, 3-(2-fluorophenyl)-6-phenyl-[1,2,4]triazolo-
[3,4-b][1,3,4]thiadiazole (3c) and 3-(2-fluorophenyl)-
6-(4-methoxy-phenyl)-[1,2,4]triazolo[3,4-b][1,3,4]-
thiadiazole (3d) have shown the best activity.

B Experimental part

The 'H NMR spectra presented in this work
were obtained on a Varian instrument at an op-
erating frequency of 400 MHz with DMSO-d; as
a solvent and tetramethylsilane as an internal
standard. Elemental analyses were performed us-
ing a Carlo Erba 1106 instrument. Melting points
were determined on a Boetius melting point ap-
paratus.

4-Amino-5-(4-R-benzyl)-4H-[1,2,4]triazol-
3-thiols 1la,b were obtained according to the
procedure described in [34].

The general procedure for the synthe-
sis of [1,2,4]triazolo[3,4-b][1,3,4]thiadiazole
derivatives 3a—f

The corresponding 4-amino-5-R-4H-[1,2,4]tri-
azol-3-thiol 1a—d (5 mmol) and benzoic acids 2a-d
(5 mmol) were dissolved in POCL, (10 mL).
The reaction mixture was refluxed for 8 h, cooled
to room temperature, and poured into a mixture
of NaOH (20 g), water (50 mL), and ice (50 g).
In 1 hour, the precipitate was filtered off and re-
crystallized from an ethanol-DMFA mixture gi-
ving light yellow powders.

3,6-Diphenyl-[1,2,4]triazolo[3,4-b][1,3,4]thia-
diazole (3a)

Yield — 75 %. M. p. 159-160 °C. 'H NMR
(400 MHz, DMSO-dy), 6, ppm: 7.81-7.48 (6H, m,
ArH), 8.07 (2H, d, J = 7.1 Hz, ArH), 8.32 (2H, d,

J = 7.3 Hz, ArH). Anal. Caled for C,;H,\N,S, %:
C 64.73, H 3.62, N 20.13. Found, %: C 64.77, H
3.72, N 20.20.
3-Phenyl-6-(4-trifluoromethylphenyl)-[1,2,4]-
triazolo[3,4-b][1,3,4]thiadiazole (3b)

Yield — 87 %. M. p. 188—-200 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 7.82—7.47 (3H, m,
ArH), 8.02 (2H, d, J = 8.2 Hz, ArH), 8.26-8,34
(4H, m, ArH). Anal. Calced for C,;H,F.,N,S, %:
C 55.49, H 2.62, N 16.18. Found, %: C 55.62, H
2.73, N 16.22.

3-(2-Fluorophenyl)-6-phenyl-[1,2,4]triazo-
lo[3,4-b][1,3,4]thiadiazole (3¢)

Yield — 84%. M. p. 175-176 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 7.53—7.44 (2H, m,
ArH), 7.61 (2H, t, J = 7.7 Hz, ArH), 7.71-7.64
(2H, m, ArH), 7.97 (2H, d, J = 8.0 Hz, ArH),
8.07 (1H, t, J = 7.5 Hz, ArH). Anal. Caled
for C,,H,FN,S, %: C 60.80, H 3.06, N 18.91.
Found, %: C 60.75, H 2.99, N 18.70.

3-(2-Fluorophenyl)-6-(4-methoxyphenyl)-
[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole (3d)

Yield — 81 %. M. p. 181-183 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 3.85 (3H, s, CH,0),
7.14 2H, d, J = 7.4 Hz, ArH), 7.56-7.41 (2H, m,
ArH), 7.67 (1H, d, J = 6.2 Hz, ArH), 7.92 (2H, d,
J =17.3 Hz, ArH), 8.06 (1H, t, J = 7.5 Hz, ArH).
Anal. Calcd for C,;H,,FN,0S, %: C 58.89, H 3.40,
N 17.17. Found, %: 58.95, H 3.45, N 17.10.

3-(4-Chlorobenzyl)-6-phenyl-[1,2,4]triazolo-
[3,4-b][1,3,4]thiadiazole (3e)

Yield — 71 %. M. p. 192-193 °C. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 4.47 (2H, s, CH,),
7.40 (4H, s, ArH), 7.60-7.72 (2H, m, ArH),
7.93 (2H, d, J = 6.7 Hz, ArH). Anal. Calcd for
C,.H,,CIN,S, %: C 5881, H 3.39, N 17.14.
Found, %: 58.69, H 3.44, N 17.21.

6-(3,4-Dimethoxyphenyl)-3-(4-methoxyben-
zyl)-[1,2,4]triazolo[3,4-b][1,3,4]thiadiazole (3f)

Yield — 72 %. M. p. 201-202 °C. ‘H NMR
(400 MHz, DMSO-d,), 6, ppm: 3.70 (3H, s, CH,0),
3.85 (3H, s, CH,0), 3.86 (3H, s, CH.0), 4.36 (2H, s),
6.88 (2H, d, J = 8.6 Hz, ArH), 7.14 (1H, d, J = 8.5 Hz,
ArH), 7.30 (2H, d, J = 8.5 Hz, ArH), 7.37 (1H, d,
J =1.9 Hz, ArH), 7.48 (1H, dd, J = 8.4, 2.0 Hz,
ArH). Anal. Caled for C,,H,;N,0.S, %: C 59.67,
H 4.74, N 14.65. Found, %: 59.79, H 4.61, N 14.54.

Table 3. The binding energy, kcal mol™ of the docked compounds 3b—d and Ibuprofen, Diclofenac, Ketorolac, and Celecoxib on the active

sites of COX-1 and COX-2 enzymes

Target protein Compound
3b 3c 3d Ibuprofen Diclofenac Ketorolac Celecoxib
COX-1 -7.4 -7.5 -6.6 -7.6 -7.7 -8.6 -5.2
COX-2 -9.6 -8.8 -8.9 -7.4 -8.4 -8.7 -10.2
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The method for studying the anti-inflam-
matory activity in vivo [19]

All in vivo procedures on animals comply with
the standards of the European Convention for the
Protection of Vertebrate Animals Used for Re-
search and Scientific Purposes (Strasbourg, 1985),
the Council Directive 2010/63/EU and the Law
of Ukraine No. 3447-IV “On the Protection of
Animals from Cruelty” as amended by 440-IX of
14.01.2020.

We conducted a study of the anti-inflamma-
tory activity using the method of carrageenan-
induced paw edema in rats. White Wistar rats
weighing 180-250 g were used for this study.
The laboratory animals were divided into 10 groups.
Each group consisted of 5 rats. To test the anti-
inflammatory activity of 6 compounds synthesi-
zed and 3 reference drugs (Ibuprofen, Diclofenac
and Ketorolac), in total, 9 experimental groups
were used, and the 10th test group was the con-
trol group.

The compounds studied (50 mg/kg of the body
weight) and Ibuprofen, Diclofenac, Ketorolac in
the mean therapeutic dose (10 mg/kg of the body
weight) were dissolved in DMSO and administered
intraperitoneally. Only DMSO was administered

to the animals from the control group. In 1 hour,
a generalized edema was induced by injecting
0.1 mL of 2% carrageenan solution under asep-
tic conditions under the aponeurosis of the rat
hindlimb sole. The inflammatory response was
determined by the change in the limb volume
using the oncometric method at the beginning
of the experiment and 4 hours after administra-
tion of the phlogogenic agent. The inhibition of
the inflammatory response was calculated as
a percentage of the reduction in the paw volume
using the following formula:

VxlOO%

control

% Inhibition =

control

where V. . is the increase in the paw volu-
me in the control group of animals;
V is the increase in the paw volume in ani-

mals injected with the test substances.
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The Oxidation of Cyclic Ketones by H,0, Catalyzed
by Cu(ll) and Fe(lll) Coordination Polymers

Abstract

It has been shown that the oxidation of ketones — analogs of cyclohexanone — by hydrogen peroxide in the presence of
Cu,(btc), (btc® = 1,3,5-benzenetricarboxylate) occurred mainly by the radical mechanism, rather than by the Baeyer-Villiger
reaction mechanism, and led to a mixture of products formed due to the ring cleavage and reduction of the hydrocarbon
chain length. Unlike aliphatic ketones, a-tetralone hardly underwent conversion in the reaction with H,0, in the presence of
HKUST-1, and the oxidation of the same ketone in the presence of Fe,(OH),(btc) led to the formation of a number of prod-
ucts; among them, 1,4-naphthoquinone was dominant.

Keywords: catalytic oxidation; cyclic ketones; hydrogen peroxide; porous coordination polymers; copper(ll); iron(lll)

E. H. A6aynnaes?, A. M. Miwypal, €. A. EpmoneHko??, A. C. JiuteuHeHko?, M. O. Konocos?, O. . LLseub*,
K. C. laBpuneHko?®, C. B. Konorinos?
T IHcmumym ¢pizu4Hoi ximii im. /1. B. Mucapxcescbko2o HauioHanbHOI akademii HayK YKkpaiHu,

npocn. Hayku, 31, m. Kuis, 03028, YkpaiHa
2 TOB HBI «EHamiH», 8yn. BiHcmoHa Yepyunns, 78, m. Kuis, 02094, YkpaiHa
3 IHcmumym opeaHiuHoI ximil HayioHaneHoi akademii Hayk YKkpaiHu,

syn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa
4 Xapkiscokuli HayioHanbHUl yHisepcumem imeHi B. H. KapasiHa,

matioaH Ceoboodu, 4, m. Xapkis, 61022, YkpaiHa
> Kuiecbkuli HauioHanbHuUl yHisepcumem imeHi Tapaca LllesyeHkKa,

sysn. Boiooumupceka, 60, m. Kuis, 01033, YKkpaiHa
OKMCHEHHA UMKNiYHKUX KeToHiB H,0,, KaTanisoBaHe KoopauHauiitHumu nonimepamum Cu(ll) a Fe(lll)
AHoTauiA
3’ACOBAHO, WO OKWUCHEHHS KEeTOHIB — aHasIofB LMKIOreKCaHOHY — Mepekncom BogHK B mpucyTHocTi Cu,(btc), (btc® =
1,3,5-6eH30nTpMKapbOKCUAAT) NPOXOAMUI0 NEPEBAXKHO 32 PASMKANbHUM MEXaHI3MOM, a He 3a MexaHi3MoM peakLii baepa-
Binnirepa, i npn3sogmMn0 A0 CyMilli MPOAYKTIB, LLO YTBOPHOBAIMCA BHACNIAOK PO3LUEN/IEHHA Ki/bLA Ta SMEHLUEHHA JOBXUHN
BYI/1€BOAHEBOrO NaHLUtora. Ha BiaAmiHy Bif, anipaTMUHMX KETOHIB, Q-TETPASIOH MaiKe He BCTynas y peakuito 3 H,0, B npucyT-
HocTi HKUST-1, a OKMCHEeHHS LbOro KeToHy B npucyTHocTi Fe,(OH),(btc) npr3Bogmnio fo yTBOPEHHA HU3KM NPOAYKTIB, cepes,
AKNX AOMiHYBaB 1,4-HadTOXiHOH.
Knrouoei cnoea: KaTaniTMiHe OKUCHEHHSA; UMKAIYHI KETOHM; NEePOKCUA, BOAHIO; MOPUCTI KoopauHaLiiHi nonimepn; migb(ll);
3anizo(lll)
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B Introduction

Oxidation reactions have been widely used
in both high-volume organic industry (for exam-
ple, manufacturing of dicarboxylic acids to pro-
duce plastics) and in fine organic synthesis for
the preparation of substances for pharmaceuti-
cals (active pharmaceutical ingredients, APIs)
and agrochemistry [1-3]. Many currently used
methods of organic compounds oxidation involve
the application of toxic catalysts based on plati-
num group metals [4, 5] or oxidizing agents,
which contain toxic metals (chromium, manga-
nese, osmium) and, hence, produce toxic wastes
[6—8]. Residual impurities formed from reagents
or catalysts can also cause contamination of the
products, which is critical for the production of
APIs. For example, the content of platinum me-
tals in the substance in some cases should not
exceed 10% % by weight [9]. The development of
new environmentally friendly methods for the
oxidation of organic compounds and studies of
the pathways of such processes are the tasks of
modern organic and physical chemistry.

The problem of generating large amounts of
waste during oxidation can be solved using en-
vironmentally friendly oxidants, such as hydro-
gen peroxide, which produces water and oxygen
(in the side reaction of decomposition of H,0,)
[10, 11]. At the same time, the widespread use
of hydrogen peroxide as an oxidant in organic
chemistry is limited because of the formation of
an unpredictable mixture of products due to mul-
tiple parallel processes and/or different mecha-
nisms, which can occur simultaneously [11, 12].
Nevertheless, there are many examples of the
successful use of H,0, for the selective oxidation
of organic compounds in literature. High selec-
tivity is achieved when the reaction proceeds by
a single mechanism, unlike radical oxidation.
For example, the oxidation of ketones by the Baeyer-
Villiger mechanism in the presence of metal-con-
taining catalysts usually leads to lactones with
high yields [13—18]. In contrast, it has been found
that hydrogen peroxide can decompose in the pre-
sence of Cu,(btc), (btc* is 3,5-benzenetricarboxylate),

forming OH radicals, which cause deep oxidation
of organic molecules and the formation of a mix-
ture of products [19]. It has been noted that -OH ra-
dical is one of the most potent oxidants. Thus, the
study of the conditions under which the oxidation
reaction involving H,O, proceeds by the Baeyer-
Villiger or radical mechanism is a problem of
high importance for selecting catalysts and de-
termining the scope of their application.

The use of porous coordination polymers (PCP)
of the 3d metals as catalysts is of particular in-
terest since these compounds may have high ca-
talytic performance in oxidation processes [12, 20],
and their selectivity can be associated with dif-
ferences in the sorption capacity of PCP with
respect to reagents [21-23]. In addition, the use
of PCP allows one to carry out reactions in a he-
terogeneous catalytic mode; this feature signifi-
cantly simplifies the purification of products from
the catalyst (transition metal ions) and makes
possible a simple reuse of the catalyst or trans-
fer of the reaction to the flow mode.

The aim of the study was to determine the
catalytic properties of two well-known PCPs —
1,3,5-benzenetricarboxylates (btc?, also known
as an anion of trimesic acid) of copper(Il)
(known as HKUST-1 [24]) and iron(III) [25] — in
the process of cyclic ketone oxidation with hyd-
rogen peroxide, and to determine their place among
the catalysts used for the oxidation of organic
compounds with hydrogen peroxide. The PCPs
Cu,(btc), and Fe(btc) are widely used and are ma-
nufactured and distributed under trademarks
Basolite® C300 and Basolite® F300, respectively.
Though the synthesis of the first compound is
simple and straightforward, the second one usu-
ally forms species with a high hydroxide content
and corresponds to formula Fe,(OH),(btc). The use
of these PCP made it possible to compare the ca-
talytic activity of compounds containing metal
ions with different Lewis acidity [26] and oxida-
tive capacity [27].

The study used 1,2,3,4-tetrahydro-1-naphtha-
lenone (I, a-tetralone) as a carbocyclic ketone.
This compound is similar to industrially im-
portant cyclohexanone, but less volatile. It has
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a simpler NMR spectrum and can be easily ana
lyzed by chromatography without modification
To reveal the peculiarities of oxidation of orga
nic compounds containing several sensitive to oxi
dation fragments, other ketones, including ethyl
4-oxocyclohexane-1-carboxylate (II), tert-butyl 4-oxo-
piperidine-1-carboxylate (III), tetrahydro-4H-
pyran-4-one (IV), were also studied (Figure 1).

B Materials and methods

Cu,(btc), and Fe,(OH),(btc) were obtained by
anodic dissolution of the corresponding metals
in a solution of 1,3,5-benzenetricarboxylic acid.
The method of obtaining Cu,(btc), was described
earlier [28]. Fe,(OH),(btc) was obtained by mod-
ification of the known method [29]. Two prelimi-
narily cleaned iron rods with a diameter of 2 mm
were immersed in a beaker with the electrolyte
(0.5 g Bu,NBF,and 0.2 g H,btc in 20 mL of etha-
nol) and 3 F of electricity per 1 mol of trimesic acid
was passed through the solution at a tempera-
ture of 32 °C and a current density of 3.8 A dm™2.
The contact area of iron with the electrolyte was
107 mm?, current — 40 mA, electrolysis time —
2.2 h. During the reaction, the air was blown
through the electrolyte with a peristaltic pump
throughout the electrolysis and for an additional
2.5 h after its completion. The reaction mixture
was then stirred for 12 h. A beige precipitate fell
out during the process, which gradually turned
light red. After the process, the precipitate was
filtered off, washed with water, and dried at
70-80 °C. The CHN analysis: calculated for
Fe,(OH),(btc)(H,0), 5: CH, ;0,4 sFe,, %: C 27.50;
H 2.20; found C 27.60; H 2.52.

Powder diffraction patterns of the coordina-
tion polymers were measured using a DRON-3M
X-ray diffractometer, Cu-Ka radiation in the ran-
ge of angles 20 = 5—80° with a step of 20 = 0.05°.
The transmission electron microscopy studies
were performed using a PEM-125K SELMI mi-
croscope with an accelerating voltage of 100 kV.
Test samples in the form of alcohol suspensions
were applied to copper mesh covered with a film
of amorphous carbon and then dried. The CHN
analysis was performed using a CarloErba 1106
instrument. Nitrogen adsorption isotherms were
measured by the volumetric method using a
Sorptomatic 1990 instrument. Optical micro-
graphs were obtained using an XY-B2 trinocu-
lar microscope (Ningbo Sunny Instruments Co.,
Ltd., PRC) equipped with the attached PowerShot
G6 Canon camera in the mode of illumination
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Figure 1. Ketones studied in this work

of the sample, the light source was a lamp built
into the microscope. The composition of the reac-
tion mixtures in the ketone oxidation processes
was determined by 'H NMR (a Bruker Advan-
ce 400 spectrometer), gas chromatography with
mass spectrometric detection (an Agilent 7890 A
chromatograph) and in individual experiments
with mass spectrometry (a Shimadzu GCMS QP-
2020 instrument using a column type HP-5 and
a direct sample inlet (DI) into the ion source).

Mass spectra of mixtures were obtained by
the direct introduction of samples into an ion
source (DI) on a Shimadzu GCMS QP-2020 in-
strument (ionization energy 70 eV). In addition
to DI, an attempt was made to chromatographi-
cally separate mixtures of reaction products fol-
lowed by the mass spectrometric detection of in-
dividual substances (GCMS) using a Shimadzu
GCMS QP-2020 instrument, the carrier gas was
helium (99.999% vol.), the sample solvent — ethyl
acetate, the sample volume — 1 pL, the injector
temperature — 150 °C. Column: the stationary
phase was 5% diphenylpolysiloxane, 95% dime-
thylpolysiloxane; the length — 30 m; the inner dia-
meter — 0.25 mm; the thickness of the stationa-
ry phase film — 0.25 pm. Column temperature
control: the initial temperature was 35 °C; the
initial isotherm time — 1 min; the temperature
gradient — 15 °C min™; the final temperature —
200 °C; the time of the final isotherm — 5 min
(the detector temperature — 200 °C; the ioniza-
tion energy — 70 eV). The NIST 17.0 database
was used to assign mass spectra.

Ketone oxidation experiments were perfor-
med according to the method similar to that de-
scribed in the literature [11]. A portion of the
appropriate PCP and a portion of a ketone (con-
centrations of reaction mixtures are indicated in
the Results and discussion section) were added
to the solution obtained by mixing acetonitrile
with aqueous hydrogen peroxide. In most cases
the solutions were prepared by mixing 40 mL of
acetonitrile with 7 mL of 35% aqueous solution
of H,0,(d = 1.1 g cm™); the solution obtained con-
tained 1.7 M H,0,and 5.9 M water. The resulting
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suspension was stirred at 25 °C for 24 h on a mag-
netic stirrer. After standing for a certain time,
50 mL of 1.1 M aqueous Na,SO, solution was
added to the reaction mixture, the organic com-
pounds were extracted with ethyl acetate (2 por-
tions of 75 mL), the extracts were dried over sodium
sulfate, and the solvents were removed on a rota-
ry evaporator under reduced pressure. The reac-
tion products were analyzed as described above.

B Results and discussion

The powder diffraction pattern of the
HKUST-1 sample obtained in this work was si-
milar to the diffraction pattern of the hydrated
form of copper(Il) benzenetricarboxylate
Cu,(bte),(H,0), - xH,O [30]. In contrast, there
were no distinct reflections on the diffraction pat-
tern of the coordination polymer Fe,(OH),(btc),
which was a sign of a disordered structure.
The results obtained are in good agreement
with the literature — copper(Il) 1,3,5-benzen-
etricarboxylate is almost always characterized
by a well-defined crystalline structure, while

iron(IIT) 1,3,5-benzenetricarboxylate, according
to X-ray diffraction, is usually referred to as a
material with low crystallinity or even amor-
phous one [31].

The TEM studies showed that the HKUST-1
sample mainly consisted of particles of ca.
0.5 pm size (Figure 2, a). The particle size of
Fe,(OH),(btc), determined by optical microsco-
py, was 0.7-0.8 nm (Figure 2, ¢). Particles of
Fe,(OH),(btc) were unstable in the electron beam
of TEM.

According to mnitrogen adsorption data,
HKUST-1 was characterized by the value of
Sper= 1435 m? g1, the volume of micropores ac-
cording to the Dubinin-Radushkevich equation
Vo was equal to 0.533 cm?® g ! [28]. In the case
of Fe,(OH),(btc) the value of Sy, was 520 m? g,
the volume of micropores according to the Dubinin-
Radushkevich equation was V= 0.196 cm? g'.
The distribution of pores by size was calculat-
ed using the Saito-Foley method, the sample
Fe,(OH),(btc) had dominating pores size with a
diameter of 1.0 nm, and there were pores with a
diameter of 1.2—1.4 nm. The values of Sy, and
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Figure 2. Images of HKUST-1 obtained by TEM (a) and optical microscopy (b), the image of Fe,(OH),(btc),
obtained by optical microscopy (c) and nitrogen adsorption isotherm of PCP Fe,(OH),(btc) (d)

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



Journal of Organic and Pharmaceutical Chemistry 2024, 22 (4)

Vi for HKUST-1 were close to the upper limit of
the range of sorption characteristics typical for
these PCPs [24], and in the case of Fe,(OH),(btc)
Sger and Vo, were significantly lower than the
values published for similar compounds [31].

At room temperature, a-tetralone (I) was not
oxidized by hydrogen peroxide in the presence
of HKUST-1 (0.1 M of a ketone, 1.7 M of H,0,,
1.5-102M of HKUST-1) as the organic mixture
after the experiment contained almost pure star-
ting ketone (hereinafter the “effective concentra-
tion” of PCP in the reaction mixture is given as
the ratio of the amount of PCP expressed in mo-
les per 1 mol of a metal ion to the volume of the
solution. The PCP is suspended as a fine solid).
The interaction of I with hydrogen peroxide in
the presence of HKUST-1 for 3 h at 55 °C also
did not lead to the formation of a significant
amount of oxidation products: according to the
gas chromatography and NMR methods, the re-
action mixture contained more than 97% of the
initial ketone I, and among the minor oxidation
products a lactone resulting from the Baeyer-
Villiger oxidation could be identified.

Upon the oxidation of I (0.14 M) with hydro-
gen peroxide (1.7 M) in the presence of
Fe,(OH),(btc) (1x103 M) at 25 °C in 5 h, ca.
5—8% of quinone was found in the results of two
experiments, while about 90% of the initial ke-
tone I remained unchanged. At the same time,
the formation of several products was detected
by gas chromatography. These products could be
attributed to the lactone or the products of the
compound I hydroxylation in the aromatic core,
the yield of each of these products did not exceed
2%. Increasing the reaction time to 24 h had lit-
tle effect on the formation of oxidation products.

The oxidation of organic compounds in the
presence of PCPs occurs on the metal ions loca-
ted in pores and on the outer surface of the cata-
lyst particles. Clearly, not all metal ions are ac-
cessible to a substrate in this case. In order to
compare the outcome of the oxidation process
with the one that occurred in homogeneous con-
ditions, a similar reaction was carried out in the
presence of soluble copper(Il) salt. In order to re-
veal if there was any contribution of Lewis aci-
dity of the metal ion (in contrast to possible redox
activity), the oxidation in the presence of AlICI,
was tested. It was found that in a similar reac-
tion of the oxidation of I in the presence of CuCl,
(0.1 M ketone, 1.7 M of H,0,, 1-102M CuCl,,
24 h at 25 °C), 95% of the starting ketone and
about 3% of quinone were found in the reaction

mixture, and when CuCl, was replaced with an
equimolar amount of AICl;, 98% of the starting
material were found unchanged. It can be con-
cluded that the low yield in the oxidation of I in
the presence of HKUST-1 was associated with
the intrinsic low catalytic activity of Cu?* ions
rather than their low accessibility. Moreover, the
low Lewis acidity does not cause such low cata-
Iytic activity.

The oxidation of ketones II-IV in the presence
of HKUST-1 at room temperature led to the for-
mation of mixtures of products at the ketone/
H,0,ratio of 1:2 (0.05 M of ketone, 0.1 M of H,0,,
5-102M of HKUST-1), as well as at a 17-fold ex-
cess of H,0,(0.1 M of II, 1.7 M H,0,, 1-102M
of HKUST-1). The mass spectrum (direct injec-
tion of the sample into the ion source) of the
reaction mixture sample obtained by the oxida-
tion of IT (0.1 M of I1, 1.7 M of H,0,, 1-102M of
HKUST-1 for 24 h at 25 °C with further process-
ing) is shown in Figure 3 (a). The mass spec-
trum obtained corresponds to cyclic lactone Ila
(the Baeyer-Villiger oxidation product, Figure 4)
and other substances that could form upon its
oxidation by the radical mechanism, which led
to a decrease in the carbon chain length [32].
The 'H NMR spectrum of the reaction mixture
after the oxidation of II could also be interpre-
ted with the assumption that the resulting mix-
ture contained lactone Ila and the products of its
deeper oxidation (the products were determined
by comparing the positions of the signals with
the calculated values; the positions of the signals
in the NMR spectrum were calculated using
ACD Labs 10.08 software pack program), how-
ever the quantitative composition of the reaction
mixture could not be determined. The possible
oxidation products are shown in Figure 3 (b).

The GCMS analysis of the reaction mixture
obtained in the experiment of the compound II
oxidation revealed at least three other compounds
with longer retention times compared to IT; mo-
lar fractions of IT and these 3 products had the
ratio of 15:23:17:45. The mass spectrum of the
second compound in this series corresponded to
cyclohexanone Ile (Figure 3, b), which could be
formed due to the hydrolysis and the subsequent
decarboxylation of I1. Taking into account the re-
sults of several experiments conducted under dif-
ferent conditions, it can be concluded that most
of the oxidation products decompose on the co-
lumn during chromatographic separation (the re-
lease of individual portions of water and CO, at
certain intervals indicates such decomposition).
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At the same time, not all possible products, es-
pecially di- and polycarboxylic acids, gave peaks
in GCMS due to low volatility, the ability to re-
arrange and decarboxylation, as well as the ten-
dency to form multicharged ions. Thus, it can
be concluded that the oxidation of IT resulted in
the formation of a mixture of products, in which
no predominant compounds could be isolated.
In a separate experiment, changes in the
composition of the reaction mixture in the pro-
cess of the oxidation of IT (0.1 M) with hydrogen
peroxide (1.7 M) in the presence of 2-102M of
HKUST-1 at 70 °C were monitored. The amount
of lactone Ila could be estimated by the integral
intensity of peak at 6 = 4.35 ppm, which corre-
sponded to the CH, group near the oxygen atom
in the 7-membered lactone cycle, the amount of
acid IId — by the integral intensity of the signal
at 6 = 3.65 ppm, which corresponded to the CH
group in the malonate fragment. Taking into
account that the positions of the signals of the
CH, and CH, groups in the -CO,C,H; fragment
coincided in all oxidation products, the integral
intensity of the CH, group (6 = 4.10—4.14) could
be considered as an indicator of the total con-
tent of unreacted II and all products of its oxi-
dation, except the products formed upon the hy-
drolysis of the ester and subsequent reactions.
The content of other possible reaction products

could not be considered in this calculation since
there were no signals in their spectra that did
not overlap each other. It can be noted that in
the period from 60 to 150 min at 70 °C, the con-
tent of lactone Ila and acid Ild remained almost
unchanged and was equal to 15 and 20-30%, re-
spectively (Figure 4). When the reaction time
increased to 180 min, the content of lactone Ila
and acid IId increased to 22 and 50%, respec-
tively (the percentage was calculated relative to
the total amount of all compounds in the mixture
having the ethyl group). The stable level of con-
centrations of Ila and IId in the reaction mix-
ture over a long period of time can be explained
by similar values of the rates of the formation of
these substances and subsequent oxidation and
agreed well with the above conclusion about the
formation of several oxidation products.

The formation of lactone Ila was a conse-
quence of the Baeyer-Villiger oxidation of the
ketone, which took place at the acidic sites of
the catalyst [4, 5]. Further oxidation occurred,
most likely, by the radical mechanism, and led
to a shortening of the hydrocarbon chain [12, 33].
At the same time, it should be noted that the for-
mation of carboxylic acids (such as Ilc and IId)
could take place without the formation of lacto-
ne IIa and the product of its hydrolysis IIb as
intermediates.
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The reaction of III with H,0O,1in the presence
of HKUST-1 under the same conditions as in the
case of IT (0.1 M of ketone, 1.7 M of H,0,, 1-102M
of HKUST-1, 24 h at 25 °C) led to the formation
of a mixture of products. The DI-mass spectrum
of this mixture contained several peaks. Some of
them could be assigned to 4-piperidinone and lac-
tone formed upon oxidation of IIT and elimination
of the tert-butoxycarbonyl group (Figure 5, b).
The NMR spectrum of the reaction mixture con-
tained signals that could be attributed to the

starting material, lactone, and products of the
subsequent oxidation with cleavage of the cycle,
similar to the oxidation of II. It was not possible
to reliably identify all the signals in the NMR
spectrum, but several characteristic features of
the spectrum could be noted. Thus, the spectrum
of the mixture of the reaction products contained
at least four signals of the tert-butyl group in
the range of 6 = 1.44—-1.53 ppm instead of one
signal of such a group in the starting ketone at
6 = 1.45 ppm and the similar group in lactone
at 6 = 1.53 ppm (calculated value; signal of tert-
butanol formed upon the hydrolytic cleavage of
the Boc group was observed at 6 = 1.28 ppm).
The increase in the number of signals was an indica-
tor of the formation of at least four compounds con-
taining the unchanged fragment -N-C(=0)-O¢Bu,
upon the oxidation of ITI. A signal at 6 = 4.6 ppm
could be attributed to the CH, group near the
O atom in a 7-membered lactone cycle. In addi-
tion, there were new signals at 6 =8.01, 7.25 and
5.14 ppm in the spectrum of the reaction mix-
ture, which could be attributed to nitrone Illc
and its tautomer I1Id.

The reaction of IV with H,0, in the presence
of HKUST-1 under the same conditions led to
the formation of a mixture. The DI-mass spec-
trum of this mixture corresponded to the lactone
formed upon the Bayer-Villiger oxidation of IV
(Figure 6). However, the formation of the com-
pounds with a lower molecular weight could not
be excluded.

Higher conversions of II-IV in reactions with
H,0, compared to the conversion of I may be ex-
plained by a higher reactivity of the aliphatic
ketones, which is possibly due to steric effects
(the presence of a bulk benzene ring near the
carbonyl group in aromatic ketones) or differen-
ces in the electronic structure of such ketones.
A similar dependence of the conversion on the
nature of the ketone was observed in the process
of oxidation of ketones by H,0, in the presence
of tungsten-containing heteropolyacids [34].

The catalytic oxidation of ketones by H,0O, can
occur by the Baeyer-Villiger mechanism or by the
radical mechanism (Figure 7). However, a clear
dependence on the nature of the catalyst can-
not be found. Generally, it can be noted that the
use of mild Lewis acids like Sn-, Ge-containing
silicates, MoQ,, or complexes of Pt(II) resulted
in the Baeyer-Villiger oxidation. The same effect
was also found in the case of strong Lewis acids like
AlCl,. All catalysts shown on Figure 7, which fa-
vored radical oxidation, contained redox-active
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sites. However, a potentially redox-active cata-
lyst Co(III) salen was found to catalyze the Baeyer-
Villiger oxidation (probably, as its redox poten-
tial falls out of the suitable range for generation
of radicals from H,0,) [15]. Notably, the Baeyer-
Villiger oxidation can be followed by the radical
oxidation [35] in the presence of the same cata-
lyst. The PCPs, studied herein, seem to be able to
catalyze the Baeyer-Villiger oxidation, but there
are evidences of radical oxidation pathway in the
presence of such catalysts.

Generally, soft Lewis acids are considered as
the most efficient catalysts for the Bayer-Villiger
oxidation [5, 36]. There are examples of the Bae-
yer-Villiger ketone oxidation catalyzed by coor-
dination compounds of Cu(Il) [23, 37, 38] and

Titanium silicalite-

0 Ny 0

| 0] ! Baeyer-Villiger

HO\H/\/\)J\OH Deep oxidation oxidation o)
0 " KgPoW,g06; AICI; [13]

| " KgPaMogW,,06; MoOj3 [17]

3 0 0 | K;PaMosVW 1,04, [44] Ge- or Sn-silicates [16]

HOJ\/\/U\OH H3.2(x+yyMnyCoyPM04,04q [43] Al-containing zeolite beta [14]

1 ! Cus(btc)s [this work] Co(lll)(salen) [15]

o Pt(ll) complex with diphosphine [18]

3 HONOH 3 B

Baeyer-Villiger oxidation followed by

1[35]
thermally activated radical reaction

Figure 7. The catalytic oxidation of ketones by H,0, in the presence of different catalysts
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Fe(III) by oxygen [39]. Cu(OTY), was found to be
an efficient catalyst for the Baeyer-Villiger oxi-
dation of cyclic ketones by mCPBA [17]. Several
Fe- and Cu-containing systems were found to
be efficient catalysts of the Baeyer-Villiger oxi-
dation in the O,/benzaldehyde system, such as
Fe—Sn—0 catalysts for the oxidation of cyclohex-
anone to e-caprolactone [40], iron(IIT)-contain-
ing mesoporous silica (MCM-41) [41], a Cu-SiO,,
catalyst with highly dispersed copper species
and various metal valences for the oxidation of
cyclohexanone to e-caprolactone [42], a bifunc-
tional hybrid catalyst originated from copper
tetrasulfophthalocyanine (CuPcTs) and hydro-
talcite [43]

B Conclusions

The oxidation of cyclohexanone analogs with
hydrogen peroxide in the presence of a porous

coordination polymer HKUST-1 led to the for-
mation of a mixture of products containing the
corresponding lactones (formed by the Baeyer-
Villiger process) and other compounds formed
by a deeper oxidation of the organic compounds
with cleavage of the ring and reduction of the
hydrocarbon chain length. Unlike aliphatic ke-
tones, a-tetralone underwent almost no conver-
sion in the reaction with H,0,in the presence of
HKUST-1, and the oxidation of the same ketone
in the presence of Fe,(OH),(btc) led to the for-
mation of a number of products with low yields.
Among them, 1,4-naphthoquinone was domi-
nant (in contrast to cyclic lactone — the expected
Baeyer-Villiger oxidation product). The oxida-
tion of ketones in the presence of the PCPs stud-
ied occurred mainly by the radical mechanism,
which can be explained by insufficient Lewis
acidity of Cu?* and Fe?* ionsin the environment
of oxygen atoms.
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The Use of Tetramethylbenzidine as an Indicator in the
Enzymatic Quantitative Determination of Ethonium

Abstract

The study considers the possibility of using 3,3’,5,5’-tetramethylbenzidine (TMB) as an indicator in the enzymatic analysis for
the quantitative determination of quaternary ammonium compounds on the example of ethonium. The feasibility of using
TMB as an indicator in the kinetic photometric method has been confirmed. Kinetic curves showing the relationship between
the optical density and the ethonium concentration have been constructed. The reaction rates of acetylcholinesterase inhibi-
tion by ethonium have been estimated using the tangents of the angles of these curves with TMB as an indicator. The degree
of enzyme inhibition has been calculated, and a linear relationship between the ethonium concentration and the degree
of inhibition has been determined. This method was applied to determine the ethonium content in 0.1 % ethonium gel.
The relative standard deviation of the method does not exceed 2.5 %. The approach suggested offers a reliable and accurate
method for the quantitative analysis of ethonium in dosage forms.

Keywords: ethonium; quaternary ammonium compounds; cholinesterase; acetylcholine
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B Introduction

3,3,5,5"-Tetramethylbenzidine (TMB) is a wi-
dely used chromogen that is valued for its non-
carcinogenic nature and, upon oxidation, gives pro-
ducts with high absorption coefficients. This ma-
kes TMB a key component in enzyme-based as-
says, offering superior sensitivity and low de-
tection limits compared to many commercially
available chromogenic reagents. Notably, TMB
is the most widely used chromogenic substrate
in ELISA procedures that use horseradish per-
oxidase conjugates. The TMB substrate develops
a soluble blue reaction product that can be read
at 370 or 655 nm [1].

Additionally, many recent reports support and
justify the wide incorporation of TMB into ana-
lytical practice [2]. Thus, Sil et al. proposed a one-
step simple method for nanolevel detection of as-
corbic acid based on the inhibitory activity of ascor-
bic acid on horseradish peroxidase and hydrogen
peroxide supported by redox properties of TMB [3].
TMB was also used for the uric acid detection
with MnO, nanosheets. In mildly acidic condi-
tions, MnO, oxidizes TMB to its blue oxidation
product applied to human urine samples, achiev-
ing recovery rates of 93.1-102.4% with a rela-
tive standard deviation below 3% [4]. In 2022,
Zhang et al. developed a colorimetric detection
system for Cu?" ions based on TMB and Ag(S,0.,),*
in an aqueous solution. Unlike Ag nanoparticles,
which could not oxidize TMB, Ag(S,0,),* cata-
lyzed the reaction effectively, with optimal con-
ditions achieved at 800 pM for TMB, 400 pM for
Na,S,0,, for 40 min, and at 25 °C. This system,
with a detection range of 1-100 pM and a limit
of 100 nM, shows promise for monitoring the wa-
ter quality [5]. Important biogenic thiols, such
as glutathione (GSH), cysteine (CySH), and ho-
mocysteine (HcySH), were analyzed using TMB
as a chromogen in a simple spectrophotometric
method. Detection limits for GSH, CySH, and
HcySH were 1.04, 0.82, and 2.09 pM, respective-
ly, with successful application of the method to
human serum samples, achieving recovery rates
of 97-112% [6]. Chandra and colleagues report-
ed the synthesis of fluorescent carbon quantum
dots (M-CQDs) through a simple hydrothermal
treatment of mustard seeds [7]. M-CQDs demon-
strated peroxidase-like activity, catalyzing the
oxidation of TMB in the presence of H,0,, thus
mimicking the natural horseradish peroxidase
activity. The process enabled the colorimetric
detection of H,0, in the range of 0.02—0.20 mM

Journal of Organic and Pharmaceutical Chemistry 2024, 22 (4)

with a detection limit of 0.015 mM. Additional-
ly, reduction of oxidized TMB with ascorbic acid
allowed for a selective and sensitive detection of
ascorbic acid in the range of 10—70 uM, with a
detection limit of 3.26 nM. The method was suc-
cessfully applied to the ascorbic acid detection
in fresh fruits. Further advancements in TMB-
based systems include the application of oxidized
TMB nanobelts enhancing the colorimetric and
paper-based sensing of H,0, [8], peroxidase-like
nanoenzymes, such as Fe,O, nanoparticles [9],
CoFe,0, nanoparticles [10], single-atom iron na-
nozyme [11], MOF-818 nanozyme containing tri-
nuclear copper centers [12], Ce,(WO,), nano-
sheets [13], Fe,0,@AulNPs [14], etc., all enhanc-
ing the H,0, detection sensitivity through the for-
mation of oxidized TMB. The versatility of TMB
is reflected in its increasing popularity, with
2,889 publications between 2015 and 2024 in the
Scopus® database (www.scopus.com). Notably, the
number of publications surged by 1.5 times bet-
ween 2019 and 2024, demonstrates the growing
impact of TMB on analytical chemistry (Figure 1).

Previously, our laboratory developed a novel
biochemical kinetic-spectrophotometric method
for detecting cholinesterase inhibitors from the
group of quaternary ammonium compounds (QACs)
using the oxidation of p-phenetidine by hydro-
gen peroxide as the indicator reaction [15], in-
cluding a recent paper reporting the quantifica-
tion of Ethonium [16]. Considering all the advan-
tages that TMB can provide for the quantifica-
tion of this group of pharmaceuticals and its cen-
tral role in the development of sensitive and ef-
fective analytical methods, in this study we pre-
sent the results of using TMB as a chromogen
for the quantitative analysis of the QAC Etho-
nium in a 0.5% gel formulation. The enzyme-
kinetic method based on the inhibition of cho-
linesterase activity and the use of oxidation of
TMB with hydrogen peroxide as an indicator re-
action was applied.

B Materials and methods

Reagents and equipment
The following reagents were used in the

study:

+ ETONIY® (Aethonium) powder (substance)
produced by OJSC Farmak, Kyiv, Ukraine.
C, He,CLN,O,;  CAS:  21954-74-5;, MW
585.736 g mol™;

*  0.5% Ethonium gel, 50 mL, batch No. 74 (Apr
2023) manufactured by APTEKA PAVLOVA
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Figure 1. The number of papers per year for the query “3,3’,5,5’-tetramethylbenzidine” (title, abstract, keywords) according to the

Scopus’ database (2010-2025)

Ltd (Odesa, Ukraine) with the composition
of ethonium (active pharmaceutical ingredi-
ent) 0.5 g; glycerol — 20.0 g; propylene glycol —
20.0 g; PEG 400 — 50.0 g; PEG 1500 — 10.0 g;
purified water — 10.0 ml. The content of the
active substance, according to the certificate,
1s 4.4525% (w/w);

+ 3,3,5,5-Tetramethylbenzidine dihydrochlo-
ride (TMB), C,;H,,N,2HCI; 98.5 % (Sigma-
Aldrich); MW 313.27 g mol;

*  Disodium hydrogen phosphate dodecahydra-
te (Na,HPO,-12H,0), puriss. p.a. (‘ReaChem”,
Kharkiv, Ukraine);

+ Stabilized hydrogen peroxide, 30—40 % solution,
puriss. p.a., (LLC Inter-Synthes, Boryslav, Uk-
raine) with the content of hydrogen peroxide de-
termined using permanganatometry according
to the State Pharmacopoeia of Ukraine [17];

* Acetylcholine chloride (Pharm Grade), 0.2 g
per amp/5 mL, manufactured by the State
Science Center of Virology and Biotechnolo-
gy “Vector”;

* A dry cholinesterase (EC 3.1.1.8) powder
from horse serum (SMU “Biomed”), 80 mg in
an ampoule (VI class, activity 28 AU mg™).
The catalytic activity of 1 activity unit (AU)
1s manifested in such an amount of this en-
zyme preparation that converts 1 pmol of the
substrate in 1 min under specified reaction
conditions.

+  Ethanol 96% v/v (USP, BP, Ph.Eur.) pure,
pharma grade.

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

The pH measurements were performed with

a combined glass electrode (SP20B) together with

an EAL-1M3.1 reference standard silver chloride

electrode.

The absorbance measurements were perfor-
med on an SF-26 spectrophotometer (A =420 nm,
[ =10 mm).

Preparation of solutions

0.2 M Phosphate buffer solution (pH 8.35)

Disodium hydrogen phosphate dodecahydra-
te (35.75 g) was dissolved in a 500 mL flask us-
ing double-distilled water. 0.1 M Solution of hyd-
rochloric acid (19 mL) was then added. The pH
of the final solution was controlled potentiomet-
rically.

0.02 M TMB solution

The substance of TMB (0.6265 g) was dissol-
ved in 40% (v/v) ethanol solution in a 100 mL vo-
lumetric flask and diluted to the volume with the
same solvent. The mixture was heated to 45 °C
for complete dissolution and was stored in a tight-
ly closed dark glass bottle in a cool place.

10% Hydrogen peroxide solution

The solution was prepared from a 30—40% so-
lution of hydrogen peroxide by dilution with the re-
quired amount of double distilled water. The con-
tent of hydrogen peroxide in a 10% working so-
lution was determined by permanganatometry.

Cholinesterase (ChE) solution

The accurately weighed content of an ampoule
containing the cholinesterase powder (80 mg)
was dissolved in double-distilled water (20.0 mL)
when heating gently on a water heater. The shelf
life of the solution was 1 day.

Acetylcholine chloride (ACh) solution

The solution with the initial concentration of
5.4-107 mol L was prepared by dissolving the
ampoule content (0.2 g of acetylcholine) in 200 mL
of double-distilled water. For this purpose, the
ampoule was opened, and 4.0 mL of water was pi-
petted and added to the ampoule, and then shak-
en until acetylcholine was completely dissolved.
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Then the solution was transferred into a 200 mL
volumetric flask and diluted to the volume with
double-distilled water.

0.1% Ethonium solution

1.0000 g of the Ethonium substance was dis-
solved in a 1 L flask using double-distilled wa-
ter, the solution was heated to 40—45°C, 9.0 g of
sodium chloride was added to the solution, and
diluted to the volume.

Stock Solution of Ethonium (ET), 1X10~* M

The accurately weighed powder of the Etho-
nium substance (0.058574 g) was dissolved in
500 mL of double-distilled water in a 1000 mL
volumetric flask. The solution was diluted to the
volume with the same solvent at +20 °C and
mixed thoroughly.

Ethonium Work Standard (WS) solution, 1-10° M

The accurately weighed powder of the etho-
nium substance (0.58574 g) was dissolved in 500
mL of ethanol solution in double-distilled water
(EtOH/H,0 30:70 v/v) in a 1 L volumetric flask
and diluted to the volume at +20 °C and mixed
thoroughly. Using a pipette, 10 mL of the result-
ing solution was taken and transferred to a 1 L
volumetric flask and diluted to the volume with
double-distilled water.

Ethonium WS Solution, 1x10¢ M

A 10 mL aliquot of Stock Solution of the drug
(1x10~* mol Li'') was transferred into a 1 L volu-
metric flask and diluted to the volume with dou-
ble-distilled water at +20 °C.

The procedure for constructing the ki-
netic curves

Part 1-working experiments «ACh +(ChE + ET)»

The buffer solution (2.00 mL, pH 8.35) was
added to each of the five 20 mL graduated test
tubes with a ground joint stopper. Then 0.50,
1.50, 3.00, 4.50, and 6.00 mL of the ethonium
1x10° M WS solution was added to the test tu-
bes, followed by 0.50 mL of the cholinesterase so-
lution. The content was thoroughly shaken, and
the test tubes were kept in a thermostat at +38 °C
for 10 min. After that 1.0 mL of acetylcholine so-
lution and 5.90, 4.90, 1.90, 0.40 mL, and 5.4 mL of
double-distilled water were added to the five test
tubes, respectively. The content was mixed thor-
oughly and incubated again for 10 min at 38 °C.
Then, a 10% hydrogen peroxide solution (3.20 mL)
was added to each of the test tubes, and the latter
were incubated for 10 min at +38 °C. After that
3.0 mL of 96% ethanol and 0.50 mL of the TMB
solution were added, and the solution was shak-
en thoroughly and scanned photometrically on a
spectrophotometer at a wavelength of 420 nm in

a 1 cm cuvette over a 15-minute period. The phos-
phate buffer was used as a reference solution.
The relative rate of the reaction [[(ChE + ET) +
ACh] +H,0, + TMB] ({ga (Inh), min™') was deter-
mined as the slope of a linear section of the “op-
tical density (A) vs time (t, min)” kinetic curve.

Part 2 — control experiments #1 “ACh”

The buffer solution (2.00 mL, pH 8.35) was
added to a 20 mL graduated test tube, followed
by 6.9 mL of double-distilled water, 1.0 mL of
the acetylcholine solution, and 3.2 mL of the hy-
drogen peroxide solution. The solution was in-
cubated at 38 °C for 10 min. After that 3.0 mL of
96% ethanol and 0.5 mL of the TMB solution were
added to the test tube. The solution was shaken
thoroughly and scanned photometrically on a spec-
trophotometer at a wavelength of 420 nmina 1 cm
cuvette over a 15-minute period. The phosphate
buffer was used as a reference solution. According
to the plotted “optical density (A) vs time (¢, min)”
kinetic curve, the relative rate of the reaction
[(ACh + H,0,) + TMB] was determined as a slo-
pe of a linear section of the curve (tga (ACh), min™).

Part 3 — control experiments #2 “Ach+ChE”

2.0 mL of the buffer solution, 6.4 mL of double-
distilled water, 0.5 mL of the cholinesterase so-
lution, and 1.0 mL of the acetylcholine solution
were successively added to a 20 mL test tube with
a ground joint stopper and then thermostated at
38 °C for 10 min. Further 3.2 mL of the hydro-
gen peroxide solution was added, and the mix-
ture was thoroughly shaken and thermostated
again at 38 °C for 10 min. After that 3.0 mL of
96% ethanol and 0.5 mL of the TMB solution were
added. Then the solution was scanned photomet-
rically on a spectrophotometer at a wavelength
of 420 nm in a 1 ¢m cuvette over a 15 min period.
The phosphate buffer was used as a reference
solution. According to the plotted “optical den-
sity (A) vs time (t, min)” kinetic curve, the rela-
tive rate of the reaction [(ChE + ACh) + H,0O, +
TMB] was determined as a slope of a linear sec-
tion of the curve (tga (ACh + ChE), min™).

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

[tga(Inh) — tga(Ach + ChE)]
[tgo(Ach) — tga(Ach + ChE)]

U(%)= X100 %

where tga (Inh) (min™) is the relative reac-
tion rate of the TMB oxidation by peroxyacetic
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acid formed during the perhydrolysis of unre-
acted ACh in the working experiment at various
concentrations of the inhibitor (ET);

tga (Ach) (min™) is the relative reaction rate
of the TMB oxidation by peroxyacetic acid for-
med in the reaction of the ACh perhydrolysis in
the absence of the inhibitor and ChE (control ex-
periment #1);

tga (Ach + ChE) (min™') the relative reaction
rate of the TMB oxidation by peroxyacetic acid
formed in the reaction of the perhydrolysis of
unreacted ACh in the presence of ChE and in
the absence of the inhibitor (ET) (control experi-
ment #2).

The calculated values of U (%) were used to
plot the “inhibition degree (U, %) vs ethonium
concentration (¢, ng mL7)’ calibration graph
(Figure 3).

B Results and discussion

Previously, a study was conducted to analyze
the parameters that may affect the effectiveness
of the approach proposed [18]. This allowed us
to determine the optimal working conditions
and concentrations of the reagents used in this
study.

Kinetic curves were plotted using experimen-
tal data showing the relationship between the op-
tical density and time, as presented in Figure 2.

The calibration graph (Figure 3) was con-
structed in the coordinates of the inhibition de-
gree (U, %) vs the concentration (¢, ng mL™).
From Figure 3, the linear dependence of the

inhibition degree on the concentration of the in-
hibitor was observed in the interval of 4-60% (R
= 0.9) corresponding to the concentration of the
inhibitor 17-200 ng mL. The LOQ was defined
as the concentration corresponding to a 4% de-
gree of inhibition, i.e., 17 ng mL.

The method for the quantitative deter-
mination of ethonium with TMB as an indi-
cator in a “Ethonium 0.5% gel” formulation

0.1 g (accurate weight) of the ethonium gel
was dissolved in 1000 mL of double-distilled wa-
ter. Then 2.0 mL of the phosphate buffer solution,
5.0 mL of the gel solution, and 0.5 mL of the ChE
solution were successively added to a 20 mL test
tube. The mixture was thoroughly shaken and
incubated for 10 min at 38 °C. After that 1.0 mL
of the ACh solution and 1.4 mL of double-distilled
water were added, and the content was carefully
mixed and incubated again for 10 min at 38 °C.
Then, 3.2 mL of the hydrogen peroxide solution
was added, and the mixture was incubated again
at 38 °C for 10 min. After that 3.0 mL of 96% etha-
nol and 0.5 mL of the TMB solution were added
to the test tube. The optical density of the solu-
tion was measured at 420 nm in a 1 cm cuvette
for 15 min. According to the plot of the “optical
density vs time” dependence, the tangent of the
angle of slope for the linear section tga (Inh) was
found in min~'. In parallel, two more experiments
were carried out. One of them involved acetyl-
choline and cholinesterase without the inhibitor,
another one was performed without the use of cho-
linesterase enzyme (control experiments #1 and #2
described in the previous section). As a result, the
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Figure 2. Kinetic curves of the conjugated oxidation of TMB with hydrogen peroxide in the presence of mixtures ACh + ChE + Inh (1-5).
¢ (Ach) = 3.3x10™* mol L™; w(H,0,) =1.92%; c (AChE) = 0.24 mg mL™. w (ET): 17 ng mL™ (1); 50 ng mL™ (2); 100 ng mL™ (3);
150 ng mL™ (4); 200 ng mL™ (5); ¢ (TMB) = 6.25x10™* mol L™}; control experiments “Ach + ChE”, control experiments “ACh”
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Figure 3. The dependence of the degree of inhibition on the concentration of Ethonium in the system (ACh + (ChE + Ethonium),
determined by the indicator reaction of the conjugated oxidation of TMB with hydrogen peroxide in the presence of residual
acetylcholine. ¢ (ACh) = 3.3x10™ mol L'%; w (H,0,) = 1.92 %; ¢ (AChE) = 0.24 mg mL™, ¢ (TMB) = 6.25x10™* mol L™

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

spectrophotometric enzyme method

The substance analyzed ET found (x + Ax), %° RSD, % cert-:-;:a?:?jlz!\i\;, % Accuracy, (6, %)°
0.5% Ethonium gel, 50 mL,
manufactured by APTEKA PAVLOVA Ltd 0.443 +0.014 2.54 0.445 -0.45
(Odesa, Ukraine)
0.100 % Ethonium solution, 1000 mL, 0.098 + 0.003 246 0.100 ~2.00
prepared ex tempore

Notes: *Mean of 5 measurements (P = 0.95); ® 6 = (x — ) x 100 % x u%; p is the actual content of ET according to the Certificate

other two tangents tga (Ach + ChE) and tga (ACh),
respectively, were determined.

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

0.00059574[tga(X) - tga(Ach + ChE)]X100 %
gX[tgo(Ach) — tga(Ach + ChE)]

w (%, wiw) =

where 0.00059574 — is the mass of Ethonium
in a 10.00 mL aliquot of the Stock Solution of
the drug, g;

g — 1s the mass of the ethonium gel sample
taken for the analysis, g;

tga (X) —1s the relative reaction rate (the tan-
gent of the angle of slope of the kinetic curve), in
the working experiment with the sample solu-
tion of the drug studied (the Ach — ChE — Inh (X)
+ (H,0,— TMB) system), min;

tga (Ach + ChE) — is the relative reaction rate
in the absence of the inhibitor (ET) (the tangent
of the angle of slope of the kinetic curve) in the
Ach — ChE + (H,0,— TMB) system, min;

tga (ACh) — is the relative reaction rate (the
tangent of the angle of slope of the kinetic curve)

in the working experiment without the use of the
inhibitor and cholinesterase, (the Ach — ChE —
Inh (WSS) + (H,0,— TMB) system), min'.

H® Conclusions

This paper proves the possibility of using
tetramethylbenzidine as a promising indicator
substance for the quantitative determination of
surface-active substances of the class of quater-
nary ammonium compounds.

The quantitative content of Ethonium as an
active ingredient in the 0.5% gel formulation
and in the 0.1% solution prepared ex tempore
was determined by the enzyme-kinetic method
using the effect of inhibiting the activity of the
enzyme cholinesterase. The inhibition was es-
timated by the residual acetylcholine using the
indicator reaction of the 3,3’,5,5-tetramethyl-
benzidine oxidation with peracetic acid formed
in the perhydrolysis of acetylcholine. As a re-
sult, RSD did not exceed 2.5% with accuracy
6 =-0.45...-2.00 % (6 < RSD). The LOQ value
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Wintergreen Extract

Abstract

The article presents the studies on the antimicrobial effect of the umbellate wintergreen herb extract. The study object was
the umbellate wintergreen herb extract obtained with 50 % ethyl alcohol. The sensitivity of microbial strains to the umbellate
wintergreen extract was determined by the well diffusion method in Mueller Hinton agar. Five test strains were used as test
cultures: Staphylococcus aureus ATCC 6538 gram-positive microorganisms, Bacillus subtilis ATCC 6633 spore culture, gram-
negative Proteus vulgaris ATCC 4636, Escherichia coli ATCC 25922, and Pseudomonas aeruginosa ATCC 9027. The antifungal
effect was determined against Candida albicans ATCC 885-653. The antibacterial activity of the test substances was assessed
by the diameter of the growth inhibition zones. It was found that the extract of the umbellate wintergreen herb exhibited
antibacterial properties against test microorganisms where the diameters of the growth inhibition zones were at the level
of 20—28 mm. The antibacterial effect of the umbellate wintergreen herb extract was also determined against such clinical
strains of microorganisms as Staphylococcus aureus 124, Enterococcus faecalis 42, Pseudomonas aeruginosa 18, Klebsiella
pneumoniae 64, Candida albicans 69. The growth inhibition zones were within 19—-24 mm.

Keywords: umbellate wintergreen; liquid extract; antimicrobial effect

O. B. Kosperin?, T. . OconogueHko?, I. M. Brnagumuposa'
HauioHanbHul papmayesmuyHuli yHisepcumem MiHicmepcmea oxopoHuU 300p08’s YkpaiHu,
syn. Mpueopia Ckosopodu, 53, m. Xapkie, 61002, YkpaiHa
2 [Hcmumym mikpobiosnoeii ma imyHosnoeii imeHi I. |. MeyHukosa HauioHanbHOi akademii MeoOuvHUX HAYK YKpaiHu,
syn. lpuzopis Ckosopodu, 14/16, m. Xapkis, 61057, YkpaiHa
[ocnigxeHHA aHTUOaKTepiaNbHOI Al eKCTPAKTY 3MMOJII0OKU 30HTUYHOI
AHoOTaLiA
Y cTaTTi HaBeAEeHO Pe3ynbTaTh JOCAIAKEHHSA aHTUMIKPOBHOI il eKCTPaKTy TpaBy 3MMOOOKKM 30HTUYHOI. O6’eKTOM A8 [o-
CNigyKeHHA 06panm eKCTPaKT TPaBU 3MMOJIIOOKM 30HTUYHOIT, OTPUMaHMUI 50 % cnnpTom eTUA0BMM. YyTIMBICTb LITAMIB MiKpO-
OpraHi3miB 40 eKCTPaKTy 3MMO/IOOKM BU3HAYann MeToLO0M KO04A3iB Ha cepenoBuLL Mionnepa-XiHToHa. AK TeCT-KyabTypu
BMKOPMCTOBYBANN 5 TECTOBUX LUTaMiB: rpaMno3nTUBHI MiKpoopraHiamu Staphylococcus aureus ATCC 6538, cnopoBy Ky/b-
TypyY Bacillus subtilis ATCC 6633, rpamHeraTusHi Proteus vulgaris ATCC 4636, Escherichia coli ATCC 25922 ta Pseudomonas
aeruginosa ATCC 9027. AHTudyHranbHy Aito 3'scosyBanu wopno Candida albicans ATCC 885-653. AHTUOaKTepia/ibHy aKTUB-
HiCTb AOCNIAHUX PEYOBMH OLLiHIOBaNM 33 AiaMeTPOM 30H 3aTPUMKM 3POCTaHHA. 3'ACOBaHO, WO EKCTPAKT TPaBM 3MMOOOKM
30HTUYHOI NPOABAAB aHTUDOaKTepiaibHi BNACTUBOCTI 4,0 TECTOBUX MIKPOOPraHiamiB, e AiaMeTpu 30H 3aTPMMKM 3POCTAHHSA
6ynun Ha piBHi 20—28 mm. AHTUDBaKTepiabHY Ait0 eKCTPAKTY 3MMOJIOOKM TaKOXK BM3HAYaAM LLOAO KAIHIYHUX LUTamMiB MiKpo-
opraHismis: Staphylococcus aureus 124, Enterococcus faecalis 42, Pseudomonas aeruginosa 18, Klebsiella pneumoniae 64,
Candida albicans 69. 30HM 3aTPUMKK 3pOCTaHHA Byan B mexax 19—24 mm.
Knro4voei cnosa: 3MontobKa 30HTUYHA; PiAKUIA eKCTPaKT; aHTUMIKpObHa g
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B Introduction

Today, the use of the therapeutic potential
of medicinal plants is considered a physiologi-
cal method of prevention and treatment, which
affects the normalization of metabolic processes
and the restoration of the body’s functional ca-
pabilities. Medicinal products based on plants can
be used for a longer period of time, including in
the treatment of chronic diseases [1].

Therefore, the role of phytotherapy in modern
medicine is constantly growing, which is due, on
the one hand, to the insignificant toxicity and bio-
logical safety for the human body of a large num-
ber of herbal medicines, and on the other hand,
to the peculiarities of the clinical effectiveness
of herbal medicines, namely: a wide therapeutic
spectrum, a gradual increase in the severity of
the expected clinical effect, a complex effect on
various pathogenetic links of diseases, and rela-
tively infrequent manifestations of side effects,
even with prolonged use [1, 2].

At the present stage, pharmaceutical science
continues to be enriched with information about
the broad antibacterial significance of plant sub-
stances in human life, the possibility of their use
for the treatment of diseases caused by micro-
organisms. Plants of the domestic flora deserve
special attention in this aspect [3].

Thus, Chimaphila is a genus of flowering plants
of the Veresaceae family, which has about 20 spe-
cies. The Ukrainian name “umbellate” is due to
the fact that representatives of its genus are found
with green leaves in winter. Umbellate grows in
the temperate and cold zones of the Northern
Hemisphere, choosing dry pine and spruce forests
for life. The species umbellate wintergreen, or
wintergreen, a plant used by the natives of North
America, is mainly grown in culture [4].

The beneficial properties of umbellate win-
tergreen were recognized by official medicine
during the Civil War in the United States: field
doctors used its diuretic and astringent effects.
The plant was included in the US Pharmacopoeia
in 1820. For centuries, this plant was one of the
main medicines of rural residents of America [5, 6].

For the preparation of medicinal products, the
herb umbellate wintergreen (Herbae Chimaphiliae
umbellate) is used, which is harvested during
the flowering period. Umbellate wintergreen be-
longs to unofficial medicinal plants.

The chemical composition is quite rich and
specific. The herb contains hyperoside, kaemp-
ferol, arbutin, homoarbutin, avicularin, ericolin,
the bitter compound ursone, about 20% amyrin,
up to 5% tannins, as well as gum, resins, organic
acids, mucus, ete. [7].

In alternative medicine, umbellate wintergreen
1s used as a means to improve diuresis, reduce
blood sugar, disinfect the urinary tract, increase
the excretion of chloride and nitrogenous salts
from the body, improve digestion and appetite,
normalize menstruation, etc. [8].

The infusion of the umbellate wintergreen herb
is used to treat chronic kidney diseases (nephri-
tis, albuminuria, hematuria), as well as to relieve
inflammation and remove sand from the blad-
der, with urethral stricture, chronic gonorrheal
urethritis, for the treatment of the prostate gland,
gout, dyspepsia and diabetes mellitus. The infu-
sion of umbellate wintergreen helps with dropsy
and edema.

The infusion of umbellate wintergreen is also
used as an astringent for inflammatory process-
es of the gastrointestinal tract and for respira-
tory tract catarrhs. In addition, the herb has a
tonic and restorative effect in diseases caused by
excessive physical exertion [6].

The aim of the work was to study the antimi-
crobial effect of the umbellate wintergreen herb
extract on test and clinical strains of microor-
ganisms.

B Materials and methods

The study of antimicrobial action was con-
ducted at the premises of the State Institution
“Mechnikov Institute of Microbiology and Immu-
nology” under the supervision of the head of the
Laboratory of Biochemistry and Biotechnology,
Candidate of Biology, senior researcher Osolod-
chenko T. P.
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The study object was the extract of umbel-
late wintergreen herb. For the study, a dried um-
bellate wintergreen herb was used (manufactu-
rer TM “Green Pharmacy”, Zhytomyr). The um-
bellate wintergreen extract was obtained at the
premises of the LL.C “Experimental plant “GNCLS”
(Kharkiv) in the period of May—June 2023. The um-
bellate wintergreen extract was obtained with
50% ethyl alcohol described in detail in the ar-
ticle [9].

The sensitivity of microbial strains to the um-
bellate wintergreen extract was determined in
accordance with the methodological guidelines
“Determination of the sensitivity of microorga-
nisms to antibacterial drugs” (Order of the Minist-
ry of Health of Ukraine dated 05.04.2007 No. 167)
by the well diffusion method in Mueller Hinton
agar (“HIMedia Laboratories Pvt. Litd, India),
which was prepared according to the manufac-
turer’s instructions [10].

A suspension of microorganisms with a cer-
tain concentration of microbial cells (optical den-
sity) was prepared using a turbidity standard
(0.5 units on the McFarland scale). A Densi-La-
Meter device (manufactured by PLIVA-Lachema,
Czech Republic; wavelength 540 nm) was used.
The suspension was prepared according to the
instructions for the device and the information
sheet on innovations in the healthcare system
No. 163-2006 “Standardization for the prepara-
tion of microbial suspensions”, Kyiv [11]. Synchro-
nization of cultures was carried out using low tem-
perature (4 °C). The sensitivity of fungi was de-
termined on the Sabouraud’s medium. The sensi-
tivity of the test substances was determined on
two layers of the nutrient medium, which were
poured into Petri dishes. The lower layer consist-
ed of agar-agar (10 ml). On it, 3—6 sterile metal
cylinders with a diameter of 8 mm and a height
of 10 mm were installed. The upper layer (14 ml
of the nutrient medium + 1 ml of the microbial
solution 0.5 units on the McFarland scale) was
poured around the cylinders, which consisted of
a nutrient agar medium with the appropriate
standard for daily cultivation of the microorga-
nism. After solidification, the wells were removed

with sterile tweezers, and the test substance (0.3 ml)
was added to the wells. The antibacterial activity
of the test substances was assessed by the diameter
of the growth inhibition zones [12, 13]:
* 10 mm — a microorganism insensitive to
the test substance;
*  10—15 mm — a microorganism weakly sen-
sitive to the test substance;
*  15-25 mm — a microorganism sensitive to
the test substance;
* 25 mm and above — a microorganism
highly sensitive to the test substance.

B Results and discussion

According to the results of the study, it was
found that the extract of the umbellate winter-
green herb exhibited antibacterial properties
against test microorganisms where the diame-
ters of the growth inhibition zones were at the
level of 20—28 mm (Table 1).

The results of the studies showed that the sample
had antibacterial properties against all clinical
strains of microorganisms where the growth in-
hibition zones were within 19-24 mm (Table 2).

The data in Table 3 show that the sample
(diluted with sterile distilled water) exhibits an-
tibacterial properties against all test microorga-
nisms in the dilution. High indicators remain in
a dilution of 1:4 (from 20—28 mm to 18—24 mm),
then the inhibition zones gradually decrease to
14—-15 mm. In a dilution of 1:32, the antimicro-
bial activity is observed in Staphylococcus aure-
us ATCC 25923, Escherichia coli ATCC 25922,
Bacillus subtilis ATCC 6633.

In Table 4, the results of the studies demon-
strate that the sample (diluted with sterile dis-
tilled water) in a dilution of 1:4 exhibits antibac-
terial properties against all clinical strains of mic-
roorganisms. Dilutions of 1:8 and 1:16 show weak
antibacterial activity (diameters of the growth
inhibition zones are 12—15 mm). No antimicro-
bial activity is observed in a dilution of 1:32.

The study was conducted to determine the
antibacterial activity of the sample for 28 days
(Tables 5 and 6).

Table 1. The antibacterial effect of the sample on test microorganisms by the agar diffusion method

Diameters of the growth inhibition zones of microorganisms, mm
Sample Stap 35 izzt;ccus Escherichia coli PZZ‘;Z;;Z;::S Proteus vulgaris | Bacillus subtilis | Candida albicans
ATCC 25923 ATCC 25922 ATCC 27853 ATCC 4636 ATCC 6633 ATCC 885-653
Umbellate
wintergreen 27,27,28 24,25, 25 23,24, 25 23,24,24 27, 28,28 20, 21, 22
extract
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Table 2. The antibacterial effect of the sample on clinical microorganisms by the agar diffusion method

Diameters of the growth inhibition zones of microorganisms, mm
Sample -
p Staphylococcus Enterocgccus Pseudgmonas KIebste]la Candida albicans 69
aureus 124 faecalis 42 aeruginosa 18 pneumoniae 64
Umbellate
wintergreen 23, 24,24 22,22,23 20, 21,21 22,23,22 20, 20, 19
extract

Table 3. The antibacterial effect of the sample on test microorganisms in the diluted agar diffusion method

Diameters of the growth inhibition zones of microorganisms, mm

Sa?”pulz :rlllth Stap CI;'Z gzt;ccus Escherichia coli Pze;igg;:gggs Proteus vulgaris | Bacillus subtilis | Candida albicans
ATCC 25923 ATCC 25922 ATCC 27853 ATCC 4636 ATCC 6633 ATCC 885-653
Without dilution 27,27,28 24,25, 25 23, 24, 25 23,24,24 27,28, 28 20, 21, 22
1:2 27,26, 26 23, 23,23 21, 22,22 21,22,21 24,25, 25 18,19, 19
1:4 24, 23,23 21, 21,22 20, 19, 18 20, 18, 19 23, 23,22 17, 16, 16
1:8 21, 21,20 19, 19, 20 17,17, 17 17,17, 17 20, 20, 19 15, 14, 14
1:16 19, 18, 19 17,16, 16 14, 15, 15 14, 14,14 17,16, 16 13,13,12
1:32 15, 16, 16 14, 14, 14 growth growth 14, 15, 15 growth
Table 4. The antibacterial effect of the sample on clinical microorganisms in the diluted agar diffusion method
. Diameters of the growth inhibition zones of microorganisms, mm
Sample with .
dilution Staphylococcus Enterocgccus Pseudgmonas K/ebsre]la Candida albicans 69
aureus 124 faecalis 42 aeruginosa 18 pneumoniae 64
Without dilution 23,24, 24 22,22,23 20, 21,21 22,23,22 20, 20, 19
1:2 21, 20, 20 19, 20, 20 19, 18, 19 20, 20, 19 18,17,18
1:4 17,18, 18 17,16, 17 17,16, 17 18,17, 17 16, 15, 16
1:8 15,14, 14 14, 15, 15 15, 14, 15 15, 16, 16 13,14, 14
1:16 13,13,14 13,12,12 13,13,12 13,13,13 12,12,12
1:32 growth growth growth growth growth

Table 5. The antibacterial activity of the sample for 28 days against test microorganisms

o Diameters of the growth inhibition zones of microorganisms, mm

S 5 | Number

B 3 of days stap ZZ gzz;ccus Escherichia coli PZZ‘;ZZ;Z:;Q:S Proteus vulgaris | Bacillus subtilis | Candida albicans

g é ATCC 25923 ATCC 25922 ATCC 27853 ATCC 4636 ATCC 6633 ATCC 885-653

2 § primary 27,27,28 24,25, 25 23, 24,25 23,24,24 27,28, 28 20, 21, 22

% | 2days 27,27, 27 25, 25, 25 24,24, 24 24,24, 24 28,28, 28 20,21, 21

2 g 7 days 27, 28,28 24,24, 25 23,24,24 24,24,23 27, 28,28 22,21,21

E 2| 14days 27,27,27 25,24, 25 23,23,24 23, 23,23 27,27, 28 21, 21,21

<2 28 days 27,27,28 25, 24,24 23,23,24 24, 23,23 27,27,27 20,21, 20
Table 6. The antibacterial activity of the sample for 28 days against clinical microorganisms

a Diameters of the growth inhibition zones of microorganisms, mm

5 G | Number [ o by Ent Pseud. Klebsiell

2 €| ofdays aphylococcus nterococcus seudomonas ebsiella Candida albicans 69

EX aureus 124 faecalis 42 aeruginosa 18 pneumoniae 64

=}

B § primary 23,24,24 22,22, 23 20, 21,21 22, 23,22 20, 20, 19

u:—; E" 2 days 24,24, 24 22,22,23 21,21,21 22,22,23 20, 20, 20

%_ g 7 days 24,24, 24 23, 23,22 21,21,21 23, 23,22 19, 20, 20

g 2 | 14days 23,23,24 23,22,22 20, 21, 20 22,22,22 19, 19, 20

n 28 days 24,23,23 21, 22,23 20, 20, 21 22,22,21 20, 20, 19
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The data in Tables 5 and 6 indicate that the
antibacterial properties of the sample of the um-
bellate wintergreen extract studied in relation
to test and clinical strains of microorganisms do
not change within 28 days.

B Conclusions

It has been experimentally determined that
the sample of the umbellate wintergreen herb
liquid extract studied exhibits the antibacterial
activity against test strains — Staphylococcus au-
reus ATCC 6538 gram-positive microorganisms,
Bacillus subtilis ATCC 6633 spore culture, gram-
negative Proteus vulgaris ATCC 4636, Escheri-
chia coli ATCC 25922, and Pseudomonas aeru-
ginosa ATCC 9027, Candida albicans ATCC 885-
653 and clinical strains — Staphylococcus aureus
124, Enterococcus faecalis 42, Pseudomonas

aeruginosa 18, Klebsiella pneumoniae 64, Can-
dida albicans 69.

In dilution, the umbellate wintergreen extract
exhibited antibacterial properties against all test
microorganisms. High indicators remained in a
dilution of 1:4 (from 20—28 mm to 18—24 mm),
then the inhibition zones gradually decreased to
14—15 mm. In a dilution of 1:32, the antimicro-
bial activity was observed against Staphylococ-
cus aureus ATCC 25923, Escherichia coli ATCC
25922, Bacillus subtilis ATCC 6633.

The results of the studies on clinical strains
show that the sample in a dilution of 1:4 exhi-
bits antibacterial properties against all clinical
strains of microorganisms. Dilutions of 1:8 and
1:16 exhibit a weak antibacterial activity (diame-
ters of the growth inhibition zones is 12—15 mm).
No antimicrobial activity is observed in a dilu-
tion of 1:32.
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Safe and Efficient Preparative Approach to Chiral
a-Chloroketones Based on In-Flow Generated Diazomethane

Abstract

a-Chloroketones are valuable semi-products in the organic synthesis and pharmaceutical industry. In particular, they are
used as key building blocks for the production of HIV protease inhibitors, such as atazanavir and darunavir. A well-known
approach to their synthesis involves the Arndt-Eistert homologation, which relies on the formation of diazoketones followed
by their halogenation. However, this process poses significant safety and implementation challenges due to the use of di-
azomethane (CH,N,). The high toxicity, carcinogenicity, and explosion hazard of CH,N, limit its large-scale application and
require design of specialized laboratory setups to reduce the risks.

In this study, we present a new continuous-flow diazomethane generator that integrates the membrane technology with
a traditional flow reactor setup for a safe and efficient generation of CH,N,. The flow technology eliminates the need for stor-
age and handling of diazomethane, while facilitating its direct use in multistep synthesis. As a proof-of-concept, we demon-
strate its application in the three-step synthesis of chiral a-chloroketones from N-protected amino acids. The approach newly
developed offers a safer, more efficient, and scalable alternative to conventional diazomethane-based processes, paving the
way for broader industrial applications.

Keywords: flow processes; diazomethane; a-chloroketones; diazoketones; halomethylation; chiral compounds

B. B. MeHatox'?, 0. b. PoxeHKo!
1 IHcmumym opaaHiuHOI ximil HayioHanbHOI akademii Hayk YKpaiHu,

sysn. Akademika Kyxaps, 5, m. Kuis, 02094, YkpaiHa
2TOB HBI «EHamiH», 8yn. BiHcmoHa Yepyunnsa, 78, m. Kuis, 02094, YkpaiHa
be3sneuyHuit Ta epeKTUBHMIA NpenapaTUBHUIA NiaXia, A0 XipasNbHUX O-X/IOPOKETOHIB Ha OCHOBI
Oia3oMeTaHy, W0 CUHTE3YETbCA B MPOTOYHOMY pPEKUMI
AHoTauiA
0-XN10POKETOHU € LLiHHUMM HaMiBNPOAYKTaMM B OPraHiYHOMY CMHTE3i Ta Y bapMaLLeBTUYHI MPOMMUCAOBOCTI. 30KpPeMa, iX BUKO-
PUCTOBYIOTb SIK KNHOYOBI byaiBenbHi 610KM g5 oTpUMaHHA iHribiTopis BIJT npoTeasu, Ak-0T aTa3aHasip i AapyHasip. LLnpoko
BifOMUI Migxig Ao X cMHTe3y nepenbavae romonorisauito ApHaTa-AncTepTa, AKa 6a3yeTbCcAa HAa YTBOPEHHI 4ia30KETOHIB i3
nofanblWnm ranoreHyBaHHAM. OAHaK Lel npouec CTBOPIOE 3HaUHI Npobaemn 3 6e3neKoto Ta BNPOBaAKEHHAM Yepes BU-
KopucTaHHA aiasomeTaHy (CH,N,). Bucoka TOKCUYHICTb, KaHLLepOreHHicTb i BUbyxoHebesneyHictb CH,N, 0bmexytoTb iMoro
LWMpOKOMacLUTabHe 3acTOCyBaHHA Ta BUMaratoTb CTBOPEHHSA creLia/ibHoro 1abopaTopHOro yCTaTKOBaHHA ANA 3HUMKEHHSA
pU13KKiB.
Y uboMy AOCAIAXKEHHI MW penpe3eHTYEMO HOBUI MPOTOYHUI reHepaTop Aia3omeTaHy, AKUI 06’eaHYye MembpaHHi TexHO-
norii 3 KNAaCMYHMM PEaKTOPOM NPOTOYHOrO cMHTe3y. Lia cuctema 3abesneuye 6esneyre Ta epekTuBHe reHepyBaHHA CH,N,,
yCyBatoumn noTpeby y roro 36epiraHHi Ta TPAHCMOPTYBaHHI 1 04HOYACHO NOAErLLYOYM MOro NPAMe BUKOPUCTaHHA B baraTo-
eTanHoOMYy CMHTe3i. AK A0Ka3 KOHUenNLii MM AEMOHCTPYEMO 3aCTOCYBaHHA PeakTopa B TPUCTALINHOMY CUHTESI XipanbHUX
O-X/TOPOKETOHIB i3 N-3aXMLLEeHMX aMiHOKMCNOT. HeloaaBHo po3pobaeHunii niaxig nponoHye 6esneyHiwy, eGeKkTMBHily Ta
npuaaTHY A0 MacwTabyBaHHA anbTepHATUBY 3BMYANHUM MPOLECamM Ha OCHOBI Aia3omMeTaHy, NPOKAaAaouM WAAX A0 Moro
6iNbLW LWMPOKOro NPOMMUCIOBOrO 3aCTOCYBaHHA.
Knrouoei cnoea: NoTOKOBI Npoueck; Aia3oMeTaH; 0-X/IOPOKETOHW; Aia30KETOHU; raIoreHyBaHHA; XipasbHi CNOAYKK
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H Introduction

Over the past two decades, a series of high-
ly potent, orally bioavailable HIV protease in-
hibitors have been developed and approved for
clinical use [1, 2]. These inhibitors, including ata-
zanavir and darunavir, play a crucial role in highly
active antiretroviral therapy (HAART) and are
listed by the World Health Organization as es-
sential medicines [3]. Structurally, they belong
to the class of peptidomimetics, mimicking natu-
ral substrates by incorporating non-hydrolyzable
hydroxyethylene or hydroxyethylamine moieties
at the protease cleavage site (Figure 1). Notably,
most FDA-approved HIV protease inhibitors con-
tain a chiral amino alcohol core, which is typi-
cally introduced through a nucleophilic ring-
opening of the corresponding N-protected ami-
noepoxide [4].

A well-established route for preparing these
chiral semi-products involves the transformation

of N-protected amino acids into a-haloketones,
followed by a selective reduction to produce chi-
ral amino epoxides or amino alcohols. Among va-
rious methods available for the a-haloketone for-
mation, one of the most straightforward and cost-
effective strategies relies on the halomethyla-
tion using diazomethane (CH,N,) (Scheme 1) [5].
This method, involving the condensation of an
activated amino acid with CH,N, followed by the
a,a-substitution with a hydrogen halide, is known
due to its efficiency and diastereoselectivity [6].
However, diazomethane, an extremely versatile
reagent in organic synthesis, is also highly toxic,
volatile, carcinogenic, and prone to explosive de-
composition, which pose significant limitations
on its large-scale implementation. Its sensitivity
to heat, light, and mechanical shock necessitates
careful handling, and even the use of specialized
equipment does not guarantee the avoidance of
accidents [7]. Therefore, the industrial-scale pro-
duction of CH,N, could be provided using batch

OH
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Figure 1. HIV protease inhibitors derived from a-haloketones
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Scheme 1. The diazomethane-based synthesis of a-haloketones from N-protected chiral amino acids

and continuous flow processes, with notable ex-
amples including the Aerojet process and other
industrial setups utilizing the phase-transfer ca-
talysis or continuous nitrogen stream transport
[8]. Despite these advancements, the large-scale
application of diazomethane remains restricted
due to the challenges of safe storage, transport,
and handling. To overcome these limitations, re-
cent developments in flow chemistry have intro-
duced safer, on-demand CH,N, generation me-
thods, integrating the membrane separation tech-
nology to minimize the risks associated with its
accumulation [9, 10]. Continuous flow systems
have long been employed for the large-scale che-
mical production and are being increasingly adap-
ted for fine chemical and pharmaceutical synthe-
ses [11]. These systems enable controlled mul-
tistep transformations, while ensuring greater
safety, reproducibility, and efficiency.

In this study, we present the development of
a procedure based on a continuous-flow generat-
ed diazomethane, applied to the three-step syn-
thesis of a-chloroketones from N-protected ami-
no acids. This approach eliminates the need for
diazomethane storage and handling while ena-
bling a scalable and efficient synthesis of some
key chiral building blocks without racemization.
The full continuous process demonstrates high
yields and safety improvements, making it a vi-
able alternative to traditional batch methods for
producing a-haloketones in pharmaceutical ap-
plications.

B Results and discussion

Generation of Anhydrous Diazomethane

Access to anhydrous diazomethane (CH,N,)
is essential for the modified Arndt-Eistert reac-
tion, which serves as a key step in the synthesis
of chiral amino alcohols — crucial semi-products
in the production of HIV protease inhibitors.
Ensuring the complete removal of water from
CH,N, is critical as even trace moisture can af-
fect the reaction efficiency and selectivity.

Previous studies have employed the reaction
between CH,N, and activated organic acids as
an indirect method to verify anhydrous condi-
tions [12]. However, our investigations revealed
that this technique lacks the required sensitivity.

When benzoyl chloride was exposed to CH,N, un-
der controlled conditions, the expected formation
of benzoic acid (a marker for water presence) was
only detectable by GC-FID when at least 50 vol%
of water was added.

To obtain more accurate moisture measure-
ments, we turned to the Karl-Fischer titration,
a highly sensitive technique for water quantifi-
cation [12]. In our setup, a 0.1 M CH,N, solution
in the THF:CH,Cl, mixture was generated and
subsequently quenched with benzoic acid. A re-
ference Karl-Fischer titration was performed on
a pure benzoic acid solution, and this baseline
value was subtracted from the reading obtained
for the quenched CH,N, solution. The final titra-
tion results confirmed that our system success-
fully produces anhydrous CH,N,, with a measu-
red water content of 347 = 7 ppm, demonstrat-
ing that the membrane-based diazomethane ge-
neration effectively prevents the moisture con-
tamination.

By ensuring a continuous supply of high-purity
CH,N,, our method provides a safe, efficient, and
scalable alternative to conventional batch ap-
proaches, further enhancing its applicability in
multistep synthetic processes.

Synthesis of a-Chloroketones

The synthesis of a-chloroketones was carried
out via a well-established three-step pathway com-
prising the activation of the N-protected amino
acid, the formation of the diazoketone semi-
product, and the selective halogenation to yield
the final product. This methodology, originally
optimized for the a-bromoketone synthesis in the
previous study [10], was successfully adapted for
the a-chloroketone formation by substituting hyd-
rogen bromide (HBr) with hydrogen chloride (HCI)
as a halogenating agent.

Step 1: The Activation of N-Protected Amino
Acids

In the first step, N-protected amino acids 1
were converted into reactive mixed anhydrides
1-act by the treatment with ethyl chloroformate
in the presence of a base, such as triethylamine
or N-methylmorpholine, in an anhydrous solvent
(Figure 2, A). The procedure was performed un-
der mild reaction conditions that avoided exces-
sive heating or drastic pH changes (see Experi-
mental section), and it was compatible with
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Figure 2. The intermediate synthesis (A) and reactor setup (B)

a broad range of amino acid protecting groups,
thereby offering flexibility in the precursor se-
lection. Moreover, the reaction proceeded with
a high conversion efficiency, which minimized
side reactions and the by-product formation.
Step 2: The Formation of the a-Diazoketone
Once the mixed anhydride was generated, it re-
acted with anhydrous diazomethane (CH,N,) un-
der carefully controlled conditions. By employing
a continuous-flow CH,N, generator (Figure 2, B),
a high-purity stream of diazomethane was direct-
ed into the reaction mixture, ensuring a rapid
and efficient conversion of the mixed anhydride to
the corresponding a-diazoketone. The continuous-
flow approach enhanced safety by eliminating
the need for accumulation and storage of a large
amount of diazomethane, provided a high repro-
ducibility through the consistent conversion ef-
ficiency across various substrates, and improved
the reaction kinetics by facilitating a rapid for-
mation of the diazoketone. The formation of the
diazoketone intermediates was confirmed via 'H
and »C NMR spectroscopy, with characteristic
peaks in agreement with literature reports for
similar compounds [9, 10].
Step 3: The Halogenation to a-Chloroketones
In the final step, a-diazoketone semi-products
were selectively converted into the correspond-
ing a-chloroketones using aqueous HCI. Chlori-
nation, unlike bromination where rapid elimina-
tion side reactions can occur, benefited from the
lower nucleophilicity of chloride ions, which en-
hanced selectivity. Initial attempts focused on de-
veloping a fully continuous a-chloroketone synthesis

using a flow reactor. However, challenges emer-
ged since the high surface tension of the aque-
ous HCI phase impeded a reliable flow control,
which in turn led to uncontrolled increases in sol-
vent levels. Drawing on insights from previous
work, the process was modified by transitioning to
a conventional batch synthesis approach. In this
modified protocol, a pure isolated diazoketone ob-
tained via the continuous-flow process in Step 2
was used as the starting material for the halo-
genation. The isolated diazoketone reacted with
3 equiv. of the conc. HCI at room temperature.
The complete conversion was achieved within
10 minutes of stirring. It is important to note that
increasing the HCI quantity beyond 3 equiv. re-
sulted in the unwanted deprotection of a-chloro-
ketone, underscoring the necessity for the preci-
se reagent control. The final a-chloroketones were
isolated with purities exceeding 98%, as confir-
med by the HPLC analysis.

The chloroketones prepared by this protocol
are shown in Figure 3 (B). The protocol was easily
scaled up to 100 g of chloroketone in a single syn-
thetic run. We developed individual protocols
for the optical purity control based on the chiral
HPLC for all chiral representatives. As a result,
we found that the optical purity of the starting
amino acids was retained for all chloroketones.
It also proves the preservation of the absolute
configuration for the intermediate diazoketones.

Comparison with Alternative Methods

The performance of the elaborated method
was evaluated against other reported approach-
es based on the diazoketone formation and
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Figure 3. The general scheme for the preparation of chloroketones from diazoketones (A); the scope of chloroketones 3a-h (B)
prepared. ?For all chiral products, both enantiomers were independently synthesized (see Experimental section). ® The amount of the

compound obtained. “Measured using chiral HPLC.

halogenation time, yield, purity, and overall safety
profile. The classic batch method, which employs
pre-made CH,N,, typically requires 2—3 hours for
the halogenation, with yields of products in the
range of 65—75%, the purity between 90—95% and
1s associated with a high safety risk. The tube-in-
tube method described by Pinho et al. [13] uses
a continuous diazoketone formation and achieves
the halogenation in 1-2 hours, with yields of
75—-85% and the purity of 95—-98%, presenting a
moderate safety profile. In contrast, our method,
which combines a continuous CH,N, generation
in Step 2 with the batch halogenation in Step 3,
achieves the diazoketone formation within
30—60 minutes and the halogenation in 10 mi-
nutes, resulting in yields of 85-92% and the
purity higher than 98% while offering a high
safety profile.

B Conclusion

By adapting our bromoketone synthesis me-
thod previously reported for the chloroketone pre-
paration, we have developed a preparative pro-
cess that combines the continuous-flow genera-
tion of a-diazoketones with the subsequent batch
halogenation step. This hybrid approach enhances
scalability and reproducibility while maintain-
ing a high safety profile by eliminating the need
for the hazardous diazomethane accumulation,

storage and handling. Taking into account the
significant role of a-haloketones in pharmaceu-
tical applications, our methodology represents
a noteworthy advance in flow chemistry and a new
synthetic employment of easily available diazo
compounds.

B Experimental section

General

The solvents were purified according to stan-
dard procedures. All starting materials were ob-
tained from Enamine Ltd. '"H and *C NMR spect-
ra were recorded on a Bruker Avance 500 spec-
trometer (500 MHz for 'H and 126 MHz for *C
nuclei) and a Varian Unity Plus 400 spectrom-
eter (400 MHz for '"H and 101 MHz for *C nu-
clei). Tetramethylsilane was used as an internal
standard. Melting points were measured on the
MPA100 OptiMelt automated melting point sys-
tem. HPLC analyses were performed on an Agi-
lent 1200 chromatograph. A preparative chroma-
tograph puriFlash XS520Plus with a column con-
taining 800 g of silica gel was used for diazoke-
tones purification.

General Methods for the Synthesis of
Compounds

The NMU precursor was prepared by nitro-
sation of methylurea using the standard proto-
col [14].
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The Synthesis of Mixed Anhydrides

In a three-necked flask equipped with a ther-
mometer, a magnetic stirrer, a dropping funnel,
and a water seal, 1 equiv. of methylmorpholine
was added. The reaction mixture was cooled
below —10 °C and then 1 equiv. of ethyl chloro-
formate was slowly added, keeping the tempe-
rature in the flask below 0 °C. The reaction mix-
ture was stirred at this temperature for 30 min.
The precipitate formed was filtered off, and the
solution of the mixed anhydride was used in the
further transformations without isolation.

The Synthesis of Diazoketones

The procedure of diazomethane generation

Solutions of NMU (0.37 M, CH,CL,/THF = 2:1)
and KOH (1.5 M, H,0) were injected into the reac-
tion unit through two channels of the reactor pump
unit in a molar ratio of 1:2 (30 and 15 mL min™).
The combined stream passed through the reac-
tion column and then through the membrane se-
parator. The aqueous waste stream leaving the
outer tube of the separator was directed into
a flask containing acetic acid to decompose any
residue of diazomethane in the aqueous solution.
The resulting organic solution of diazomethane
was transferred from the inner tube to a reactor
containing a substrate. The flux of diazometha-
ne (0.45 mol h™') was directed into a three-necked
flask equipped with a magnetic stirrer and an
electronic thermometer. The substrate flow kept
in a molar ratio of 1:2 in relation to diazometha-
ne was fed into the reactor with a delay of 1 min.
After the entire amount of the substrate was add-
ed, the reactor was switched to wash the mode,
and the reaction mixture was stirred for an ad-
ditional 2 h. The system was able to operate con-
tinuously for 5—6 h (stationary conditions) gene-
rating and consuming up to 1.8 mol of diazome-
thane. After evaporation of solvents under vacuum,
diazoketone was purified using a preparative
chromatograph puriFlash XS520Plus and hexa-
ne with a gradient addition of ethyl acetate up
to 30% as an eluent. The total amount of diazo-
ketone after the isolation and purification ex-
ceeded 1 mol.

The synthesis of chloroketones

Diazoketone was dissolved in MTBE in a three-
necked flask equipped with a thermometer, a mag-
netic stirrer, a dropping funnel and a water seal.
The solution was cooled with ice to a temperature
below 10 °C. Two (2) equiv. of the concentrated
HCI was slowly added, keeping the temperature
in the flask below 10 °C. The reaction mixture

was stirred at this temperature for 45 min.
The resulting solution was neutralized with
aq. NaHCO, to pH = 7-8, washed with water,
dried over Na,SO, and filtered. The solvent was
evaporated under reduced pressure. The purity
of the chloroketones prepared was >95%, no fur-
ther purification was necessary.

(S)-tert-Butyl (4-Chloro-3-oxobutan-2-yl)-
carbamate (3a)

A white powder. Yield — 136 g (95%). M. p. =
59-60 °C. Anal. Calcd for C,H,;CINO,, %: C 46.85,
H 6.94, N 5.26, Cl 15.40. Found, %: C 46.63,
H 6.93, N 5.12, Cl1 15.07. 'H NMR (400 MHz,
CDCl,), 6, ppm: 1.41 (d, J = 7.2 Hz, 3H), 1.46 (s,
9H), 4.08 (d, J = 4.0 Hz, 2H), 4.50—4.67 (m, 1H),
5.10 (s, 1H). 3C NMR (151 MHz, CDCl,), §, ppm:
17.77, 28.28, 31.61, 53.22, 80.30, 155.16, 201.53.
[a]p(25°C) = —54.2 (¢ = 0.5, CH,0OH).

(R)-tert-Butyl (4-Chloro-3-oxobutan-2-yl)-
carbamate (3a’)

A white powder. Yield — 37 g (94%). M. p. =
59-60 °C. [a], = +54.2 (c = 0.5, CH,OH).

(S)-tert-Butyl (1-Chloro-4,4-dimethyl-2-
oxopentan-3-yl)-carbamate (3b)

A white crystalline powder. Yield — 48 g (94%).
M. p. = 82 °C. Anal. Caled for C,,H,,CINO,, %:
C 52.84, H 8.07, N 5.14, Cl 13.03. Found, %: C
52.51, H 7.88, N 4.92, C113.13. 'H NMR (400 MHz,
CDCl,), 8, ppm: 0.98 (s, 9H), 1.41 (s, 9H),
4.05—-4.23 (m, 2H), 4.30 (d, J = 9.0 Hz, 1H), 5.07
(d, J=9.1 Hz, 1H). *C NMR (151 MHz, CDCL,),
6, ppm: 26.5, 28.3, 34.6, 36.2, 64.0, 80.3, 155.5,
201.5. [a]p(25°C) = —47.0 (c = 0.5, CH,0OH).

(R)-tert-Butyl (1-Chloro-4,4-dimethyl-
2-oxopentan-3-yl)-carbamate (3b’)

A white powder. Yield — 25 g (94%). M. p. =
82 °C. [a](25 °C) =+48.1 (c = 0.5, CH,0H).

(R)-tert-Butyl (1-Chloro-5-methyl-2-oxohe-
xan-3-yl)-carbamate (3¢)

A white powder. Yield — 53 g (95%). M. p. =
76 °C. Anal. Calcd for C,H,,CINO,, %: C 52.84,
H 8.07, N 5.14, Cl 13.03. Found, %: C 52.53,
H 7.89, N 4.95, Cl1 13.17. 'H NMR (400 MHz,
CDCl,), 6, ppm: 0.98 (t, J = 6.7 Hz, 6H), 1.46
(s, 10H), 1.56-1.66 (m, 1H), 1.68-1.84 (m, 1H),
3.98-4.24 (m, 2H), 4.55 (s, 1H), 4.92 (d, J = 8.0 Hz,
1H). *C NMR (126 MHz, CDCl,), 6, ppm: 21.1,
22.7, 24.5, 27.8, 31.8, 40.2, 55.6, 79.9, 155.0,
201.3. [a]p(25°C) = —45.4 (c = 1.0, CH,OH).

(R)-tert-Butyl (1-Chloro-5-methyl-2-ox-
ohexan-3-yl)-carbamate (3¢')

A white powder. Yield — 23 g (95%). [q]
p(25°C) = +44.5 (c = 1.0, CH,OH).
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(S)-tert-Butyl (4-Chloro-3-oxo-1-phenyl-
butan-2-yl)-carbamate (3d)

A white powder. Yield — 109 g (96%). M. p. =
101 °C. Anal. Caled for C,;H,,CINO,, %: C 58.73,
H 6.52, N 4.57, Cl 11.58. Found, %: C 58.63, H
6.50, N 4.55, C1 11.38. *H NMR (400 MHz, CDCl,),
0, ppm: 1.42 (s, 9H), 3.08 (tt, J = 20.7, 10.0 Hz,
2H), 3.79—-4.13 (m, 2H), 4.73 (q, J = 6.5, 6.1 Hz,
1H), 5.04 (s, 1H), 7.13-7.23 (m, 2H), 7.27 (s, 1H),
7.33 (q, J=9.0, 7.9 Hz, 2H). *C NMR (151 MHz,
CDCl,), 6, ppm: 28.2, 33.2, 37.9, 58.5, 80.5, 127.3,
128.9, 129.1, 135.8, 155.2, 200.8. [a],(25°C) =
—43.7 (c = 0.5, CH,0OH).

(R)-tert-Butyl (4-Chloro-3-oxo-1-phenyl-
butan-2-yl)-carbamate (3d’)

A white powder. Yield — 29 g (97%). [a],(25°C)
=+55.4 (c = 0.5, CH,0H).

tert-Butyl (4-Chloro-3-oxobutyl)carba-
mate (3e)

A colorless Liquid. Yield — 116 g (91%). Anal.
Caled for C,H,;CINO,, %: C 46.85, H 6.94,
N 6.07, Cl 15.40. Found, %: C 46.71, H 6.90,
N 6.17, Cl 15.37. 'H NMR (400 MHz, CDCl,),
0, ppm: 1.44 (s, 9H), 2.91 (t, J = 5.8 Hz, 2H),
3.37-3.51 (m, 2H), 3.91 (s, 2H), 4.96 (s, 1H). *C
NMR (126 MHz, CDCl,), §, ppm: 27.9, 33.6, 34.9,
39.6, 79.0, 155.4, 201.0.

(S)-tert-Butyl (5-Chloro-4-oxopentan-
2-yl)carbamate (3f)

A yellow powder. Yield — 43 g (95%). M. p. =
73 °C. Anal. Calcd for C,,H,,CINO,, %: C 49.08,
H 7.36, N 5.73, Cl 14.52. Found, %: C 49.18,

B References

H 7.27, N 5.77, Cl 14.12. ‘H NMR (400 MHz,
CDCl,), 6, ppm: 1.23 (d, J = 7.0 Hz, 3H), 1.43
(s, 9H), 2.86 (d, J = 5.8 Hz, 2H), 3.92 (q, J =
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C 49.48, H 6.60, N 5.77, Cl 14.64. Found, %: C
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Mam’ami
Bacunwoesoi TemaHu AHamoniisHu
(03.01.1987 — 20.12.2024)

3 rymboxnM cymom 1 6oJteM y cepii moBimoMiisseMo, 1110 20 rpyaes 2024 pokry
mepeI4acHo 001pBAJIOCS JKUTTS CTAPIINOr0 HAYKOBOTO CITIBPOOITHUKA HAYKOBO-
oprauisaritiaoro Bimmiay IaeruryTy opramiunol ximii HAH Vipaiuwm, Bimmo-
BimaJbHOro cexperaps «Hypuary oprariuHol Ta (papMalieBTUIHOI XIMID, KaH-
numara oiosorivaux Hayk Tersau AHaTtomiBau Bacuibesoi.

Konexrus incturyry 3uas Tersauy AHATOMIIBHY K CBIT/IY, HAI3BHYANHO
€HEePTifHy, IPaIle/II00Hy Ta TBOPUY OCOOMCTICTD, SKA 3aBMKIN CMLINBO 3yCTPI-
vaja Oyab-aki Bukauku. Jyia 6arateox acmipaHTiB BoHA OyJia CIIpaBiKHIM
IIPOBIJHIKOM HA TEPHICTOMY IIISIXY HAYKIL 11 3aBIK/IH TaM ATATHMYTD SK JKIT-
TEPAJTICHY, OIITUMICTUYHY Ta JOOPO3UUIUBY JIIOIUHY, [T0 TKOI MOKHA 0YJIO 3BEp-
HYTHCS 3a MOPAaJon Ta MATPUMKO, 3HAIOYH, 110 BaC 3yCTPIHYTh 3 IIAPOI0
TIOCMIIITKOIO Ta JOTIOMOYKYTh ¥ Oy/Ib-SIKIH CHUTyAaIrii.

TerstHa AHaTosiiBHA Hapoawiack 3 civasa 1987 poky B M. Ammori Binauib-
kol obsacti. 2009 poky sakimumia BiHHUIIBKUI Tep:kaBHUN arpapHUM yHI-
BEPCUTET, Je 3m00yJIa KBaIlikaIliio eKoJora 3a cleliaabHicTio «Exomorisa ta
O0XOPOHA HABKOJIMIIIHHOTO IPUPOSHOro cepemoBuiiay». Ilicia sakiHueHHs acii-
pauatypu [HcTHUTYTY arpoerosorii mpupogoxkopucryBauuas HAH Vkpainu 3a-
XHMCTHJIA OUCEPTAINMHY poboTy 3a TeMoo « Exojoro-1ieHOTHMYHI 0CO0IMBOCTI
Schoeneto-ferryginei L. B ymoBax Tparcdopmalrii KapOoHATHUX 00T YKpaiHm»
3a crrerriaabHicTIO «EKOJIOTIS» Ta OTpuUMAasa QUIIOM KaHIUIATa 010JI0TTIHUX
"Hayk. B IacturyTi opraniusoi ximii HAH Vipainu Terana AnarosiiBaa mpa-
mioBasia 3 2016 poky Ha mocas i CTapIoro HayKOBOTO CITIBPOOITHUKA HAYKOBO-
OpraHI3aIifHOro BIILITY, BAAJIO MOETHYIOYN OCHOBHY TISJIbHICTD 3 BUKOHAH-
HaM 000B’SI3KIB BIIIOBLIAIBHOTO cekperaps «HypHasmy opramiunoi ta dap-
MAalleBTUYHOI XIMi».

Temsna ArnamoniieHa 0yia HenepeciuHow 0coducmicmo, MmaiaHO8UMUM
HAYKOo8UeM, Mmeopuoio ma 6aeamoepaHH0I0 JIHOUHOI0, 3AJIUUAIOUUCDH 13 UM
inmesiicenmHo0 ma uytinow. Konekmue Incmumymy opearniunoi ximii HAH
Yrpainu enuboro cymye 3 npusooy cmepmi Temanu Anamoniisnu, ae 800-
HOUQC 3 80AUHICMIO | 8eJIUKOI0 N08A20I0 32a0ye il 00OPL chpasu ma u,upo no-
oinise eope 3 1l piOHuUMU ma OSIUSbKUMIL.
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