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The Potentiometric Quantification of Chondroitin Sodium
Sulfate Using lon-Selective Electrodes

Abstract
Chondroitin sodium sulfate is an anionic polysaccharide widely used in pharmaceutical practice as an active ingredient of mono-
and multicomponent medicinal products, and its quantitative determination is an essential stage of the quality control. It has
been found that the application of potentiometric titration with ion-selective electrodes can increase the accuracy and
objectivity of the quantitative analysis, which is of great importance for ensuring the quality and safety of medicines.
The aim of the study was to develop and validate a potentiometric method for the quantitative determination of chondroitin
sodium sulfate in the substance and in a combined medicinal product in the form of the sachet powder.
The study objects were chondroitin sodium sulfate substance and a combined medicinal product containing chondroitin sodium
sulfate in combination with D-glucosamine sodium sulfate, methylsulfonylmethane, sodium hyaluronate, ascorbic and citric
acids, and sorbitol. The conditions of the potentiometric titration with 0.001 M solution of cetylpyridinium chloride were
studied using an ion-selective electrode based on cetylpyridinium ionic associates with some lipophilic anions. The titrant
was standardized using sodium dodecyl sulfate as a primary standard, as well as the substance itself. The equivalence point was
determined from the titration curve and its mathematically processed forms (differential curve, first derivative, and Gran functions).
It has been found that the plasticized membrane ion-selective electrodes based on cetylpyridinium associates with dodecyl
sulfate and tetraphenylborate anions are characterized by a stable near-Nernstian response in the operating range of cetyl-
pyridinium concentrations of 102-10° mol L. The analytical characteristics of the electrodes remained stable for at least
30 consecutive titrations. The selectivity of the reaction between chondroitin sodium sulfate and cetylpyridinium chloride
was found, ensuring a clear determination of the equivalence point even in the presence of other mixture components.
The influence of pH on the titration results was evaluated; it was shown that in the pH range of 4—8 the shape of titration
curves and potential values remained constant, confirming the robustness of the method. The accuracy, precision, linearity
(within 80—120% of the nominal content of the analyte), and the reproducibility of the method were characterized.
It has been experimentally demonstrated that the potentiometric method proposed is accurate, selective, and reproducible
for the quantitative determination of chondroitin sodium sulfate both in pure form and in combined medicinal products.
The results obtained confirm the analytical suitability of the method developed and the prospects of its implementation in
the pharmaceutical analysis practice for the quality control of substances and combined medicinal products of small-scale
and industrial production.
Keywords: chondroitin sodium sulfate; potentiometry; quality control; method validation; pharmaceutical analysis; small-
scale production
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MNoTeHuUiomeTpUUYHeE KiNlbKiCHe BUSHAUYEHHA XOHAPOITUH HaTPilo cyNbdaTy 3 BUKOPUCTAHHAM iOH-
CEeNIeKTUBHUX €NIeKTPOA,iB
AHoOTauifA
XOHAPOITUH HaTpito cyNbdaT € aHIOHHMM NONICAXapUAOM, AKUI LUMPOKO 3aCTOCOBYIOTb Y GapMaLEeBTUYHIN NPaKTULI AK aK-
TUBHUI IHFPEAiEHT MOHO- Ta 6araTOKOMNOHEHTHMX NiIKAPCbKMX 3ac0biB i KifIbKiCHE BU3HAYeHHA AKOrO € BaXK/IMBMM €Tanom
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KOHTPOO AKOCTI. 3’ACOBaHO, L0 3aCTOCYBaHHA NOTEHLIOMETPUYHOIO TUTPYBAHHA 3 IOH-CENIEKTUBHUMM €N1eKTPOAAMM A0-
3BO/ISIE NMiABULLNTM TOUYHICTb i 06’EKTUBHICTb Ki/IbKICHOrO aHanisy, WO MaE BaXK/MBE 3HAYEHHA ANA 3abe3neyeHHA AKOCTI Ta
6e3neKkn NnikapcbKkux 3acobis.

MeToto poboTu 6ynm po3pobKa Ta BanigaLis MeTOAMKM KilbKiCHOro NOTEHL,iOMETPUYHOIO BU3HAYEHHA XOHAPOITUH HATPIlO
cynboaty B cybcTaHLUii Ta y CKnagi KombiHOBaHOrO NikapcbKoro 3acoby y ¢bopmi NOpPOLLKY B calle-naKeTax.

O6’eKTamu AoCNiAKeHHA Byan cybCcTaHLia XOHAPOITUH HaTpito cynbdaTy Ta KOMBIHOBaHMIA NiKapCbKMiM 3acib, WO MiCTUTb
XOHAPOITUH HaTpito cynbdaT y NOEAHAHHI 3 D-rtoKo3amiHy HaTpito cynbdaTom, MeTUACYNbPOHIAMETAHOM, HATpItO rianypo-
HaTOM, acKOpbHiHOBOO Ta IMMOHHOK KMCNOTaMM, @ TAKOXK COpBiToNom. PO3MIAHYTO YMOBM NOTEHLLIOMETPUYHOIO TUTPYBAHHSA
0,001 M po34YMHOM LLETUANIPUANHIO XNOPUAY 3 BUKOPUCTAHHAM iOH-CEIEKTUBHOIO e/1eKTPoha Ha OCHOBI iIOHHMX acoLiaTis
LEeTUANIPUANHIIO 3 AeAKUMM NiNOPiNbHUMM aHiOHamK. CTaHAapPTM3aL,i0 TUTPAHTY 34iCHIOBA/IM i3 3aCTOCYBaHHAM A0AELUI-
cynbdaTy HaTpito AK NepPBMHHOrO CTaHAAPTY, @ TAKOX i3 BUKOPUCTAHHAM CybCTaHLji. TOUKY eKBiBa/JIeHTHOCTI BM3HA4aIM 3a
KPMBO TUTPYBaAHHA Ta il MaTemaTMyHo 06pobneHnmn dopmamum (amudepeHuinHa KpuBa, neplua noxigHa ta GyHKLji NpaHa).
3’AcoBaHO, WO A0CNiAKYBaHi naacTudikoBaHi MembpaHHi iOH-CeNIeKTUBHI eNeKTPoAM Ha OCHOBI acouiaTiB LEeTUANipuamnHio
3 popeumncynbdat- Ta TeTpadeHinbopaT-aHioHaMM XapaKTepm3yTbCA CTabiNbHUM BigryKoM, 61M3bKMM 0 HEPHCTIBCbKOTO,
y pobouyomy AianasoHi KoHLUeHTpaLi uetuanipuamHito 103-107° monb A1, AHaNITUYHI XapaKTepPUCTUKN eNeKTPoLiB 3a/1u-
Wwanmcs ctabiibHUMM NPOTAroM WoHalMeHLwwe 30 NoCNiA0BHMX TUTPYBaHb. BUABNEHO CENEKTUBHICTb peaKLii MiK XOHAPOITUH
HaTpito cynbdaToM Ta LEeTUANIPUAMHIO X10pNAOM, WO 3abe3neyye YiTke BUSHAYEHHA TOYKM EKBIBAIEHTHOCTI HaBiTb Y Npu-
CYTHOCTI iHLUMX KOMMNOHEHTIB cymili. OuiHeHO BNAMB pH cepefoBuLLa Ha pe3ybTaTu TUTPYBaHHSA; 3’ACOBaHO, LLLO B Aiana3oHi
pH 4—8 dopma KpUBMX TUTPYBAHHA Ta 3HAYEHHA NOTEHLaNy 3a/MLWAOTbCA CTAaZIMMMU, LLO NIATBEPAXKYE POBACTHICTL MeTo-
OVKN. CxapaKTepmsoBaHO TOUHICTb, MPELM3INHICTb, NiHIMHICTb (Y mexkax 80—120 % Big, HOMiHaNbHOTO BMICTYy aHaniTy) Ta
BiATBOPIOBAHICTb METOANKM.

EKkcneprMmeHTanbHO NPOAEMOHCTPOBAHO, L0 3anponoHOBaHA NOTEHLLIOMETPUYHA METOAMKA € TOYHOD, CENIEKTUBHO Ta BiA-
TBOPIOBAHO /1A KiZIbKICHOTO BU3HAY€HHSA XOHAPOITUH HaTpito cybdaTy AK Yy YUCTOMY BUINALI, TaK i Y CKNadi KOMBiHOBaHUX
NiKapcbKux 3acobiB. OTpMMaHi pesynbTaTi NiaATBepAKYOTb aHaNITUYHY NPUAATHICTL PO3p0baeHOi METOAMKN 1 NEPCNEKTUB-
HicTb i BNPOBaAMKEHHSA B MPaKTUKY GapMaLeBTUYHOIO aHani3y A5 KOHTPOIKO AKOCTI cybcTaHUil | KOMBIHOBaHMX NliIKaPCbKUX
3ac06iB MasocepiltHOro Ta NPOMMCIOBOrO BUPOOHULITBA.

Knroyoei cnoea: xoHAPOITUH HATPi cyNbdaT; TUTPYBAHHSA; KOHTPO/b AKOCTI; Banigalis meToay; GapmaLeBTUYHWUIA aHani3;
manocepiiHe BUPOBHULTBO
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H Introduction form of powder in sachets was selected as the
object of this study. Its composition includes glu-
cosamine sodium sulfate (1500 mg), chondroitin
sodium sulfate (500 mg), methylsulfonylmetha-

Chondroitin sodium sulfate (CS) is a sulfated
glycosaminoglycan widely used in pharmaceuti-

cal practice as an active pharmaceutical ingre-
dient in both mono- and combination medicinal
products for the treatment of degenerative disor-
ders of the musculoskeletal system, particularly
osteoarthritis. The pharmacological activity of CS
largely depends on its structural characteristics,
degree of sulfation, and molecular weight, which
necessitates a strict quality control at all stages
of the drug production [1].

In recent years, the pharmaceutical market
has shown a growing number of combined pro-
ducts containing CS together with glucosamine,
methylsulfonylmethane, ascorbic acid, and other
biologically active components. Such combinations
are aimed at enhancing the anti-inflammatory
and chondroprotective effects of these prepara-
tions [2]. Therefore, a medicinal product in the

ne (400 mg), vitamin C (80 mg), sodium hyalu-
ronate (30 mg), and excipients, such as sorbitol
and citric acid [3].

At the same time, the multicomponent compo-
sition significantly complicates the pharmaceu-
tical quality control since the presence of poly-
electrolytes and surfactants may affect the selec-
tivity and accuracy of the quantitative determina-
tion of CS. Recent studies indicate the substan-
tial variability in the qualitative and quantita-
tive composition of chondroitin sodium sulfate,
especially in combined medicinal products where
impurities of other polysaccharides or excipients
may be present [4]. In this regard, the implemen-
tation of reliable, selective, and reproducible ana-
lytical methods capable of providing an objective
quantitative determination of chondroitin sodium
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sulfate in multicomponent systems is an urgent
task.

Scientific studies confirm that pharmacopoeial
methods may be insufficiently sensitive for the
detection and quantitative assessment of combi-
ned medicinal products of industrial and small-
scale production, which necessitates the develop-
ment and introduction of new analytical appro-
aches [5].

The ability of chondroitin sodium sulfate to
form poorly soluble complexes with cetylpyridi-
nium chloride (CPC) is used for the quantitative
analysis of CS in the substance. Indicator-based
and photometric titration methods regulated by
leading pharmacopoeias consist of two stages:
the titration with 4.000 g Li! CPC solution with
the visual or instrumental endpoint detection, or
the photometric titration with 1.000 g Lt CPC
solution [6, 7]. The non-indicator photometric-
turbidimetric titration using Mettler-Toledo pho-
totrodes 1s also widely applied [8, 9].

The disadvantages of these methods include
the practical impossibility of performing titration
in the presence of certain colored substances and
colloidal systems, which usually leads to a sig-
nificant increase in the analytical uncertainty.
For example, it has been reported [10] that this
method provides satisfactory results for the de-
termination of CS in chewable tablets only when
the effect of the excipient xanthan gum is com-
pensated by adding the same amount to the stan-
dard CS solution as contained in the tablets.
Similar problems associated with the titration
of CS with CPC solutions using the photometric
endpoint detection were reported by other au-
thors [11, 12], which partly motivated the present
study.

When developing a titrimetric method, it is es-
sential to evaluate validation characteristics, in-
cluding the method uncertainty, which depends
on the titrant standardization approach (prima-
ry or secondary) and, in some cases, on the labo-
ratory temperature, burette accuracy, purity of
reference standards, and other factors.

In this way, we aimed to develop and validate
a potentiometric method for the quantitative de-
termination of chondroitin sodium sulfate in the
substance and in a combined medicinal product
in the form of the sachet powder.

B Materials and methods

Reagents and Materials. The study objects in-
cluded sodium chondroitin sulfate (Bioiberica, S.A.U.,

R.M. Barcelona, Spain, batch F0932, 100.0% API
content, loss on drying — 6.3%) and a novel com-
bined pharmaceutical powder formulation in sa-
chets, containing, in addition to sodium chondroi-
tin sulfate, sodium glucosamine sulfate (Shandong
Xiwang Sugar Industry, China, batch XWAC003),
ascorbic acid (SD LUWEI Pharmaceutical Co. Ltd,
China, batch 201404197), methylsulfonylmetha-
ne (Shijiazhuang Jirong Pharmaceutical, China,
batch 101-1303006), sodium hyaluronate (Nippon
Rica, Japan, batch 5992-143), sorbitol (Evonic In-
dustries, Germany, batch 2111240201), and cit-
ric acid monohydrate (Shandong Ensing Indus-
try Co., Ltd, China, batch 3MT2504023).

For titration, cetylpyridinium chloride (CPC)
solutions with concentrations of 0.001-0.01 M
were used. Sodium dodecyl sulfate (SDS, analy-
tical grade) served as the primary standard for
the titrant standardization. All solutions were
prepared using purified water.

Equipment. Potentiometric titrations were
conducted at 20 + 5 °C using a cetylpyridinium-
selective indicator electrode, with potential read-
ings recorded by a Radelkis OP-208/1 potentio-
meter equipped with an analog-to-digital conver-
ter (ADC ADA-1406, HOLIT DataSystems, Ukrai-
ne) under constant stirring on a magnetic stirrer.
The measurement scheme: Ag, AgCl/KCl sat./
Test solution // Membrane // 103 M CPC/AgCl, Ag.

Standardization of 0.001 M CPC solution.
A 0.2884 g sample of SDS (288.38 g mol™?) was
dissolved in distilled water, and the solution was
diluted to the volume of 1000 mL in a volumet-
ric flask at 20 °C. Then, 1.0 mL of the result-
ing 0.01000 M solution or 10.0 mL of the diluted
0.00100 M solution was transferred to a titration
cell equipped with the ion-selective electrode,
a reference electrode, and a magnetic stirrer.
20—40 mL of water was added, and the solution
was titrated with 0.0010 M CPC in 0.5 mL in-
crements, while recording the potential changes
of the indicator system. The CPC concentration
was calculated as the mean of at least two titra-
tions using the formula:

V(SDS)

C(CPC) = C(SDS) x V(CPC)

[mol L'

Preparation of titration solutions. 0.100 g of so-
dium chondroitin sulfate or an equivalent amount
of the pharmaceutical powder (corresponding to
0.100 g of sodium chondroitin sulfate) was placed
in a 100 mL volumetric flask, dissolved in 50 mL
of water, and diluted to the volume with water.
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The pH of the solution was adjusted to 4.0 using
0.01 M sodium hydroxide. 2.0 mL of this solution
was transferred to a titration cell, 20—-40 mL of
water was added, and the titration was perfor-
med potentiometrically with 0.001 M CPC. 1 mL
of 0.001 M CPC is equivalent to 0.35 mg of CS.

Potentiometric Titration Conditions.
Standard 0.001 M or 0.01 M CPC solutions were
added in 0.5 mL increments, and the potential
changes (E, mV) were recorded, or the titration
was continued until a predetermined potential
of the indicator system was reached. Testing the
response of the ion-selective electrodes to the
cetylpyridinium cation demonstrated the near-
Nernstian behavior for a monovalent cation (58 +
+ 3 mV/pC) in the CPC concentration range from
10-® to 105 mol L.

Systematic titration errors were minimized
by the primary standardization of the titrant and
careful determination of the titration endpoint
of the test sample, maintaining a temperature
of 20 £ 5 °C and using ISO Class A volumetric
glassware [13].

Determination of the CS content. The content
of chondroitin sulfate in the substance and phar-
maceutical preparation was calculated using the
formula:

yo VKTV 100 (m,,)
m, -V

pip.

where: V — is the volume of 0.001 M CPC solu-
tion used for titration, mL;

K — is the titration correction factor;

T —is the mass of the analyte equivalent to 1 mL
of the titrant of the nominal concentration;

m — 1is the mass of the sample, g;

m,,— 1s the average sample mass, g.

Data processing. The statistical analysis of
the results was performed according to the State
Pharmacopoeia of Ukraine (SPhU) 5.3.N.1 “Sta-
tistical Analysis of Chemical Experiment Re-
sults” [13] using Microsoft Excel. The analysis
included calculation of the mean of three deter-
minations, the standard deviation of the mean,
and the relative standard deviation. No additional
statistical methods were applied as the study had
an analytical focus.

® Results and discussion

The development of a potentiometric titrimet-
ric method for the quantitative determination
of CS in a mixture with D-glucosamine sodium

sulfate, methylsulfonylmethane, ascorbic acid,
sodium hyaluronate, citric acid, and sorbitol in-
volved the following steps:

+ the selection of an ion-selective electrode;

* the determination of optimal conditions
for the potentiometric titration;

+ the standardization of the CPC solution;

+  testing the method for the quantitative
determination of chondroitin sodium sul-
fate in the presence of other mixture com-
ponents;

+ the determination of the quantitative con-
tent of chondroitin sodium sulfate in the
combined medicinal product using the ti-
trimetric method proposed.

Cetylpyridinium chloride belongs to the group
of cationic surfactants and is widely used for the
potentiometric titration of anionic surfactants.
Sodium chondroitin sulfate, due to the presence
of carboxyl and sulfate groups in its structure,
is a negatively charged polysaccharide. This fea-
ture ensures its interaction with CPC cations and
provides selectivity of the titrimetric reaction and
the determination of the titration end-point us-
ing a CPC-selective electrode [14].

The development of the potentiometric titri-
metric method for the quantitative determina-
tion of sodium chondroitin sulfate in the mixture
using the CPC solution began with the selection
of an ion-selective electrode. According to the de-
scribed modified method [15], an ionic associate
[16] was obtained by the interaction of aqueous
0.01 M solutions of cetylpyridinium chloride with
sodium dodecyl sulfate or sodium tetraphenyl-
borate in the ratio of 1:1. Upon the formation of
the corresponding ionic associates, ion-selective
membranes were prepared using polyvinyl chlo-
ride grade 6602 and Fluka. The PVC electrodes
contained approximately 1% of the associate and
73 £ 3% of a plasticizer, which was one of the
phthalic acid diesters (octyl, nonyl) or o-nitro-
phenyl octyl ether.

The stability of the prepared ion-selective elec-
trodes based on CPC ionic associates with dode-
cyl sulfate and tetraphenylborate [17], plastici-
zed with phthalates or o-nitrophenyl octyl ether,
was tested over 30 consecutive titrations (over
the period of 6 months). No significant differenc-
es were observed in the titration volume when
potentiometrically determining the titration end-
point.

To select the optimal titration conditions, the
behavior of potentiometric systems with different
electrodes was studied, including the method
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selectivity, the effect of pH, linearity, and repro-
ducibility of the method on the substance, model
mixture, medicinal product, and placebo.
During the potentiometric titration of CS with
0.001 M or 0.01 M CPC solutions, a typical titra-
tion curve was observed. Two examples for diffe-
rent electrodes are shown in Figure 1, present-
ing one of the differential dependencies. On the
titration curve with 0.001 M CPC solution, a ti-
tration jump of more than 60 mV was observed.
This allows reliable determination of the titra-
tion end-point with the minimal influence from
the nature of the ion-selective electrode (Figure 1).
Due to the asymmetry of titration curves for
reactions with stoichiometry different from 1:1
and the frequent heterogeneity of monomer units
of natural polyelectrolytes, an important issue
arises regarding the correct determination of the
equivalence point and the calculation of analyti-
cal results. To clarify the uncertainty of such ana-
lysis, the behavior of titrimetric systems and me-
thods for processing/calculating titration results
were experimentally studied over the period of
two years. First of all, the method for the titrant
standardization was selected, and the use of so-
dium dodecyl sulfate as a primary standard proved
to be the most appropriate, with control of the re-
sults performed using the CS substance standard.
Figure 2 presents the typical data obtained
during the titrant standardization using SDS and
CS, along with the corresponding methods for
processing the experimental data.
As can be seen from the dependences, the titra-
tion jump for CS is significantly smaller compared

to that for SDS; however, it allows the determi-
nation of CS at concentrations in the titrated so-
lution ranging from 0.02 to 10 mg mL™" at the
corresponding titrant concentration (with a ti-
ter of 0.35—-3.50 mg mL™).

The titrant (CPC) volume corresponding to
the equivalence point was determined using va-
rious approaches, namely: the titration to a con-
stant potential corresponding to the equivalence
point (E_end), processing of EMF dependences
f(t) by the Gran method, and the calculation of
derivatives (Figure 2). It has been found that
the most reliable method in terms of selectivity
and accuracy is titration to a predetermined E_end
value previously determined based on the stan-
dardization data and the CS substance titration.
Due to the asymmetry of the chondroitin titra-
tion curve caused by interaction coefficients dif-
fering from unity, this approach makes it pos-
sible to obtain reliable results.

During the titrant (CPC) standardization using
SDS, any of the listed methods for determining
the titration end-point may be applied, which,
in contrast to the CS titration, yield practically
identical results (Figure 2B). It should be noted
that differential processing of curves is sensitive
to the titrant portion volume interval AV in-
troduced during the titration and, accordingly,
may be characterized by higher uncertainty.

The presence of foreign interferents forming
more stable/less soluble ionic associates with ce-
tylpyridinium leads, under conventional titration
conditions, to positive systematic errors in the de-
termination of chondroitin sulfate. However, when

E, mV [

—— DDS-CPC ISE
—#— LABSA-CPC ISE

N = Differential
"‘PPH"f\—\‘\’}HHH\H}\HHHH}HH\HH}HH\HH}\\HHH\}\.\-\\-\‘\-\-\\-r\?ﬁik‘w;\\\\\HH}
0 1 2 3 4 5 6 7 8 9 10 1"

Vepe, ML

Figure 1. Original (classical) and differential titration curves of the chondroitin sodium sulfate sample titrated with 0.01 M CPC solution

using two different ion-selective electrodes
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Figure 2. Potentiometric titration curves obtained with 0.001 M CPC solution for the standard SDS solution (2) and the chondroitin
sodium sulfate substance solution (1) using a TPhB—CPC electrode (A), and processing of the SDS titration curve by the Gran method (B):
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this effect 1s taken into account by constructing
differential curves, such influences can be par-
tially considered and compensated (Figure 3).
Nevertheless, 1t should be taken into account
that the differential form indicates the inflec-
tion point of the titration curve, which does not
coincide with the equivalence point when the ti-
tration stoichiometry differs from 1:1. This will
play a certain role when titrating minimal
amounts of CS.

If the titration is performed in the presence
of foreign polyelectrolytes forming less stable/
more soluble ionic associates, such as hyaluro-
nate, the systematic error can be eliminated by
the titration to a specific potential correspond-
ing to the equivalence point of the chondroitin—
cetylpyridinium interaction reaction (Figure 4).

Thus, when titrating CS in the presence of
foreign interferents, for example, hyaluronic
acid, reliable results are obtained only when the
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Figure 3. Titration curves obtained with 0.001 M CPC solution: A) glucosamine (ChS) and a mixture of glucosamine with sodium dodecyl

sulfate (SDS); B) corresponding differential dependences
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glucosamine and, respectively, a ten-fold excess of sodium hyaluronate (A), and plots of the titrant volume versus the sample volume

using different methods for the end-point determination (B)

titration is performed to a constant potential
value (E, ).

The titration to a constant E_ , value is con-
venient for automation of titration using autoti-
trators. The Gran function applied to the data
obtained after the equivalence point does not al-
low correct results to be obtained in the presence
of anionic interferents capable of interacting with
CPC to form ionic associates of lower stability/
higher solubility compared to CPC—CS associates.
Taking into account the stability of CS ionic as-
sociates compared to SDS associates, and under
satisfactory performance of the ion-selective in-
dicator electrode, the titration end-point poten-
tial (E,,,) can be selected based on the end-point
potential of the SDS titration with CPC solutions,
which in the case of 0.001 M titrant solution will
be 60—70 mV more positive.

The linearity of the method was studied by ti-
trating different sample volumes of the chondroi-
tin sodium sulfate solution with different data
processing approaches (Figure 4B). The linearity
of the quantitative potentiometric determination
of chondroitin sodium sulfate in the mixture was
studied within + 5% acceptance limits relative
to the nominal concentration of the active com-
pound in the range from 80% to 120% according
to the method, and a calibration plot in normal-
ized coordinates was constructed (Table 1) [13].

The study of the dependence of the electro-
analytical properties of the ion-selective electro-
de on the solution acidity showed that the elec-
trode response and the shape of titration curves
remained constant within the pH range of 4—8.

Table 1. Validated method parameters

Parameter Result
Number of determinations 27 (9 x 3 aliquots)
Concentration range 80—-120% (80.0—120.0 mg)
a 0.200
b 0.398
2 0.9916
r .
Complies
Mean value of Z% 100.09
The lack of statistically significant 0.5523<1.89
the systematic error: 6 < 1.89 Complies
The practical insignificance of 0.09 £1.0667
the systematic error: 6 < 1.0667 Complies
The overall conclusion on .
s Complies
precision and accuracy

The study of dependence of the electroanaly-
tical properties of the ion-selective electrode on
the medium acidity demonstrated that in the pH
range of 48, the electrode response and the shape
of potentiometric titration curves remained stable.
The results obtained indicate the absence of a sig-
nificant pH effect on the course of the titrimetric
reaction, confirming the robustness of the method
developed and the possibility of its application
over a wide range of analytical conditions.

The results of the quantitative determination
of chondroitin sodium sulfate in the substance
and in the combined medicinal product are pre-
sented in Table 2.

It was found that the actual content of the
active substance agreed with the declared value.
The relative standard deviation (RSD) did not
exceed 3.0% in any determination, meeting the
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Table 2. The results of the CS determination in the substance and the medicinal product

Test object Declared content Found content SD RSD Conclusion
Substance 100.0 % 100.13 % 0.2628 0.26 Complies
Medicinal product 500.0 mg 500.36 mg 1.3106 0.26 Complies

pharmacopoeial requirements for analytical me-
thods. The data obtained confirm the accuracy and
practical applicability of the method proposed for
the quality control of finished medicinal products.

The approach proposed can be integrated into
routine quality control without the use of expen-
sive equipment, which makes it attractive for la-
boratories of small and medium-sized pharma-
ceutical enterprises.

B Conclusions

A potentiometric method for the quantitative
determination of chondroitin sodium sulfate using
a cetylpyridinium-selective electrode has been de-
veloped and validated. The method is characte-
rized by the simple sample preparation and the
total analysis time of no more than 15—-20 min

The effect of other active pharmaceutical in-
gredients and excipients of the medicinal pro-
duct has been studied, and it has been shown
they do not to have a statistically significant ef-
fect on the analytical results (p > 0.05), confirm-
ing the specificity of the method.

The method is characterized by linearity, ac-
curacy, and reproducibility, complying with the
pharmacopoeial requirements and ICH recom-
mendations.

The results obtained allow recommending the
application of the method developed not only in
scientific research, but also in practical activities
of large pharmaceutical enterprises and pharma-
cies engaged in small-scale production, including
control of the incoming raw material and fini-
shed medicinal products of chondroitin sodium
sulfate of both small-scale and industrial manu-

per sample. facture.
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The Complexation of Water-Soluble Calix[4]Arene-Phosphine
Oxides With Antiviral Drugs

Abstract

The complexation of tetrahydroxycalix[4]arene-methyldimethylphosphine oxide (CMPO), tetrahydroxythiacalix[4]arene-
methyldimethylphosphine oxide (TCMPO), and tetrapropoxycalix[4]arene-methyldiethylphosphine oxide (CEPO) with active
pharmaceutical ingredients of antiviral drugs Remdesivir, Nevirapine, Vesatolimod, Bictegravir, Emtricitabine, and Tenofovir
in the water medium was studied using the RP HPLC method. By analyzing the dependence of the drug capacity values on
the concentration of calixarenes in the chromatographic mobile phase, the stability constants (K,= 1100—12000 M™) of the
complexes formed were determined. Quantum-chemical calculations show that the antiviral drugs form supramolecular exo-
complexes with the calixarene-phosphine oxide molecules. These complexes can be stabilized by intermolecular hydrogen
bonds between the proton acceptor P=0 groups and the proton donor groups of antiviral drugs.

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

Antiviral drugs are widely used to prevent and
treat many infectious diseases [1, 2]. However,
such drugs may have low bioavailability and cause
side effects [3, 4]. Therefore, in some cases, they
are used as prodrugs or as supramolecular com-
plexes with cyclodextrins. Calixarenes [5, 6] and
their self-assembled supramolecular aggregates
[7], which form host-guest supramolecular com-
plexes with the active pharmaceutical ingredi-
ents (APIs) of drugs, are considered promising
objects in the design of the drug delivery vectors
[8—15]. Advantages of calixarene vectors include
low cytotoxicity [16—20] and the absence of im-
mune reactions [21].

Among a variety of water-soluble calixarenes,
their sulfonic acid derivatives are the best-studied
vectors [22]. They form supramolecular comple-
xes with known pharmaceutical ingredients —
3-phenyl-1H[1]benzofuro[3,2-c|pyrazole (tyrosine
kinase III inhibitor) [23], Carvediol (management
of hypertension) [24], Paclitaxel (ovarian, breast,
lung and colon cancer treatment) [25], Tramadol
(analgesic) [26], Irinotecan (colon cancer treat-
ment) [27], Nifedipine (calcium channel blocker)
[28], Tenofovir (antiviral drug) [29].

Water-soluble cup-shaped calixarenes func-
tionalized on the upper or lower rim of the macro-
cycle with hydrophilic organophosphorus groups
are also used to create drug delivery systems.

Phosphorus-containing calixarenes are char-
acterized by a high biological activity and low
cytotoxicity [30]. The calixarene and thiacalix-
arene-phosphonic acids effectively and selective-
ly inhibit ATP-hydrolase systems of smooth muscle
cells [31] and therapeutically important phospha-
tases of various origins [32].

It has been shown that the lower-rim calix-
arene-diphosphoric acid, which forms supramo-
lecular complexes with water-insoluble APIs in
aqueous solutions, is appropriate for the drug for-
mulation and delivery [33]. This acid also acti-
vates the transfer of polyarginine cell-penetrating
peptides across biological membranes [34].

The upper rim modification of the calix[4]are-
ne platform by hydrophilic phosphonic acid groups
yields water-soluble derivatives that form supra-
molecular complexes with AFIs of antiviral drugs
Tenofovir and Emtricitabine [35].

Micellar alkoxycalixarene-hydroxymethylene-
bisphosphonic acids form nanoscale supramole-
cular complexes with fluorescently labeled poly-
lysine and HIV-1 nucleocapsid due to electrostatic

interactions. Such nanocomplexes cross biologi-
cal membranes and deliver the therapeutically
important proteins into cells [36].

In this article, within a context of further re-
search on the drug formulation and delivery, the
host-guest complexation of the tetrahydroxy-
calix[4]arene-methyldimethylphosphine oxide
(CMPO), tetrahydroxythiacalix[4]arene-methyl-
dimethylphosphine oxide (TCMPO), and tetra-
propoxycalix[4]arene-methyldiethylphosphine
oxide (CEPO) hosts with active pharmaceutical
ingredients of antiviral drug guests Remdesivir,
Nevirapine, Vesatolimod, Bictegravir, Emtricita-
bine and Tenofovir (Figure 1) in the water me-
dium was studied using RP HPLC and molecu-
lar modeling methods.

Due to biologically friendly properties of a phos-
phorus atom, a number of drugs for medicinal pur-
poses have been created on the basis of natural
and synthetic organophosphorus compounds [37].
Highly polar Me,P=0 or Et,P=0 groups are cur-
rently used in medicinal chemistry to improve
the water solubility of API molecules, optimize
their pharmacokinetic profile [38—40], and cre-
ate new drugs for medicine [41-43]. It should be
noted in the context of the drug design that the
proton-accepting property of the oxygen atom of
dimethylphosphine oxide derivatives exceeds the
proton-accepting property of the oxygen atoms
of phosphates, phosphonates, sulfones, and car-
bonyl compounds [44].

The presence of hydrophilic proton-accepting
Me,P=0 and Et,P=0 groups on the upper rim of
CMPO, TCMPO, and CEPO is capable of in-
creasing the water solubility of the calixarenes.
On the other hand, these groups can stabilize sup-
ramolecular host-guest complexes by forming in-
termolecular hydrogen bonds P=0-H-X (X=0, N)
with amine, amide, hydroxyl, and other groups
of the antiviral drugs.

B Materials and methods

Reagents and Materials

Remdesivir, Nevirapine, Vesatolimod, Bictegra-
vir, Emtricitabine, and Tenofovir were purchased
from Sigma-Aldrich (St. Louis, MO, USA) or Ab-
cam (Cambridge, UK) or obtained from UOSLAB
(Kyiv, Ukraine). The cone shaped tetrapropoxy-
calixarene-diethylphosphine oxide CEPO was syn-
thesized according to the method [45].

The solvents for the synthesis of CMPO and
TCMPO were purified using standard techni-
ques [46]. The reactions were conducted under a dry
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Figure 1. The water soluble calixarene-phosphine oxide hosts CMPO, TCMPO, CEPO, and antiviral drug guests Remdesivir, Nevirapine,

Vesatolimod, Bictegravir Emtricitabine and Tenofovir

argon atmosphere, using anhydrous solvents.
Chemical glassware was dried at 150 °C under
vacuum. Melting points were determined using
a Boetius apparatus. NMR spectra 'H (300 MHz),
31P (81 MHz) were recorded using a Varian VXR-
300 spectrometer. Chemical shifts are reported
relative to tetramethylsilane (*H) used as an in-
ternal standard, or relative to H,PO, (85%) (*'P)
as an external standard.

CMPO and TCMPO were synthesized by the
Arbuzov reaction of the corresponding tetrachlo-
romethyltetrahydroxy(thia)calixarenes 1,2 with the
trimethylsilyl ester of dimethylphosphinic acid in
CH,CI, solution at 25 °C for 24 hours (Scheme 1).

CMPO and TCMPO are solid compounds that
are readily soluble in water, DMSO and DMF and
insoluble in nonpolar solvents. The structure of
the calixarenes was confirmed by the 'H, 3P NMR
spectra (SI File, Figures S1, S2, S3, S4).

A conical conformation of CMPO was con-
firmed by the presence of two wide signals of the
AB spin system of axial (3.77 ppm) and equa-
torial (5.01 ppm) protons of methylene linkers
broadened due to slow in NMR time scale rotation

of benzene fragments around Ar-CH,-Ar bonds
in '"H NMR spectrum recorded in DMSO-d,; solu-
tion [47]. The 'H NMR spectrum of CMPO also
contains signals of CH, groups (1.32 ppm, d, %Jy;, =
15 Hz), CH, P groups (2.88 ppm, d, 2J,, = 15 Hz),
ArH groups (6.94 ppm, s) and a wide signal of
OH groups (9.61 ppm) (SI File, Figure S1).

The 'H NMR spectrum of TCMPO contains
signals of CH, groups (1.25 ppm, d, %J;, = 15 Hz),
CH,P groups (2.98 ppm, d, %J,;, = 15 Hz), a wide
signal of OH groups (4.10 ppm), and a signal of
ArH groups (8.00 ppm, s) (SI File, Figure S3).
The ?'P NMR spectra of the calixarenes contain
signals 43.16 ppm (CMPO) and 45.7 ppm (TCMPO)
(SI File, Figures S2, S4, respectively).

Tetrahydroxycalix[4]arene-methyldime-
thylphosphine oxide (CMPO)

A solution of 2.46 g (16.4 mmol) of dimethyl-
trimethylsilylphosphinite in 20 mL of a dry CH,Cl,
was added dropwise to a stirred solution of 1.24 g
(2 mmol) tetrachloromethyltetrahydroxycalix[4]-
arene 1 in 40 mL of a dry CH,Cl, at room tem-
perature. The reaction mixture was stirred for
24 hours. The solvent was evaporated under
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Scheme 1. The synthesis of CMPO and TCMPO

reduced pressure, and the viscous oil was dried un-
der vacuum (8—10 Torr). The residue was dissol-
ved 1n 25 mL of methanol and stirred for 6 hours,
then the solution was evaporated to dryness un-
der vacuum (8—10 Torr). The residue was tritu-
rated with hexane, filtered, and air-dried. The re-
sulting product was obtained by crystallization
from absolute isopropanol.

A white hygroscopic crystalline powder. Yield —
1.07 g (68%). M. p. 188—190 °C. Anal. Calcd. for
C,,H:,0.P,, %: C 61.22, H 6.68, P 15.79. Found,
%: C 61.00, H 6.50, P 15.43. 'H NMR (300 MHz,
DMSO-d,), 8, ppm: 1.32 (24H, d, 2Jy, = 15 Hz,
P-CH,), 2.88 (8H, d, ?Jy, = 15 Hz, Ar-CH,-P), 3.77
(4H, bs, Ar-CH,,,,-Ar), 5.01 (4H, bs, Ar-CH,,,-Ar),
6.94 (8H, s, ArH), 9.61 (4H, bs, OH). *'P NMR
(80.95 MHz, DMSO-d,), 6, ppm: 43.16.

Tetrahydroxythiacalix[4]arene-methyl-
dimethylphosphine oxide (TCMPO)

A solution of 2.46 g (16.4 mmol) of dimethyl-
trimethylsilylphosphinite in 20 mL of a dry CH,Cl,
was added dropwise to a stirred solution of 1.38 g
(2 mmol) tetrachloromethyltetrahydroxythiacalix-
[4]arene 2 in 40 mL of a dry CH,Cl, at room tem-
perature. The reaction mixture was stirred for
24 hours. The solvent was evaporated under re-
duced pressure, and the viscous oil was dried un-
der the vacuum (8—10 Torr). The residue was dis-
solved in 25 mL of methanol and stirred for 6 hours,
then the solution was filtered, evaporated to dry-
ness under vacuum (8—10 Torr). The residue was
triturated with hexane, collected by filtration, and
air-dried. The resulting product was obtained by
crystallization from absolute isopropanol.

A white hygroscopic powder. Yield — 1.06 g (62%).
M. p. 220-222°C. Anal. Calcd. for C;;H,,OP,S, %:
C 50.46, H 5.18, P 14.46, S 14.07. Found, %: C
50.81, H5.03, P 14.20, S 13.75. '"H NMR (300 MHz,
DMSO-d,), &, ppm: 1.25 (24H, d, 2Jy, = 15 Hz,
P-CH,), 2.98 (8H, d, ?>Jy, = 15 Hz, Ar-CH,-P), 7.43
(8H, s, ArH). 'P NMR (80.95 MHz, DMSO-d,),
6, ppm: 45.70.

HPLC analysis

The RP HPLC analysis of CMPO, TCPO,
CEPO, and antiviral drugs was performed on
a Hitachi high-pressure liquid chromatography
equipment (Hitachi, Ltd., Tokyo, Japan) under
isocratic conditions using a Zorbax CN chromato-
graphic column (250x4.6 mm) (supplier Agilent)
and a mobile phase of H,O0/MeCN (80/20, v/v).
The choice of such a two-component mobile phase
was due to the need for simultaneous solubili-
ty of calixarenes and antiviral drugs of different
natures during chromatographic analyses.
The concentration of CMPO, TCPO, and CEPO
in the mobile phase varied within the range of
0.1x10*-1.4x10* M. Samples of the antiviral drugs
for analysis were prepared in a solvent identical
to the mobile phase (C = 1x10®° M) and injected
in amounts of 20 pL. All chromatograms were
obtained at 28 °C. The wavelength of the UV de-
tector was 254 nm. Each sample was analyzed
in triplicate.

Molecular modeling

CMPO, TCPO, CEPO, and their complexes
were simulated in vacuum (PM3, HyperChem soft-
ware, evaluation version 8.0.10 [48]). The RMS
gradient was 0.01 kcal mol".
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B Results and discussion

The main criterion for assessing the complex-
ing properties of host molecules is the value of
the stability constant of the supramolecular com-
plex with guest molecules. To determine the sta-
bility constants of the calixarene complexes, va-
rious physical methods are used: microcalorime-
try [49], nuclear magnetic resonance [50], UV and
fluorescence spectroscopy [51, 52], selective trans-
port through liquid membranes [53], mass spec-
trometry [54], surface plasmon resonance [55], etc.
However, the application of these methods may
be limited by the unsatisfactory solubility of ca-
lixarene receptors and substrate molecules, or by
the high cost of the methods.

A convenient and rapid method for determining
the stability constants of complexes is reversed-
phase high-performance liquid chromatography
[66, 57]. This method has been used to determi-
ne the stability constants of calixarene complex-
es with organic substrates of various natures in
aqueous or aqueous-organic solutions [58, 59].
According to this method, stability constants are
determined from the dependence of the retention
time or capacity factor of the substrate on the
concentration of calixarene in the mobile phase.
The addition of calixarenes to the mobile phase
reduces the retention time of analytes due to the
formation of supramolecular host-guest complexes
and the increasing polarity of the chromatogra-
phic column surface upon the calixarene sorp-
tion. The inverse sorption of calixarenes by the
column surface and the linear dependence of the
capacity value 1/k’ of the analyte on the calix-
arene concentration indicate 1:1 stoichiometry
complexes in the mobile phase flow. This allows

us to use equation (1) [566, 57] to calculate the
stability constants of the host-guest complexes:

Uk'= 1/k',+ K, x [CAJ/R, 1)

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

Under the analysis conditions, the antiviral
drugs and the calixarenes have retention times ¢
6.735 min (Remdesivir), 6.915 min (Nevirapine),
7.327 min (Vesatolimod), 5.873 min (Bictegravir),
12.825 min (Emtricitabine), 3.573 min (Tenofo-
vir), 6.040 min (CMPO), 3.943 min (TCMPO),
3.543 min (CEPO) (SI File, Figures S5, S6).

Calixarenes CMPO, TCPO, and CEPO were
characterized by linear adsorption isotherms
(Figures S7, S8, S9), which indicated their re-
verse adsorption on the surface of the Zorbax CN
column. The addition of the calixarenes to the mo-
bile phase reduces the retention time ¢, of the
antiviral drugs. The linear dependence of the drug
parameter 1/k’on the concentration of calixarenes
in the mobile phase (Figures 2, 3, 4) indicates
the formation of supramolecular host-guest com-
plexes with the stoichiometry of 1:1.

The stability constants of the complexes K,
(1100-12000 M) calculated by formula (1),
and the values of the Gibbs free energies -AG
(4.20-5.30 kcalxmol™) calculated by the equation
AG = -RTxInK, are given in Table 1. The stabili-
ty constants K, are rather close to the stability
constant of the 1:1 complex of the calix[4]arene-
sulfonic acid with an antiretroviral drug Tenofovir
disoproxil fumarate determined by the UV-Vis
spectroscopy in the DMSO solution [29].
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Figure 2. The dependence of 1/k’values of the antiviral drugs on the concentration of CMPO in the mobile phase
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Figure 4. The dependence of 1/k’values of the antiviral drugs on the concentration of CEPO in the mobile phase

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

Emtricitabine > Nevirapine > Bictegravir >
Tenofovir > Vesatolimod > Remdesivir

for complexes with CMPO;

Emtricitabine > Tenofovir > Remdesivir >
Bictegravir > Nevirapine > Vesatolimod

for complexes with TCPO; and

Emtricitabine > Remdesivir > Tenofovir >
Bictegravir > Vesatolimod > Nevirapine

for complexes with CEPO.

Table 1. Stability constants K, M, (RSD %), and Gibbs free energies AG kcalxmol™ of the complexes of CMPO, TCMPO and CEPO

with antiviral drugs

Antiviral drug CMPO TCMPO CEPO

K, AG K, AG K, AG

Remdesivir 3400 (27) 4.81 2600 (28) 4.65 7050 (32) 5.24
Nevirapine 4300 (14) 4.95 1340 (11) 4.26 1100 (28) 4.15
Vesatolimod 3980 (17) 4.90 1200 (24) 4.20 1250 (23) 4.20
Bictegravir 4300 (18) 4.95 2230 (19) 4.56 2560 (17) 4.64
Emtricitabine 12000 (16) 5.55 7530 (22) 5.30 7800 (18) 5.30
Tenofovir 4200 (21) 4.93 4440 (18) 4.97 3450 (16) 4.82

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



YKypHan opeaHiyHOi ma gpapmayesmuyHoi ximii 2025, 23 (4)

Figure 6. Energy-minimized molecular structures of supramolecular complexes CMPAxEmtricitabine (a), TCMPOxEmtricitabine (b)

and CEPOxEmtricitabine (c)

The dependence of the stability constants on
the structure of the calixarene and the antiviral
agent is complex and can be determined by hy-
drogen bonds, van der Waals forces, solvatopho-
bic, and other non-covalent interactions. To un-
derstand the nature of the complex formation,
the structures of the calixarenes and their com-
plexes with molecules of antiviral agents were
energetically minimized. According to energy mi-
nimization data, CMPO and CEPO molecules
exist in the cone-shaped conformations stabilized
by strong intramolecular hydrogen bonds (6, =
9.61 ppm) or voluminous propyl groups, respec-
tively, which restrict rotation of the benzene ring
through the macrocyclic annulus. The TCMPO
molecule with rather weak intramolecular hy-
drogen bonds O-H~O-H (§,; = 4.10 ppm) is un-
able to stabilize the cone conformation and exists
in the symmetrical conformation I,3-alternate
(Figure 5).

Energy-minimized structures of the most stable
complexes CMPA X Emtricitabine (a), TCMPO x
Emtricitabine (b) and CEPO X Emtricitabine (c)
(Table 1) are presented in Figure 6. According
to the calculation, the calixarenes form the exo-
complexes with the large and branched molecule

Emtricitabine hanging over the upper rim of the
macrocycle. The complexes are stabilized by in-
termolecular hydrogen bonds of the proton ac-
ceptor groups Me,P=0 of the calixarenes with
the amino group (Figure 6a) or the methylol
group (Figures 6b and 6¢) of Emtricitabine.

B Conclusions

The stability constants K, (1100—-12000 M)
of the supramolecular host-guest complexes bet-
ween tetrahydroxycalix[4]arene-methyldimethyl-
phosphine oxide (CMPO), tetrahydroxythiacalix-
[4]arene-methyldimethylphosphine oxide (TCMPO),
and tetrapropoxycalix[4]arene-methyldiethylphos-
phine oxide (CEPO) with active pharmaceutical in-
gredients of antiviral drugs Remdesivir, Nevirapine,
Vesatolimod, Bictegravir, Emtricitabine and Teno-
fovir in the water medium depend on the struc-
tures of the calixarene and the antiviral drug.

According to the energy minimization calcu-
lation, CMPO and CEPO molecules exist in the
cone conformations stabilized by intramolecular
hydrogen bonds or voluminous propyl groups,
respectively, which restrict the rotation of the
benzene ring through the macrocyclic annulus.
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The TCMPO molecule, having rather weak in-
tramolecular hydrogen bonds O-H--O-H, exists
in the symmetrical conformation I,3-alternate.

Quantum-chemical calculations show that the
calixarene-phosphine oxides form supramolecu-
lar complexes with molecules of the antiviral drugs.
These complexes are stabilized by intermolecu-
lar hydrogen bonds between the proton acceptor
P=0 groups and the proton donor groups of the
drugs.

Thus, the synthetically available water-solu-
ble calixarene-phosphine oxides CMPO, CEPO,
and TCMPO have the potential for application

Journal of Organic and Pharmaceutical Chemistry 2025, 23 (4)

in formulations of antiviral drugs and in the cre-
ation of vectors for their delivery systems.
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Abstract

Di-, tetra-, and hexamethine merocyanine dyes bearing donor heterocyclic end groups of different electron-donating abilities
and the 9H-fluorene-2,7-dicarbonitrile moiety as the acceptor end group have been synthesized. Their UV/Vis absorption
spectra have been studied in solvents of varying polarity, and their electronic nature and vertical transitions have been in-
vestigated via (TD)-DFT calculations. The results indicate that the electronic structure of these merocyanines approaches the
neutral polyene limit, becoming increasingly polyene-like in low-polarity solvents and upon increasing the polymethine chain
length, which indicates the weak electron-acceptor ability of the 9H-fluorene-2,7-dicarbonitrile moiety. Nevertheless, longer
vinylogs, especially those containing the 4H-pyran donor end group, exhibit the inverse solvatochromic behavior, which is
highly unusual for such weakly dipolar merocyanines. A possible explanation for this effect has been proposed although its
rigorous verification would require higher-level quantum-chemical calculations with solvent effects taken into account.
Keywords: merocyanines; fluorene; electronic absorption spectra; solvatochromism; TD-DFT calculations

I. B. Kypatokosa, B. B. Kypgtokos, A. B. KyniHiu

IHcmumym opeaHiyHoi Ximii HayioHanbHOI akademii Hayk YKpaiHu,

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

CuHTE3 i CNneKTpanbHi BNAaCTUBOCTIi MepouiaHiHiB Ha ocHoBi 9H-payopeH-2,7-guKkapboHiTpuny
AHoTauin

C/HTE30BaHO AM-, TETpA- Ta reKCaMeTMHOBI MepoLiaHiHOBI 6apBHUKMK, LLO MICTATb AOHOPHI reTePOLMKANIYHI KiHLEBI rpynu
3 Pi3HOIO eNeKTPOHOAOHOPHICTIO Ta PpparmeHT 9H-GryopeH-2,7-AnKapboHITPUAY AK aKLENTOPHY KiHueBy rpyny. IxHi enek-
TPOHHI CNEKTPU NOMMHAHHA AOCNIAKEHO B PO3YMHHMKAX Pi3HOT MONAPHOCTI, @ €NeKTPOHHY NPUPOAY Ta eNeKTPOHHI nepe-
XoAM npoaHanisoBaHo 3a gonomoroto (TD)-DFT po3paxyHKiB. OTpMMaHi pe3ynbTaTi AEMOHCTPYHOTb, L0 eNEKTPOHHA CTPYK-
Typa LMX mepoLiaHiHiB 611M3bKa A0 CTPYKTYPU HEMOIAPHOTO NOJIEHY, CTatouu We Binblu nonieHoNoAibHO B MasionofApHNX
PO3YMHHMKaAX Ta 3i 36iNblLIEHHAM AOBXKMHM NONIMETMHOBOIO NIAHLIOr, WO CBiAYUTL NPO CNabKy eNeKTPOHOAKLEeNTOPHICTb
¢dparmeHTa 9H-dnyopeH-2,7-anKapboHiTpuay. BogHouac foBLwi BiHinorM, oco6amBo Ti, Wo mictatb 4H-nipaH AK 4OHOPHY
KiHLEBY rpyny, BUABAAIOTb 06epHEeHY CONbBAaTOXPOMItD, LLLO € BKPA HETUMOBUM ANA TaKUX MAZIONONAPHUX MepPOLiaHiHIB.
3anponoHOBaHO MOK/IMBE NOACHEHHS Lboro edeKTy, o4HaK MOro NuabHa nepesipka NnoTpebyBaTUMe KBaHTOBO-XiMIYHMX
064YMCIeHb MeTOAAMM BULLOFO PiBHA Ta 3 ypaxyBaHHAM BMIMBY PO3YMHHMKA.
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B Introduction

Merocyanine dyes, owing to their broad range
of practically important properties, such as pro-
nounced solvatochromism, the ability to undergo
substantial changes in the dipole moment upon
electronic excitation, and the capacity to sensi-
tize various physicochemical and chemical trans-
formations, are increasingly being used in opto-
electronics, nonlinear optics, data recording and
processing technologies, as well as in medicine
and biology [1, 2].

Among these, a special class features mero-
cyanine dyes bearing a fluorene unit with electron-
withdrawing substituents (EWGs) as the accep-
tor end group [3]. It has previously been shown
that dyes containing nitro-substituted fluorene
moieties exhibit the multi-band absorption in the
Vis-NIR range, featuring additional charge-transfer
bands at longer wavelengths, which may ham-
per their potential applications [4]. Therefore, it
was of interest to develop analogs incorporating
other EWGs capable of the effective conjugation
with the TT-electron system of the fluorene core,
in particular cyano groups.

A preliminary (TD)-DFT evaluation of the
electronic structure and electronic transitions in
9H-fluorene-2,7-dicarbonitrile derivatives suggested
that, for such merocyanines, the polymethine

Journal of Organic and Pharmaceutical Chemistry 2025, 23 (4)

S,FC«S, transition is more clearly separated from
higher-lying electronic transitions compared with
nitro-substituted fluorene dyes. Accordingly, to
verify this theoretical prediction, we synthesized
and studied a series of merocyanine dyes for the
first time incorporating the 9H-fluorene-2,7-
dicarbonitrile moiety as the acceptor end group.

B Results and Discussion

Synthesis and Structural Characteriza-
tion

New merocyanines were synthesized via the
Knoevenagel condensation between 9H-fluorene-
2,7-dicarbonitrile (1) and the corresponding hete-
rocyclic aldehydes or hemicyanines, giving two
vinylogous series of dyes bearing 1,3,3-trimethyl-
2H-indole and 2,6-di-tert-butyl-4 H-pyran moieties
as the donor end groups. For derivatives contain-
ing the more electron-donating indole core, the
reaction was carried out under conventional con-
ditions using triethylamine in acetic anhydride.
In contrast, for the 2,6-di-tert-butyl-4H-pyran
systems, a stronger base (DBU) and the higher-
boiling solvent N,N-dimethylacetamide (DMAA)
were required to increase the reaction rate and
improve the yields (Scheme 1).

In the 'H NMR spectra of the fluorene-based
merocyanines 2—4 and 8-10 (see the ESI), as is

NN
%O

) n=0,1
ACzO/A
4 %
)
Clo,

EtzN / AcyO / A

DBU / DMAA/ A

Scheme 1. The synthesis of novel fluorene-based merocyanines

8,n=0;9n=1;10,n=2
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generally the case for polymethines [2], an alter-
nating pattern of chemical shifts is observed for
the chain —CH= groups. This alternation reflects
the corresponding alternation of the electron den-
sity along the polymethine chain. However, for
these dyes, its value is lower than for more typical
merocyanines. Thus, in compound 4, the average
chemical shift alternation for the polymethine chain
protons H2, H3, and H4 is 0.71 ppm. (Counting
starts from the donor heterocycle; these specific
protons were selected as they were remote from
the end groups, and thus not significantly affected
by anisotropic end-group effects.) For similar in-
dole-based hexamethines bearing malononitrile
or thiobarbiturate acceptor groups, this alterna-
tion is equal to 1.00 and 1.11 ppm, respectively
[5, 6] (all data recorded in CDCl,).

For the pyran-based merocyanine 10, the al-
ternation is even smaller (0.55 ppm) and remains
nearly unchanged (0.56 ppm) upon switching to
highly polar (CD,),SO. These data can be inter-
preted as evidence for a substantial contribution
of the nonpolar polyene limiting structure to the
electronic structure of the dyes synthesized [7].

This conclusion is further supported by the al-
ternation of ®Jy;;; spin—spin coupling constants in
the polymethine chain, which amounts to 1.2 Hz
for tetramethines 3 and 9 and increases to 2.2 Hz
for hexamethine 10 [for compound 4, the coupling
constant between protons H4 and H5 could not
be determined due to signal overlap and higher-
order effects within the multiplet].

A decrease in the dipolar character of the mero-
cyanines synthesized with chromophore lengthening
is also evident in the series 2—4 from the decreas-
ing chemical shift of the NMe group, which for
vinylog 4 is 3.24 ppm (for comparison, the cor-
responding thiobarbituric-acid-acceptor analog
exhibits a shift of 3.37 ppm [6]).

A decrease in the dipolar character of the mero-
cyanines synthesized with chromophore lengthening
is also evident in the series 2 — 3 — 4 from the de-
creasing chemical shift of the NMe group, which
are 3.48, 3.35, and 3.24 ppm, respectively.

Solvatochromic Behavior

The solvents selected for the study of solva-
tochromism of the dyes synthesized included low-
polarity cyclohexane (cHex; &, 2.02, n, 1.427) and
toluene (g, 2.37, ny 1.496), medium-polarity di-
chloromethane (DCM; g, 8.9, n;, 1.424), and two po-
lar non-protogenic solvents, acetonitrile (g, 36.2,
ny, 1.344; electrophilic) and DMF (g}, 36.7, n}, 1.430;
nucleophilic) [8]. The corresponding spectral cha-
racteristics are summarized in Table 1 (while the

UV-Vis spectra of all dyes are provided in the ESI).
The Bouguer—Lambert—Beer law is obeyed for
merocyanines 2—4 and 8-10 over the concentra-
tion range of 1X107¢ to 3x10™® M in all solvents
studied, indicating that the recorded spectra
arise from molecular (non-aggregated) species.
Protogenic solvents (e.g., ethanol and methanol)
were excluded from this study owing to the very
low solubility of the dyes in these media.

Upon lengthening of the polymethine chain
in the series 2—4, broadening of the long-wave-
length absorption band and a decrease in its in-
tensity are observed (Figure 1A), along with a re-
duction in the vinylene shifts (Table 1). Even in
the medium-polarity solvent DCM, the vinylene
shifts for pairs 2 — 3 and 3 — 4 are only 42 and 39 nm,
respectively. Taken together, these observations
indicate, in accordance with the 'H NMR data,
that the ground-state electronic structure of mero-
cyanines 2—-4 is very close to that of a nonpolar
polyene.

Table 1. Characteristics of the long-wavelength absorption bands
of dyes 2—4 and 8—10 at 20 °C

Dye | Solvent A, [NM] ex10™*[Mxcm™]
2 cHex 498; 470 6.51; 4.40
PhMe 509 5.81
DCM 512 5.77
MeCN 510 5.53
DMF 518 5.46
3 cHex 561; 530 6.12; 7.40
PhMe 543 6.45
DCM 554 6.65
MeCN 552 6.55
DMF 562 6.12
4 cHex 611; 580; 549 3.06; 5.93; 5.04
PhMe 585 5.09
DCM 593 4.98
MeCN 580 4.89
DMF 592 4.64
8 cHex 529; 498; 472 2.69; 4.55; 3.60
PhMe 504 4.53
DCM 512 4.60
MeCN 508 4.52
DMF 514 4.44
9 cHex 592; 554; 522 2.27;5.77; 6.02
PhMe 556; 534 5.51;5.31
DCM 551 5.37
MeCN 538 5.55
DMF 546 5.06
10 cHex 648; 598; 567 1.23; 4.62; 6.17
PhMe 569 6.51
DCM 579 6.27
MeCN 559 6.34
DMF 570 5.64
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For merocyanines 8-10, increasing the chro-
mophore length likewise leads to broadening and
smoothing of the long-wavelength absorption band
(Figure 1B). The vinylene shifts in DCM for
pairs 8 —9 and 9 — 10 are even smaller than those
observed for the indole-based analogs 2—4, amount-
ing to 39 and 28 nm, respectively. These values are
significantly lower than the typical ~100 nm vi-
nylene shifts characteristic of symmetric cationic
and anionic polymethines [9]. Once again, the spec-
tral data for dyes 8-10 indicate that their elec-
tronic structure more closely resembles that of
typical polyenes.

This conclusion is confirmed by comparison of
the absorption ranges of the series 2—4 and 8-10.
Although the 4H-pyran moiety as the end group
of polymethine dyes has a much greater “effec-
tive length” than the indole moiety [10, 11], the
absorption maxima of merocyanines 8-10 are
matching or even blue-shifted relative to those
of their analogs 2—-4 (Table 1).

Solvatochromic studies of dyes 2—-4 and 8-10
revealed low sensitivity to the solvent nature.
The position and shape of their long-wavelength
absorption bands vary only slightly and not al-
ways consistently with increasing polarity. This is
evident when comparing their absorption in the
medium-polarity DCM and highly polar DMF
(Figure 2). The only notable exceptions are the
spectra in the least polar solvent, cHex, which
exhibit a significant hypsochromic shift and
a more pronounced fine structure (Figure 2, ESI).
This striking divergence from just slightly more po-
lar toluene can be attributed to the toluene higher
refractive index, inducing a bathochromic shift
[12], and the stronger solvation of polymethine
chromophores by aromatic solvents via the sol-
ute—solvent o—m interactions [13].

Although small and only weakly dependent
on the polymethine chain length, the solvato-
chromism of merocyanines 2—4 is positive (Table 1,
Figure 2A). This effect is most evident for the

A cHex

N

e
O

|

=
0

o

&

0:0 I I 1
400 500 600
A, nm

064 B cHex

Figure 2. Electronic absorption spectra of dyes 3 (A) and 9 (B) in solvents of varying polarity
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toluene—DCM and DCM-DMF solvent pairs, for
which the refractive index changes only slightly
or even decreases upon going to the more polar sol-
vent [this point is essential since the hypsochromic
shifts observed upon going from DCM to MeCN
can indeed be attributed to the decrease in the solvent
refractive index [12]]. In both cases, bathochro-
mic shifts occur with increasing the solvent po-
larity, except for the longest vinylog 4, for which
the absorption maximum shifts 1 nm hypsochro-
mically upon changing the solvent from DCM to
DMF. Notably, the value of the solvatochromic
effect, even when expressed on an energy scale
(cm™), is maximal for tetramethine 3 and then de-
creases for hexamethine 4. Such behavior may be
considered indicative of an increasingly polyene-
like nature of these chromophores with increas-
ing the polymethine chain length, as is typical
for merocyanines [2] since nonpolar polyenes are
known to be insensitive to the solvent polarity,
with their solvatochromism being governed en-
tirely by the solvent polarizability [14].

A more intricate solvatochromic behavior is
observed for the pyran-based dyes 8-10 (Table 1,
Figure 2B). These compounds exhibit positive
a solvatochromism in the toluene—DCM solvent
pair, whereas in the DCM-DMF pair the chang-
esin A, vary from +2 to —6 and then to -9 nm
with increasing the polymethine chain length
(Table 1). Even larger hypsochromic shifts are
observed upon changing the solvent from DCM
to MeCN; considering their value, these shifts
cannot, as in the case of dyes 2—4, be attributed
solely to the lower refractive index of acetoni-
trile. Taken together, these observations point to
the inverse solvatochromism for merocyanines
8-10, at least for the longer vinylogs.

This result is highly unusual, given that
(i) the pyran moiety is a weaker electron-donat-
ing end group than indole, and the indole-based
analogs 2—4 exhibit a positive solvatochromism;
(i1) trends in band shapes, and vinylene shifts in-
dicate a polyene-like electronic structure for both
merocyanine series; and (ii1) higher vinylogs, due
to their decreased dipolarity, typically tend toward
a positive solvatochromism even when shorter
vinylogs display the inverse behavior [2] rather
than the opposite trend observed here.

DFT and TD-DFT Calculations

For all merocyanines 2-4 and 8-10, the val-
ues of the ®Jyy spin—spin coupling constants in
the polymethine chain indicate the all-trans
geometry, which is typical for polymethines.
Accordingly, this geometry was chosen as the initial

guess for the geometry optimization, performed
in the vacuum approximation at the DFT-B3LYP/
6-31G(d,p) level of theory and followed by fre-
quency calculations to confirm that the located
stationary points corresponded to true minima.
The same functional and basis set were employed
in the TD-DFT calculations of electronic transitions.

Although no symmetry constraints were im-
posed, the optimized ground-state geometries of
the longer vinylogs 3, 4, 9, and 10 were found to
be essentially planar, with only negligible devi-
ation from Cg-symmetry (the optimized atomic
coordinates are provided in the ESI). Molecules 2
and 7 are more distorted, but even in these cas-
es the interplanar angle between the end groups
does not exceed 4.5°.

The proximity of the electronic structure of
a merocyanine dye to one of the ideal limiting
structures — nonpolar polyene, ideal polymethi-
ne or dipolar polyene — can be estimated from the
degree of the bond-length (bond-order) alternation
in its chromophore [15]. Usually, the bond-length
alternation (BLLA) and bond-order alternation (BOA)
parameters are calculated as the difference bet-
ween the averaged lengths or orders of formally
single and formally double bonds in the “open”
part of the polymethine chain (for merocyanines,
the formal bond orders correspond to those in the
nonpolar polyene limiting structure [7]). The BLA
parameter takes positive values for structures in
the nonpolar polyene—ideal polymethine range and
negative values for those in the ideal polymethine—
zwitterionic polyene range [15]; BOA has the op-
posite sign to BLA.

In the ground state S,, the bond-length alter-
nation in merocyanines 2—-4 and 8-10 lies well
within the positive range (Table 2), indicating
a significant contribution from the nonpolar po-
lyene limiting structure. This observation is in
good agreement with the conclusions drawn from
experimental 'H NMR and UV-Vis spectral data.
The BLA values increase with increasing the po-
lymethine chain length, again correlating with the
experimental results and well-established trends
for such systems. However, a decrease in BLA is
observed when going from indole- to 4H-pyran-
based derivatives (Table 2), which is not con-
sistent with the other results. At present, we do
not have a satisfactory explanation for this be-
havior although it may indicate a case where long-
range-corrected functionals, such as CAM-B3LYP
or ®™B97X, would be more appropriate.

According to the TD-DFT calculations, for all
six molecules studied, the longest-wavelength
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Table 2. Some results of the (TD-)DFT-B3LYP/6-31G(d,p) calculations for molecules 2—4 and 8—10

Dye BLA H(S,) u(s,") u(s," ) $,7°€S, S, €S,
[A] [Debye] [Debye] [Debye] AE [eV] f AE [eV] f
2 0.047 5.3 12.3 11.2 2.77 0.599 3.14 0.487
3 0.049 7.3 14.4 17.4 2.56 1.239 2.94 0.372
4 0.050 9.0 16.8 23.1 2.36 1.794 2.81 0.285
8 0.035 6.9 11.6 11.5 2.75 0.809 3.08 0.507
9 0.040 8.9 13.7 17.7 2.52 1.467 2.89 0.400
10 0.043 10.6 16.0 23.4 2.32 2.030 2.76 0.320

electronic transition is an allowed polymethine-
type ' transition, dominated by the HOMO—
LUMO excitation, whose contribution ranges
from 80 to 96% and increases for higher vinylogs.
The calculated energies of the S,"°—S transi-
tion (Table 2) are in all cases somewhat higher
than those estimated from the long-wavelength
absorption maxima, which is in good agree-
ment with literature data on the performance
of TD-DFT for polymethine systems [16, 17].
This excitation is separated from the S,*¢—S,
transition by an energy gap of 0.33-0.45 eV.
The gap increases with the polymethine chain
length (Table 2), yet remains comparatively
narrow relative to that typically observed for po-
lymethine dyes. Such a small separation can lead
to a strong vibronic coupling and mixing of the
two excited states. Indeed, the analysis of the
contributing orbital transitions shows that
the second-largest contribution to the S¢S,
transition arises from the HOMO—-LUMO+1
excitation. Conversely, the HOMO—-LUMO
and HOMO—LUMO+1 contributions are inter-
changed in the S,'°—S; transition. This state
mixing is reflected as well in the relatively high
oscillator strengths of the latter (0.28-0.51).

Comparative TD-DFT calculations for mole-
cules 4 and 10 performed with the long-range-
corrected CAM-B3LYP functional (using B3LYP-
optimized molecular geometries) yielded results
differing markedly from those obtained with
B3LYP. Within this approximation, the energy
gap between the S,;¥¢ and S,FC states is about
1 eV, significantly larger than in the BSLYP cal-
culations, and the HOMO—LUMO excitation
provides the dominant contribution (>95%) to
the long-wavelength transition. A reduction in
vibronic coupling between these states is reflect-
ed in the oscillator strengths for the S¢S,
transition that are 5—7 times smaller than those
obtained with B3LYP. Overall, these calcula-
tions show substantially poorer agreement with
the experimental observations than the BSLYP
results.

Hence, despite preliminary TD-DFT evalua-
tions suggesting that in 9H-fluorene-2,7-dicar-
bonitrile-based merocyanines the polymethine
S,F¢—S, transition is more strongly separated
from higher-lying electronic transitions than in
(polynitro)fluorene-based analogs, this gap re-
mains sufficiently small to allow their interac-
tion, thereby influencing the photophysical pro-
perties of the new dyes. We therefore reckon that
the absence of detectable fluorescence for dyes
2-4 and 8-10 can be attributed to this effect,
which leads to a stronger vibronic coupling and,
consequently, an enhanced excited-state deac-
tivation via the internal conversion. Notably,
the presence of a higher-lying electronic transi-
tion can be discerned at first glance only from
the band shapes of dye 2 (Figure 1A). In the
other cases, the absorption bands are too broad
and diffuse to allow its direct identification.
Nevertheless, based on the above data, it must
be assumed that for all dyes studied the long-
wavelength absorption band corresponds not to
a single but to two electronic transitions. Such
a situation, which is unusual for polymethine
dyes, may be responsible for the atypical solva-
tochromism observed for these compounds.

The analysis of the topography of the molecu-
lar orbitals involved (Figure 3), as well as of the
electron-density redistribution associated with the
discussed transitions (Figure 4), reveals that the
S,F¢—S, transition is predominantly of the poly-
methine type. However, the HOMO and LUMO
exhibit an increased localization on the donor and
acceptor end groups, respectively, which imparts
a partial charge-transfer character to this exci-
tation. Accordingly, it is accompanied by the
donor-to-acceptor electron-density redistribution,
manifested as an increase in the molecular di-
pole moment (Table 2).

In contrast, the LUMO+1 exhibits a sub-
stantially stronger localization than the LUMO
on the 9H-fluorene-2,7-dicarbonitrile moiety
(Figure 3), implying that the S,"°«S, transition
should possess a more pronounced charge-transfer
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LUMO+1 (-1.69 eV)

HOMO (-5.06 eV)

HOMO (-5.25 eV)

é ® 9
]

LUMO+1 (-1.72 eV)

HOMO (~4.92 eV)

Figure 3. Molecular orbitals of dyes 2—4 (DFT-B3LYP/6-31G(d,p); the contour value is 0.03 bohr3/2)

nature (Figure 4) and give rise to a more dipo-
lar excited state. Nevertheless, for dimethines 2
and 9, for which the short polymethine chain length
results in very similar spatial localizations of the
LUMO and LUMO+1 (Figure 3), the increase
in the dipole moment upon the S,"°—S, excita-
tion is smaller than that associated with the
S,F¢—S, transition (Table 2).

We assume that the more dipolar nature of
the S,FC state, at least in the higher vinylogs of
the dyes studied, may be responsible for their
atypical solvatochromism. Its preferential stabi-
lization relative to the S, state in high-polar-
ity solvents can lead to further enhancement of
the vibronic coupling between these two states
and to an increase in the oscillator strength of
the S,"°«S transition. In the case of broad and
diffuse long-wavelength absorption bands, this
would shift the band maximum hypsochromi-
cally in agreement with the experimental obser-
vations.

However, verification of this assumption would
require both the solvent modelling and the applica-
tion of higher-level electronic-structure methods,
such as ADC(2), to reliably describe the strong-
ly coupled excited states. An argument against

relying on TD-DFT for this purpose is the appear-
ance of pronounced de-excitation contributions in
the TD-DFT description of the lowest electronic
transition for merocyanines 4, 9, and 10 (precisely
those exhibiting inverse solvatochromism), which

S50 So

Si°=S,

Figure 4. Electron density changes upon excitations in molecule
10 (increase in light-red, decrease in blue; the contour value is
0.002 exbohr3)
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suggests a substantial ground—excited-state
mixing [18]. In such cases, even small solvent-
induced perturbations may alter the balance bet-
ween excitation and de-excitation contributions,
potentially giving rise to the anomalous solva-
tochromic behavior.

Hm Conclusions

A series of di-, tetra-, and hexamethine mero-
cyanine dyes incorporating heterocyclic donor end
groups and the 9H-fluorene-2,7-dicarbonitrile ac-
ceptor moiety has been synthesized and compre-
hensively characterized by the UV-Vis spectro-
scopy and (TD)-DFT calculations. The combined
experimental and computational analysis de-
monstrates that the electronic structure of these
dyes lies close to the neutral polyene limit (the
polyene-like character becomes more pronounced
with increasing polymethine chain length) sug-
gesting the relatively weak electron-acceptor cha-
racter of the 9H-fluorene-2,7-dicarbonitrile frag-
ment.

Surprisingly, despite their overall weak di-
polar character, the longer vinylogs, particular-
ly those bearing the 4H-pyran donor end group,
exhibit a pronounced inverse solvatochromism.
TD-DFT calculations suggest that this unusual
behavior may be associated with a small energy
separation between the two lowest 'mn* excited
states, resulting in a strong vibronic coupling and
state mixing. The higher-lying excited state pos-
sesses a more pronounced charge-transfer cha-
racter and, for the higher vinylogs, a larger di-
pole moment, making it especially sensitive to
the solvent polarity. Preferential stabilization of
this state in polar media may enhance its contri-
bution to the long-wavelength absorption band,
leading to its hypsochromic shift despite the weak
ground-state dipolarity of the dyes.

The absence of detectable fluorescence for all
these merocyanines is likewise attributed, in addi-
tion to their polyene-like electronic structure, to
efficient nonradiative deactivation pathways pro-
moted by a strong vibronic coupling between close-
ly spaced excited states. The presence of signifi-
cant de-excitation contributions in the TD-DFT
description of the lowest electronic transition for
dyes exhibiting the inverse solvatochromism further
suggests a substantial ground—excited-state mix-
ing, underscoring the limitations of TD-DFT for
the quantitative description of such systems.

Overall, this study has revealed an uncon-
ventional mechanism that can influence the

solvatochromic behavior even of weakly dipolar
donor—acceptor systems when their excited-state
manifold is strongly coupled and sensitive to
solvent-induced perturbations. For the final ve-
rification of the mechanism proposed, higher-
level excited-state methods combined with sol-
vent modelling will be required.

B Experimental Part

Solvents for spectral measurements were
purified according to standard procedures [19].
'H NMR spectra were recorded on Varian VXR
(300 MHz) and Varian Unity (400 MHz) spec-
trometers. The residual solvent peaks were used
as internal standards: CDCl,, 6y = 7.27 ppm;
(CD,),S0, 64 = 2.50 ppm. Electronic absorption
spectra were recorded at 20 °C using a Shima-
dzu UV-3100 spectrophotometer and 1-cm quartz
cuvettes. Analytical TLC was performed on Silu-
fol UV-254 silica gel plates. Purification of dyes
was carried out by column chromatography us-
ing Silica gel (70-230 pm, Merck) or Aluminum
oxide 90 (63—200 pm, Merck). Melting (decomposi-
tion) points were determined in open capillaries
and are reported without correction. DFT and
TD-DFT calculations were performed with the
Gaussian-09 program suite [20] using the B3L-
YP hybrid functional [21] and the double-{ basis
set 6-31G(d,p).

9-[2-(1,3,3-Trimethylindol-2-ylidene)ethy-
lidene]-9H-fluorene-2,7-dicarbonitrile (2)

A mixture of 9H-fluorene-2,7-dicarbonitrile 1
[22] (108 mg, 0.5 mmol) and 2-(1,3,3-trimethylindol-
2-ylidene)acetaldehyde (101 mg, 0.5 mmol) in
acetic anhydride (1.5 mL) was heated until com-
plete dissolution of the reagents was achieved.
The resulting solution was then refluxed for an
additional 3 min, during which time it turned
deep red. After cooling to room temperature, the
precipitate was filtered off and washed succes-
sively with acetic acid and water. The crude pro-
duct was purified by column chromatography on
silica gel using chloroform as an eluent.

A red solid. Yield 60 mg (30%). M. p. 243—245 °C.
Anal. Caled for C,H,N,, %: C 84.18; H 5.30;
N 10.52. Found, %: C 83.97; H 5.24; N 10.39.
'H NMR (300 MHz, CDCl,), 6, ppm: 1.82 (6H, s,
C(CH,),), 3.48 (3H, s, NCH,), 6.31 (1H, d, /= 13.5 Hz,
-CH=), 6.91 (1H, d, J = 8.0 Hz), 7.08 (1H, t, J =
7.5 Hz), 7.29-7.36 (2H, m), 7.57 (1H, dd, J = 8.0,
1.3 Hz), 7.64 (1H, dd, J = 8.0, 1.3 Hz), 7.94 (1H,
d,J=8.0 Hz), 8.01 (1H, d, J = 8.1 Hz), 8.03 (1H,
s), 8.09 (1H, d, J = 13.5 Hz, —-CH=), 8.27 (1H, s).
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9-[4-(1,3,3-Trimethylindol-2-ylidene)-2-
buten-1-ylidene]-9H-fluorene-2,7-dicarbo-
nitrile (3)

The compound was synthesized similarly to 2,
starting from 4-(1,3,3-trimethylindol-2-ylidene)-
2-butenal. The crude product was purified by co-
lumn chromatography on silica gel using DCM as
an eluent and then crystallized from acetonitrile.

A khaki with a metal shine solid. Yield 120 mg
(56%). M. p. > 280 °C. Anal. Caled for C, H,;N,,
%: C 84.68; H 5.45; N 9.87. Found, %: C 84.45;
H 5.40; N 9.78. 'H NMR (300 MHz, CDCL,), 6, ppm:
1.71 (6H, s, C(CH,),), 3.35 (3H, s, NCH,), 5.81 (1H,
d, J=12.4 Hz, —-CH=), 6.79 (1H, d, J = 7.9 Hz),
6.99 (1H, t, J = 7.5 Hz), 7.06 (1H, t, J = 13.0 Hz,
—CH=), 7.22-7.30 (2H, m), 7.50 (1H, t, J = 13.0 Hz,
-CH=), 7.54 (1H, d, J = 12.5 Hz, —-CH=), 7.57
(1H, dd, J = 8.0, 1.3 Hz), 7.63 (1H, dd, J = 7.9,
1.3 Hz), 7.89 (1H, d, J=7.9 Hz), 7.94 (1H, d, J =
8.0 Hz), 8.08 (1H, s), 8.38 (1H, s).

9-[6-(1,3,3-Trimethylindol-2-ylidene)-
2,4-hexadien-1-ylidene]-9H-fluorene-2,7-di-
carbonitrile (4)

A mixture of 1 (108 mg, 0.5 mmol) and
2-[6-(acetylphenylamino)-1,3,5-hexatrien-1-yl]-
1,3,3-trimethyl-3 H-indolium perchlorate (236 mg,
0.5 mmol) in acetic anhydride (2 mL) was heated
until complete dissolution of the reagents. Then tri-
ethylamine (150 mg, 1.5 mmol) was added, and
the reaction mixture was refluxed for additional
15 min. After cooling, it was poured into a satu-
rated NaHCO, solution (100 mL) and left for 12 h.
The solid precipitate was filtered off, washed with
water, dried, and then purified by column chro-
matography on Al,O, using DCM as an eluent.

A brown-bronze solid. Yield 50 mg (11%). M. p.
235236 °C. Anal. Caled for C,,H, N, %: C 85.11;
H 5.58; N 9.31. Found, %: C 84.93; H 5.55; N 9.19.
'H NMR (300 MHz, CDCl,), 6, ppm: 1.66 (6H, s,
C(CH,),), 3.24 (3H, s, NCH,), 5.56 (1H, d, J =
12.3 Hz, —-CH=), 6.42 (1H, dd, J = 13.8, 10.4 Hz,
-CH=),6.72 (1H, d, J=7.9 Hz), 6.94 (1H, t, J =
7.5 Hz), 7.04 (1H, t,J=12.7 Hz, -CH=), 6.98-7.17
(2H, m, 2 -CH=), 7.17-7.29(3H, m, 2ArH + —CH=),
7.43 (1H, d, J =11.3 Hz, —-CH=), 7.59 (1H, dd, J
=8.0,1.3 Hz), 7.64 (1H, dd, J = 8.1, 1.3 Hz), 7.87
(1H, d, J=8.0 Hz), 7.92 (1H, d, J = 8.1 Hz), 8.00
(1H, s), 8.30 (1H, s).

Hemicyanines 5 and 6 were prepared ac-
cording to the ref [23].

2,6-Di-tert-butyl-4-[6-(dimethylamino)-1,3,5-
hexatrien-1-yl]pyrylium perchlorate (7)

(1) A mixture of 2,6-di-tert-butyl-4-methyl-
pyrylium perchlorate (1.53 g, 5.0 mmol) and

N-[5-(phenylimino)-1,3-pentadienyl]aniline hydro-
chloride (1.43 g, 5.0 mmol) in a mixture of acetic
anhydride and acetic acid (2:1, v/v; 10 mL) was
refluxed for 10 min, then cooled to room temper-
ature. The resulting intermediate hemicyanine
was precipitated by the addition of an aqueous
sodium perchlorate solution, filtered off, and
dried. The crude product was used in the subse-
quent step without further purification.

(i1) The material thus obtained was dissolved
in acetonitrile (5 mL), after which a 25% etha-
nol solution of dimethylamine (2 mL) was add-
ed. The reaction mixture was stirred for 30 min
at 20 °C. Hemicyanine 7 was precipitated by the
addition of an aqueous sodium perchlorate solu-
tion, filtered off, washed with water, and dried.
The final purification was achieved by column
chromatography on silica gel using chloroform—
ethanol (98:2, v/v) as an eluent, followed by crys-
tallization from an acetonitrile-diethyl ether
mixture.

Blue-violet bladed crystals. Yield 0.58 g (28%).
M. p. 174-175 °C. Anal. Calcd for C,,H,,CINO;, %:
C 60.93; H 7.79; C1 8.56; N 3.38. Found, %: C 60.77;
H 7.75; Cl1 8.59; N 3.40. 'H NMR (400 MHz,
CDCl,), 6, ppm: 1.27 (9H, s, C(CH,).), 1.32 (9H, s,
C(CH,),), 3.24 (3H, s, NCH,), 3.51 (3H, s, NCH,),
5.78 (1H, d, J = 12.9 Hz, -CH=), 5.98 (1H, t, J =
12.3 Hz, -CH=), 6.06 (1H, d, /= 1.8 Hz), 6.34 (1H,
t, J = 12.8 Hz, —CH=), 6.63 (1H, d, J = 1.8 Hz),
7.66 (1H, t, J=13.1 Hz, -CH=), 7.76 (1H, t, J =
12.8 Hz, -CH=), 8.12 (1H, d, J = 11.4 Hz, —-CH=).

9-[2-(2,6-Di-tert-butyl-4 H-pyran-4-ylidene)-
ethylidene]-9H-fluorene-2,7-dicarbonitrile (8)

To the solution of hemicyanine 5 (180 mg,
0.5 mmol) in DMAA (2 mL), compound 1 (110 mg,
0.5 mmol) and DBU (80 mg, 0.53 mmol) were add-
ed. The mixture was heated at 160 °C for 2.5 h.
After cooling to room temperature, the dye was
precipitated with brine, filtered off, and washed
with water. The crude product was purified by
column chromatography using chloroform—ethyl
acetate (98:2, v/v) as an eluent, followed by crys-
tallization from acetonitrile.

A beetroot-red solid. Yield 76 mg (28%). M. p.
> 280 °C. Anal. Calcd for C,,H,;N,0O, %: C 83.30;
H 6.52; N 6.48. Found, %: C 83.11; H 6.50; N
6.40. '"H NMR (400 MHz, CDCl,), §, ppm: 1.32
(9H, s, C(CH,),), 1.37 (9H, s, C(CH,),), 6.17 (1H,
s), 6.47 (1H, d, J =13.2 Hz, —-CH=), 6.53 (1H, s),
7.57 (1H, d, J=8.0 Hz), 7.63 (1H, d, J = 8.1 Hz),
7.79 (1H, d, J = 13.2 Hz, -CH=), 7.91 (1H, d, J
= 8.0 Hz), 7.96 (1H, d, J = 8.1 Hz), 8.09 (1H, s),
8.37 (1H, s).

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



9-[4-(2,6-Di-tert-butyl-4 H-pyran-4-ylidene)-
2-buten-1-ylidene]-9H-fluorene-2,7-dicarbo-
nitrile (9)

The compound was synthesized similarly to 8,
starting from hemicyanine 6, purified by column
chromatography using chloroform as an eluent,
and then crystallized from acetonitrile.

Dark-green needles. Yield 62 mg (28%). M. p.
> 280 °C. Anal. Calcd for C,,H,,N,0, %: C 83.81;
H 6.59; N 6.11. Found, %: C 83.59; H 6.50; N 6.00.
'H NMR (400 MHz, CDCl,), 6, ppm: 1.25 (9H, s,
C(CH,),), 1.30 (9H, s, C(CH,),), 5.85 (1H, d, J =
12.3 Hz, -CH=), 5.86 (1H, s), 6.28 (1H, s), 7.07
(1H,t,JJ=13.0Hz,-CH=), 7.26 (1H, t,J=12.9 Hz,
-CH=), 7.51 (1H, d, J = 12.5 Hz, —-CH=), 7.57
(1H, dd, J = 7.9, 1.3 Hz), 7.63 (1H, dd, J = 8.0,
1.3 Hz), 7.87 (1H, d, J=7.9 Hz), 7.92 (1H, d, J =
8.0 Hz), 8.04 (1H, s), 8.30 (1H, s).

9-[6-(2,6-Di-tert-butyl-4 H-pyran-4-ylidene)-
2,4-hexadien-1-ylidene]-9H-fluorene-2,7-di-
carbonitrile (10)

The compound was synthesized similarly to 8,
starting from hemicyanine 7, at 120 °C for 1 h,
and purified similarly to 9.

Dark green with metal shine needles. Yield
77 mg (32%). M. p. 273-275 °C. Anal. Calcd for
C,;,H,,N,0O, %: C 84.26; H 6.67; N 5.78. Found, %:
C 83.59; H 6.62; N 5.70. 'H NMR (300 MHz,
CDCl,), 6, ppm: 1.22 (9H, s, C(CH,),), 1.26 (9H,
s, C(CH,),), 5.63 (1H, d, J = 12.2 Hz, -CH=),
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gregation. The values reported herein correspond
to the solution of 4 mg of the dye in 0.67 mL of
CDCl,. '"H NMR (300 MHz, (CD,),S0O), 6, ppm:
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7.09 (1H, dd, J=13.9, 11.5 Hz, -CH=), 7.20 (1H,
dd, J = 14.1, 12.2 Hz, —-CH=), 7.52 (1H, dd, J =
13.9, 12.5 Hz, —CH=), 7.78 (1H, d, J = 8.0 Hz),
7.79 (1H, d, J=12.5 Hz, -CH=), 7.85 (1H, d, J =
7.9 Hz), 8.21 (1H, d, J=8.0 Hz), 8.27 (1H, d, J =
7.9 Hz), 8.48 (1H, s), 8.70 (1H, s).
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A Scalable Synthesis of 4-Functionalized Isoxazolidines
and Pyrazolidines

Abstract

A practical and scalable cyclization method for the preparation of C4-functionalized isoxazolidine and pyrazolidine building
blocks is described. The methodology is based on the use of commercially available 1,3-dihalide and protected hydroxylamine
or hydrazine derivatives under unified NaH/DMF conditions, enabling direct assembly of both N,0- and N,N-heterocycles.
The process is operationally robust and successfully implemented on an over 100 g scale. The oxidative conversion of exocy-
clic alkene intermediates made it possible to obtain isoxazolidin-4-one and pyrazolidin-4-one scaffolds. The resulting pyra-
zolidine derivatives demonstrate a broad tolerance to reductive and oxidative conditions, whereas isoxazolidines exhibit
certain stability limitations. The combination of the modular C4 diversification, orthogonal nitrogen protection, and prepara-
tive scalability transforms these saturated heterocycles into practically accessible building blocks for medicinal chemistry
applications.

Keywords: synthesis; isoxazolidine; pyrazolidine; scale-up; functionalization
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MacwraboBaHui cuHTe3 4-PyHKLiOHANI30BaHUX i30KCa30MigUHIB Ta nipa3oniguHis
AHoOTaLiA
Y cTaTTi ONUCaHO NPaKTUYHUI Ta MaclwTaboBaHUIM MeToa, ofeprKaHHA C4-PpyHKLIOHANI30BaHUX BiNANHT-6/10KiB i30KCa30i-
OVHY Ta nipasonignHy. MeTtogonoria 6a3yeTbca Ha BUKOPUCTAaHHI KOMEPLiMHO JOCTYNHUX 1,3-aAnranoreHigy  saxmweHmx
noxigHUX rigpoKcuaaminy abo riapasuHy B yHidikosaHux ymosax NaH/DMF, wo 3abesneuye npsame ytBopeHHs Ak N,O-,
TaK i N,N-retepoumKnis. MpoLec XapakTepu3yeTbCA HAAiINMHICTIO Ta MaclTabyBaHHAM noHag, 100 r. OKUCHEHHS MPOMIKHUX
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B Introduction

In contemporary medicinal chemistry, it is vir-
tually impossible to envision drug-like molecules
devoid of cyclic frameworks. More than 90% of
approved small-molecule drugs contain at least
one ring system, and 67% of compounds current-
ly in the clinical development rely on ring motifs
already present in marketed drugs [1]. Among
these, heterocycles play a particularly prominent
role as the introduction of heteroatoms enables
fine-tuning of the electronic distribution, hydrogen-
bonding capacity, conformational preferences, and
key physicochemical parameters, such as lipophi-
licity, solubility, and metabolic stability [2].

Nitrogen-containing heterocycles are espe-
cially dominant [3]. The analysis of 321 small-
molecule drugs approved between 2013 and 2023
revealed that 82% of them incorporate at least one
N-heterocyclic unit [4]. While aromatic systems
are extensively represented in pharmaceutical
chemistry, their saturated counterparts remain
comparatively underexplored. Among them, there
are isoxazolidines and pyrazolidines, fully hydro-
genated analogs of isoxazoles and pyrazoles, which
represent structurally intriguing yet underutilized
five-membered heterocycles. Despite the preva-
lence of their aromatic congeners in approved
drugs [1, 5], saturated isoxazolidine and pyrazo-
lidine motifs are rarely encountered in medicinal
chemistry programs (Figure 1A). This discrep-
ancy likely stems not from intrinsic limitations of
the scaffolds, but from the lack of general, prac-
tical, and scalable synthetic routes that enable
structural diversification. Nevertheless, emerg-
ing examples suggest their untapped potential
(Figure 1B). Cevidoplenib (SKI-O-703), an ex-
perimental SYK kinase inhibitor that received
Orphan Drug designation from the FDA in 2024
for the treatment of immune thrombocytopenia,
incorporates an isoxazolidine ring [6, 7]. Similarly,
the pyrazolidine framework has appeared in drug
discovery efforts, including the antiemetic can-
didate dazopride [8] and, more recently, in dual
orexin receptor antagonist IDOR-1117-1680 [9].
Notably, these examples share the substitution
in position C4 of the heterocycle, underscoring
the synthetic and medicinal relevance of this di-
versification site.

Despite these precedents, synthetic access
to C4-functionalized isoxazolidines (Figure 1C)
and pyrazolidines (Figure 1D) remains limited.
Most reported methodologies rely on the cycli-
zation of protected hydroxylamines [10—14] or

hydrazines [15—20] with 1,3-dielectrophiles.
While efficient in selected cases, these approach-
es often focus on the N-functionalization, provi-
de a limited carbon-centered diversification (par-
ticularly in C4), require the multi-step precursor
preparation, or are demonstrated only on small
scales. In the case of isoxazolidines, the 4-hydroxy
derivative remains the most commonly accessible
functionalized variant. Similar limitations apply
to the pyrazolidine synthesis where examples of
C4-functionalized derivatives are sporadic and
frequently lack scalable or operationally simple
protocols [21—-25]. Thus, a practical, scalable syn-
thetic platform that enables reliable access to
structurally diverse C4-substituted isoxazolidine
and pyrazolidine building blocks remains highly
desirable.

Herein, we report a straightforward, robust,
and multigram-scale method for the synthesis
of C4-functionalized isoxazolidines and pyrazo-
lidines bearing orthogonal N-protecting groups
from inexpensive, commercially available start-
ing materials (Figure 1E). In addition to deve-
loping an operationally simple synthetic route, we
addressed the reactivity and stability profiles of
the resulting heterocycles, thereby establishing
their suitability as building blocks for medici-
nal chemistry and diversity-oriented synthesis.
Collectively, this work expands the accessible che-
mical space of saturated N,0- and N,N-hetero-
cycles and provides practical entry points to pre-
viously underrepresented scaffolds.

B Results and discussion

For the synthesis of the targeted five-mem-
bered heterocycles, we adopted a strategy his-
torically recognized for its reliability, involving
the reaction of protected hydroxylamine or hy-
drazine derivatives with 1,3-dielectrophilic rea-
gents. This approach enables a predictable ring
closure and, importantly, the modular introduc-
tion of substituents in the future C4 position by
varying the dihalide component.

Our design was inspired by our previous work
on the reaction of 3-chloro-2-(chloromethyl)prop-
1-ene with N-Boc-2-aminoethanol, which provi-
ded access to functionalized 1,4-oxazepanes via
a robust multigram protocol [26]. In that study,
careful control of the reagent order, concentra-
tion, and temperature proved essential for en-
suring reproducibility and scalability, while also
enabling safe handling of NaH/DMF systems.
The successful diversification of 6-methylene and
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Figure 1. The hallmarks of the work
6-ox0 oxazepane cores demonstrated the synthe- Isoxazolidin-4-one 4 was envisioned as a ver-

tic flexibility of this platform and encouraged us satile intermediate for further structural diver-
to extend the methodology to insufficiently ex- sification. However, no practical protocol for its
plored five-membered heterocycles. We therefore scalable preparation has been described. Alkene 3
sought to adapt this operationally simple strategy = was obtained via the nucleophilic substitution of
to the preparation of 4-functionalized isoxazoli- IN-Boc-protected hydroxylamine (1) with 3-chloro-
dines and pyrazolidines. 2-(chloromethyl)prop-1-ene (2) in the presence of
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Scheme 1. The synthesis and functionalization of the oxazolidine core

O Yield: 35.5 %
O Scale: 49.1g
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O Scale: 11.3 g

%]

4

dioxane / H,O
RT, 16 hours

NaH in DMF (Scheme 1), following the optimi-
zed protocol developed in our previous work to
suppress undesired excessive foaming. In parti-
cular, deviations from the procedure described
in the Experimental Section, especially with re-
spect to the reaction time and temperature, may
result in uncontrolled foaming, which ultimately
leads to the reaction mixture solidification and
subsequent complications during the alkylation
step. Surprisingly, despite the favorable forma-
tion of five-membered rings, alkene 3 was obtained
with an isolated yield of only about 35%, even af-
ter extensive optimization efforts. Nevertheless,
the operational simplicity of the transformation
and the use of inexpensive, commercially avail-
able reagents allowed the process to be imple-
mented reproducibly on a scale of about 50 g
without significant complications. The purifica-
tion of product 3 was achieved without chroma-
tographic techniques by the vacuum distillation,
which proved convenient for the multigram-scale
synthesis. However, the spontaneous ignition of
the hot residue in the distillation flask upon ex-
posure to air may occur, likely due to residual
N-Boc-hydroxylamine (see the FExperimental
Section).

The oxidation of the exocyclic double bond pro-
ved more challenging than anticipated. In con-
trast to our earlier oxazepane study, the RuCl.-
mediated oxidation resulted in unidentifiable re-
sinous by-products. Improved results were achie-
ved using OsO, with periodate as the stoichio-
metric oxidant, giving ketone 4 in the yield of
56% on a gram scale. Further functional diver-
sification of alkene 3 and ketone 4 was explored,
but did not yield satisfactory results. In particu-
lar, the hydroboration/oxidation of alkene 3 pro-
ved impractical due to low yields and poor purity
of the corresponding hydroxymethyl derivative.
Attempts to obtain the corresponding carboxylic
acid via the crude hydroxymethyl intermediate
oxidation using the RuCl,/NalO, system were like-
wise unsuccessful.

The next step was to extend the strategy to
the pyrazolidine synthesis. N,N'-di-Boc-protected
hydrazine 5 was reacted with 3-chloro-2-(chloro-
methyl)prop-1-ene (2) under similar conditions to

obtain alkene 6, which was subsequently oxidized
using OsO,/NalO, to give pyrazolidin-4-one 7
(Scheme 2A). One worth noting that compounds 6
and 7 were previously described [27]. Although
the reported protocols demonstrate the feasibility
of accessing these structures, they do not address
key experimental aspects of such transformations
as discussed in our previous work [26] likely be-
cause they were implemented on a small scale.

In contrast to the isoxazolidine system, the py-
razolidin-4-one core demonstrated greater tole-
rance toward the downstream functionalization.
Exocyclic alkene 6 underwent the hydroboration/
oxidation to give alcohol 8, which was further
oxidized to acid 9 using the RuCl,/NalO, system
(Scheme 2B). Additionally, the carbonyl group
reduction with sodium borohydride furnished al-
cohol 10, which was smoothly converted to bro-
mide 11 via the Appel reaction. The carbonyl
functionality was also transformed into an ami-
no group via oxime intermediate 12, followed by
the Raney Ni-mediated hydrogenation. Collecti-
vely, these transformations demonstrate the ver-
satility of the C4-functionalized pyrazolidine
scaffold as a synthetic intermediate.

A defining feature of the pyrazolidine core is
the presence of two endocyclic nitrogen atoms,
offering multiple points for the selective modifi-
cation. To enable the controlled functionalization,
an orthogonally Boc- and Cbz-protected alkene 15
was prepared in a similar way (Scheme 3A).
Subsequent transformations confirmed the prac-
tical value of this design. The downstream hydro-
boration/oxidation of the double bond, followed
by the oxidation to the corresponding acid and
the methylation with methyl iodide, provided a se-
ries of crude pyrazolidine derivatives that could
further be transformed into mono-N-deprotected
building blocks. Thus, the Cbz group was remo-
ved selectively by the hydrogenolysis, clean-
ly providing access to alcohol 19 and ester 20
(Scheme 3B). If needed, the Boc deprotection could
be achieved independently under standard acidic
conditions. In this way, the orthogonal protection
strategy enables the stepwise and predictable
functionalization of the pyrazolidine framework,
significantly enhancing its synthetic utility.
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Scheme 2. The synthesis (A) and functionalization (B) of the pyrazolidine core
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Scheme 3. The synthesis of orthogonally protected pyrazolidines
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Hm Conclusion

Thus, we have developed a practical and sca-
lable cyclization method that allows us to obtain
C4-functionalized isoxazolidine and pyrazolidine
building blocks from commercially available ma-
terials. It has been found that a single set of re-
action conditions is applicable to both NV,0- and
N,N-heterocycles, simplifying the experimental

workflow. The protocol has been demonstrated to
be operationally robust, including its implemen-
tation at an over 100 g scale. Systematic down-
stream transformations have confirmed the
synthetic versatility of the pyrazolidine scaffold
and defined stability limitations of the isoxazo-
lidine core under reductive conditions. The com-
bination of the modular C4 functionalization,
orthogonal nitrogen protection, and preparative
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scalability transforms these previously underu-
tilized heterocycles into practically accessible build-
ing blocks for medicinal chemistry applications.

B Experimental part

All starting compounds were obtained from
commercial sources and used without additional
purification. All solvents were purified according
to standard procedures. 'H NMR spectra were
recorded on a Varian Unity Plus 400 (400 MHz),
or a Bruker 170 AVANCE 500 (500 MHz) instru-
ment; *C NMR spectra were recorded on a Varian
Unity Plus 400 (101 MHz) or an Agilent ProPul-
se 600 (151 MHz) spectrometer. The NMR che-
mical shifts are referenced using the solvent sig-
nals at 7.26 and 77.1 ppm for 'H and *C nuclei,
respectively, in CDCl,, and 2.48 and 39.5 ppm
for 'H and '*C nuclei, respectively, in DMSO-d,.
LCMS and GCMS analyses were performed using
an Agilent LC/MSD SL 1100 instrument (atmo-
spheric pressure electrospray ionization (ES-API))
or an Agilent 5890 Series II 5972 GCMS instru-
ment (electron impact (EI) ionization (70 eV)),
respectively. The elemental analysis results were
obtained at the Analytical Laboratory of the
Institute of Organic Chemistry of the National
Academy of Sciences of Ukraine. Melting points
were determined on an MPA100 OptiMelt auto-
mated melting point system.

Tert-butyl 4-methyleneisoxazolidine-2-
carboxylate (3)

tert-Butyl hydroxycarbamate (1) (100 g,
0.75 mol) was dissolved in DMF (1 L), and the
resulting solution was cooled to -10 °C. Sodium
hydride (60% dispersion in mineral oil, 63.1 g,
1.58 mol) was added in one portion, and the sus-
pension was stirred at -10 °C for 40 min. The so-
lution of 3-chloro-2-(chloromethyl)prop-1-ene (2)
(104.3 mL, 0.90 mol) was then added dropwise,
maintaining the internal temperature between
-5 and -10 °C. After the completion of the addi-
tion, the reaction mixture was stirred at -10 °C
for 1 h, then warmed to room temperature and
stirred overnight. The reaction was carefully
quenched by the dropwise addition of water (1 L).
The resulting mixture was extracted with MTBE
(2 x 1 L). The combined organic layers were washed
with water (3 X 500 mL) and a brine (500 mL),
dried over the anhydrous sodium sulfate, filtered,
and concentrated under reduced pressure. The cru-
de product was purified by distillation under re-
duced pressure to give tert-butyl 4-methylene-
isoxazolidine-2-carboxylate (3).

Caution: To avoid a potential ignition, the
distillation flask must be cooled completely be-
fore the residue is exposed to air.

A colorless liquid. Yield — 49.1 g (35.5%).
Anal. Calced. for C;H,,NO,, %: C 58.36, H 8.16, N
7.56. Found, %: C 58.43, H 8.20, N 7.43.'H NMR
(400 MHz, CDCL,), 6, ppm: 1.46 (9H, s), 4.14 (2H,
s), 4.36 (2H, s), 5.04 (1H, t, J=2.5 Hz), 5.07 (1H,
t,J=2.3 Hz).'*C NMR (101 MHz, CDCl,), 6, ppm:
27.6,51.8,71.2, 81.8,104.1, 145.0, 157.3. LC-MS,
m/z (ES-API): 86.2 [M-C,H,-CO,+H]".

Tert-butyl 4-oxoisoxazolidine-2-carboxy-
late (4)

Osmium tetroxide (0.27 g, 10.8 mmol) was add-
ed to a stirred solution of tert-butyl 4-methyle-
neisoxazolidine-2-carboxylate (3, 20 g, 0.108 mol)
and sodium periodate (57.7 g, 0.27 mol) in the mix-
ture of dioxane (400 mL) and water (100 mL) pre-
cooled to 10 °C. The resulting reaction mixture
was allowed to warm to room temperature and
stirred for 16 h. The precipitated solids were
removed by filtration and washed with MTBE
(2 X 200 mL). The combined filtrates were diluted
with water (500 mL) and extracted with MTBE
(3 X 500 mL). The combined organic layers were
washed successively with a brine (500 mL), 2 M
aqueous Na,SO, solution (2 X 500 mL), and wa-
ter (500 mL), then dried over the anhydrous sodi-
um sulfate, filtered, and concentrated under re-
duced pressure. The crude product was purified
by distillation under reduced pressure to give
tert-butyl 4-oxoisoxazolidine-2-carboxylate 4.

A colorless oil. Yield — 11.3 g (565.9%). Anal.
Calcd. for C;H,,NO,, %: C 51.33, H 7.00, N 7.48.
Found, %: C 51.45, H6.91, N 7.59. '"H NMR (500
MHz, CDCl,), 6, ppm: 1.52 (9H, s), 3.97 (2H, s),
4.08 (2H, s). 3C NMR (126 MHz, CDCl,), 6, ppm:
28.1, 53.8, 70.9, 83.6, 156.8, 209.0. GC-MS, m/z
(EI): 87.0 [M-C,H,-CO,]".

Di-tert-butyl 4-methylenepyrazolidine-1,2-
dicarboxylate (6) [27]

Di-tert-butyl hydrazine-1,2-dicarboxylate (5,
132.3 g, 0.57 mol) was dissolved in DMF (1.3 L),
and the resulting solution was cooled to -10 °C.
Sodium hydride (60% dispersion in mineral oil,
83.5 g, 2.1 mol) was added in one portion, and the
suspension was stirred at -10 °C for 40 min. The so-
lution of 3-chloro-2-(chloromethyl)prop-1-ene (2)
(138.0 mL, 1.2 mol) was then added dropwise,
maintaining the internal temperature between
-5 and -10 °C. After the completion of the addi-
tion, the reaction mixture was stirred at -10 °C for
1 h, then warmed to room temperature and stirred
overnight. The reaction mixture was carefully
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quenched by the dropwise addition of water
(1.3 L). The resulting mixture was extracted
with MTBE (2 X 1 L). The combined organic layers
were washed with water (3 X 500 mL) and a bri-
ne (500 mL), dried over the anhydrous sodium
sulfate, filtered, and concentrated under reduced
pressure. The crude product was purified by the
flash column chromatography (EtOAc/hexane, gra-
dient 0—40%) to give di-tert-butyl 4-methylene-
pyrazolidine-1,2-dicarboxylate (6).

A light-yellow solid. Yield — 115.4 g (71.2%).
M. p. 88-90 °C. Anal. Calcd. for C,,H,,N,O,, %:
C59.14,H 8.51, N 9.85. Found, %: C 59.26, H 8.39,
N 9.60.'H NMR (500 MHz, CDCL,), §, ppm: 1.47
(18H, s), 3.83 (2H, d, J=16.0 Hz), 4.43 (2H, d, J =
15.0 Hz), 5.04-5.09 (2H, m).*C NMR (101 MHz,
CDCl,), 6, ppm: 28.2, 51.1, 81.3, 105.8, 143.5, 155.6.
LC-MS, m/z (ES-API): 129.0 [M-2C,H,-CO,+H]".

Di-tert-butyl 4-oxopyrazolidine-1,2-di-
carboxylate (7) [27]

Osmium tetroxide (0.92 g, 36.1 mmol) was add-
ed to a stirred solution of di-tert-butyl 4-methy-
lenepyrazolidine-1,2-dicarboxylate 6 (102.7 g,
0.36 mol) and sodium periodate (193.0 g, 0.90 mol)
in the mixture of dioxane (1.2 L) and water (300 mL)
pre-cooled to 10 °C. The resulting reaction mix-
ture was allowed to warm to room temperature
and stirred for 16 h. The precipitated solids were
removed by filtration and washed with MTBE
(2 X 400 mL). The combined filtrates were dilut-
ed with water (1.0 L) and extracted with MTBE
(83 X 700 mL). The combined organic layers were
washed successively with a brine (800 mL), 2 M
aqueous Na,SO, solution (2 X 800 mL), and wa-
ter (900 mL), then dried over the anhydrous sodi-
um sulfate, filtered, and concentrated under re-
duced pressure. The crude product was purified
by flash column chromatography to give di-teri-
butyl 4-oxopyrazolidine-1,2-dicarboxylate (7).

A white solid. Yield — 53.6 g (51.8%). M. p.
109-111 °C. Anal. Calcd. for C,,H,,N,O, %: C 54.53,
H 7.74, N 9.78. Found, %: C 54.40, H 7.70, N 9.67.
'H NMR (500 MHz, CDCl,), §, ppm: 1.49 (18H, s),
3.65 (2H, d, J=18.1 Hz), 4.25 (2H, d, J = 18.1 Hz).
3C NMR (151 MHz, CDCl,), 6, ppm: 28.1, 53.2, 82.5,
155.0, 207.9. GC-MS, m/z (EI): 186.1 [M-C,H,-CO,]".

Di-tert-butyl 4-(hydroxymethyl)pyrazo-
lidine-1,2-dicarboxylate (8)

To the suspension of sodium borohydride
(28.7 g, 0.76 mol) and di-tert-butyl 4-methylene-
pyrazolidine-1,2-dicarboxylate 6 (204.8 g, 0.72 mol)
in THF (1.5 L), dimethyl sulfate (75.8 mL, 0.79 mol)
was added dropwise under the argon atmosphe-
re, while maintaining the internal temperature
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below 40 °C. After the completion of the addi-
tion, the reaction mixture was stirred for 3 h.
The mixture was then cooled to 0 °C, and water
(210 mL) was added slowly dropwise, followed by
the addition of KOH (46.5 g, 0.83 mol) dissolved
in water (210 mL). After stirring for 15 min,
hydrogen peroxide (210 mL, 33 wt%) was added
dropwise at 0-10 °C, and the reaction mixture
was stirred for the additional 30 min after the
addition was complete. MTBE (1.0 L)) was add-
ed, and the organic phase was decanted from
the inorganic precipitate. The organic layer was
washed successively with water (700 mL), 2 M
aqueous Na,SQO, solution (2 X 700 mL), and a bri-
ne (700 mL), then dried over the anhydrous so-
dium sulfate, filtered, and concentrated un-
der reduced pressure. The crude product was
purified by the flash column chromatography
(MeCN/CHCI,, gradient 0—50%) to give di-tert-
butyl 4-(hydroxymethyl)pyrazolidine-1,2-dicarb-
oxylate (8).

A yellow oil. Yield — 94.2 g (43.3%). Anal.
Calcd. for C,,H,;N,O,, %: C 55.61, H 8.67, N 9.26.
Found, %: C 55.42, H 8.55, N 9.07. '‘H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.39 (18H, s), 2.90
(1H, dd, J=10.2, 5.4 Hz), 3.16 (1H, t, J = 9.5 Hz),
3.27 (2H, t, J = 5.9 Hz), 3.62 (1H, dd, J = 11.0,
3.7 Hz), 3.76 (1H, t, J = 9.5 Hz), 4.82 (1H, t, J =
5.0 Hz). GC-MS, m/z (EI): 302.1 [M]*. LC-MS,
m/z (ES-API): 147.0 [M-2C H,-CO,+H]".

1,2-bis(tert-Butoxycarbonyl)pyrazolidine-
4-carboxylic acid (9)

Sodium periodate (467.2 g, 2.17 mol) was dis-
solved in the mixture of water (1.0 L) and MeCN
(1.0 L), and the resulting solution was cooled to
5 °C. Ruthenium(III) chloride hydrate (5.9 g,
27.3 mmol) was then added, followed by the
dropwise addition of the solution of di-tert-butyl
4-(hydroxymethyl)pyrazolidine-1,2-dicarboxyla-
te (8) (180 g, 0.53 mol) in MeCN (300 mL), while
maintaining the internal temperature between
0 and 10 °C. After the completion of the addition,
the reaction mixture was stirred at 5 °C for 1 h,
then warmed to room temperature and stirred
for the additional 12 h. The precipitated solids
were removed by filtration and washed with
MTBE (2 X 700 mL). The combined filtrates were
diluted with water (700 mL) and extracted with
MTBE (3 x 50 mL). The combined organic layers
were washed successively with a brine (700 mL)
and water (700 mL), then dried over the anhy-
drous sodium sulfate, filtered, and concentrated
under reduced pressure to give 1,2-bis(tert-bu-
toxycarbonyl)pyrazolidine-4-carboxylic acid (9).
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A white solid. Yield — 72.4 g (46%). M. p.
130-132 °C. Anal. Calcd. for C,,H,,N,O,, %: C 53.15,
H 7.65, N 8.86. Found, %: C 53.29, H 7.81, N 8.75.
'H NMR (400 MHz, CDCl,), 6, ppm: 1.48 (18H,
s), 3.25-3.32 (1H, m), 3.43 (1H, t, J = 10.1 Hz),
3.63 (1H, dd, J = 11.5, 5.9 Hz), 3.89-3.98 (1H,
m), 4.12 (1H, t, J = 10.0 Hz), 4.25 (1H, dd, J =
11.7, 3.7 Hz), 9.16 (1H, s). *C NMR (101 MHz,
CDCl,), 6, ppm: 28.0, 28.1, 41.1, 43.9, 48.7, 49.4,
76.7,717.0,77.3, 81.8, 155.4, 155.8, 176.7. LC-MS,
m/z (ES-API): 117.2 [M-2C,H,-2CO,+H]".

Di-tert-butyl 4-hydroxypyrazolidine-1,2-
dicarboxylate (10) [22, 24]

Sodium borohydride (1.6 g, 42 mmol) was add-
ed portionwise to the stirred solution of di-tert-
butyl 4-oxopyrazolidine-1,2-dicarboxylate (7, 20.0 g,
0.070 mol) in MeOH (250 mL) at room tempera-
ture. The resulting reaction mixture was stirred
at room temperature for 1 h. The solvent was
then removed under reduced pressure, and the
residue was diluted with water (200 mL) and
MTBE (200 mL). The organic layer was separat-
ed, washed with a brine (100 mL), dried over the
anhydrous sodium sulfate, filtered, and concen-
trated under reduced pressure to give di-tert-bu-
tyl 4-hydroxypyrazolidine-1,2-dicarboxylate (10).

A white solid. Yield — 20.3 g (99%). Anal.
Calcd. for C,;H,,N,O,, %: C 54.15, H 8.39, N 9.72.
Found, %: C 54.36, H 8.57, N 9.81. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.39 (18H, s), 3.04 (2H,
t,J=12.9 Hz), 3.63-3.76 (2H, m), 4.38 (1H, s), 5.11
(1H, d, J=2.4 Hz). *C NMR (101 MHz, DMSO-d,),
0, ppm: 28.2 and 28.3 (rotamers), 55.2, 70.1, 80.2
and 80.5 (rotamers), 154.9 and 157.0 (rotamers).
LC-MS, m/z (ES-API): 133.2 [M-2C,H,-CO,+H]".

Di-tert-butyl 4-bromopyrazolidine-1,2-
dicarboxylate (11)

To the stirred solution of di-tert-butyl 4-hy-
droxypyrazolidine-1,2-dicarboxylate (10, 24.0 g,
83.2 mmol) in DCM (400 mL), triphenylphosphi-
ne (32.8 g, 0.125 mol) was added in one portion,
followed by the portionwise addition of tetrabro-
momethane (41.4 g, 0.125 mol). The resulting re-
action mixture was stirred at room temperature
for 6 h. The solvent was removed under reduced
pressure, and the resulting residue was purified
by flash column chromatography (EtOAc/hexane,
gradient 0—-30%) to give di-tert-butyl 4-bromo-
pyrazolidine-1,2-dicarboxylate (11).

A white solid. Yield — 21.0 g (71.8%). M. p.
98-100 °C. Anal. Calcd. for C,;H,;BrN,O,, %:
C 44.45,H 6.60, N 7.98. Found, %: C 44.29, H 6.79,
N 7.81. 'H NMR (500 MHz, DMSO-d,), &, ppm:
1.39 and 1.41 (18H, s, rotamers), 3.54 (1H, d, J

=13.4 Hz), 3.59 (1H, d, J =12.6 Hz), 4.07 (1H, d,
J=13.4 Hz), 4.13 (1H, dd, J=12.7, 5.8 Hz), 4.87
(1H, t,J=5.0 Hz). *C NMR (101 MHz, DMSO-d,),
0, ppm: 28.1 and 28.3 (rotamers), 48.3, 57.1, 80.9
and 81.2 (rotamers), 154.9 and 156.5 (rotamers).
LC-MS, m/z (ES-API): 195.0 [M-2C,H,-CO,+H]".

Di-tert-butyl 4-(hydroxyimino)pyrazoli-
dine-1,2-dicarboxylate (12)

Triethylamine (7.3 mL, 52.4 mmol) was add-
ed to the stirred solution of di-tert-butyl 4-oxo-
pyrazolidine-1,2-dicarboxylate (7, 10.0 g, 0.035 mol)
in the appropriate solvent, followed by the ad-
dition of hydroxylamine hydrochloride (3.6 g,
52.4 mmol). The resulting reaction mixture was
stirred at room temperature for 12 h. The sol-
vent was removed under reduced pressure, and
the residue was diluted with DCM (100 mL) and
washed with water (2 X 50 mL). The organic lay-
er was dried over the anhydrous sodium sulfate,
filtered, and concentrated under reduced pres-
sure to give di-tert-butyl 4-(hydroxyimino)pyra-
zolidine-1,2-dicarboxylate (12, 10.1 g, crude), which
was used directly in the next step without fur-
ther purification.

Di-tert-butyl 4-aminopyrazolidine-1,2-di-
carboxylate (13)

The mixture of di-tert-butyl 4-(hydroxy-
imino)pyrazolidine-1,2-dicarboxylate (12, 37.1 g,
122.4 mmol) and freshly prepared Raney Ni (17 g)
in methanol (500 mL) was hydrogenated at 50 atm
and 20 °C for 18 h. After the completion, the ca-
talyst was filtered off and washed with methanol
(100 mL). The combined filtrates were concen-
trated under reduced pressure. Water (200 mL)
was added to the residue, and the aqueous
phase was acidified to pH 3 using sodium hydro-
gen sulfate. The mixture was washed with DCM
(2 x 100 mL), then basified to pH 12 with aque-
ous KOH and extracted with DCM (2 x 200 mL).
The combined organic layers were dried over
anhydrous sodium sulfate, filtered, and concen-
trated under reduced pressure to give di-tert-bu-
tyl 4-aminopyrazolidine-1,2-dicarboxylate (13).

A white solid. Yield — 31.9 g (90.4%). M. p.
98-100 °C. Anal. Calcd. for C,;H,.N,O,, %: C 54.34,
H 8.77, N 14.62. Found, %: C 54.49, H 8.56,
N 14.83.'H NMR (500 MHz, DMSO-d,), 6, ppm:
1.38 (18H, s), 2.84 (1H, d, J =10.5 Hz), 3.08 (1H,
dd, J=11.1,5.2 Hz), 3.44 (1H, d, J = 11.1 Hz), 3.58
(1H, tq, J = 5.7, 2.6 Hz), 3.64 (1H, dd, J = 10.6,
6.0 Hz). *C NMR (101 MHz, DMSO-d,), 6, ppm:
28.27 and 28.31 (rotamers), 51.8, 54.9 and 55.9 (ro-
tamers), 80.2, 155.1 and 156.7 (rotamers). LC-MS,
m/z (ES-API): 88.4 [M-2C,H,-2CO,+H]".
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1-Benzyl 2-(tert-butyl) 4-methylenepyra-
zolidine-1,2-dicarboxylate (15)

1-Benzyl 2-(tert-butyl) hydrazine-1,2-dicarboxy-
late (14, 200 g, 1.65 mol) was dissolved in DMF
(2 L)), and the resulting solution was cooled to
-10 °C. Sodium hydride (60% dispersion in mi-
neral oil, 66.1 g, 1.65 mol) was added in one por-
tion, and the suspension was stirred at -10 °C for
40 min. The solution of 3-chloro-2-(chloromethyl)-
prop-1-ene (2, 104.3 mL, 0.90 mol) was then add-
ed dropwise, maintaining the internal tempera-
ture between -5 and -10 °C. After the comple-
tion of the addition, the reaction mixture was
stirred at -10 °C for 1 h, then warmed to room
temperature and stirred overnight. The reaction
was carefully quenched by the dropwise addition of
water (1 L). The resulting mixture was extract-
ed with MTBE (2 x 1 L)). The combined organic
layers were washed with water (3 X 500 mL)
and a brine (500 mL), dried over the anhydrous
sodium sulfate, filtered, and concentrated under
reduced pressure. The crude product was puri-
fied by the flash column chromatography (EtOAc/
hexane, gradient 0—-40%) to give 1-benzyl 2-(tert-
butyl) 4-methylenepyrazolidine-1,2-dicarboxyla-
te (15, 217 g, crude) as a light-yellow oil, which
was used directly in the next step without fur-
ther purification.

1-Benzyl 2-(tert-butyl) 4-(hydroxymethyl)-
pyrazolidine-1,2-dicarboxylate (16)

To the suspension of sodium borohydride
(6.23 g, 165 mmol) and 1-benzyl 2-(tert-butyl)
4-methylenepyrazolidine-1,2-dicarboxylate (15,
50.0 g, 157 mmol) in THF (100 mL), dimethyl
sulfate (16.38 mL, 173 mmol) was added drop-
wise under the argon atmosphere, while main-
taining the internal temperature below 40 °C.
After the completion of the addition, the reac-
tion mixture was stirred for 3 h. The mixture
was then cooled to 0 °C, and water (50 mL) was
added slowly dropwise, followed by the addition
of KOH (10.1 g, 180 mmol) dissolved in water
(50 mL). After stirring for 15 min, hydrogen per-
oxide (50 mL, 33 wt%) was added dropwise at
0-10 °C, and the reaction mixture was stirred
for the additional 30 min after the addition was
complete. MTBE (500 mL) was added, and the or-
ganic phase was decanted from the inorganic pre-
cipitate. The organic layer was washed succes-
sively with water (300 mL), 2 M aqueous Na,SO,
solution (2 X 200 mL), and a brine (200 mL), then
dried over the anhydrous sodium sulfate, filte-
red, and concentrated under reduced pressure
to give 1-benzyl 2-(tert-butyl) 4-(hydroxymethyl)-

pyrazolidine-1,2-dicarboxylate 16 (56 g, crude),
which was used directly in the next step without
further purification.

A white oil. Yield — 56 g (crude). 'H NMR
(400 MHz, CDCl,), 6, ppm: 1.43 (9H, s), 1.98 (1H,
d, J = 33.0 Hz), 2.59-2.70 (1H, m), 3.02-3.45
(2H, m), 3.55 (2H, s), 3.83-3.94 (1H, m), 4.05
(1H, d, J = 12.4 Hz), 5.11 (1H, d, J = 12.5 Hz),
5.26 (1H, d, J = 11.8 Hz), 7.26 — 7.42 (5H, m).
LC-MS, m/z (ES-API): 337.2 [M+H]".

1-((Benzyloxy)carbonyl)-2-(tert-butoxy-
carbonyl)pyrazolidine-4-carboxylic acid (17)

Sodium periodate (127.2 g, 0.59 mol) was
dissolved in the mixture of water (500 mL) and
MeCN (500 mL), and the resulting solution was
cooled to 5 °C. Ruthenium(III) chloride hydrate
(1.66 g, 7.4 mmol) was then added, followed by
the dropwise addition of the solution of 1-benzyl
2-(tert-butyl) 4-(hydroxymethyl)pyrazolidine-1,2-
dicarboxylate (16, 50.0 g, 149 mmol) in MeCN
(100 mL), while maintaining the internal tem-
perature between 0 and 10 °C. After the comple-
tion of the addition, the reaction mixture was
stirred at 5 °C for 1 h, then allowed to warm to
room temperature and stirred for the additional
12 h. The precipitated solids were removed by
filtration and washed with MTBE (2 x 500 mL).
The combined filtrates were diluted with water
(500 mL) and extracted with MTBE (3 X 400 mL).
The combined organic layers were washed succes-
sively with a brine (500 mL) and water (500 mL),
then dried over the anhydrous sodium sul-
fate, filtered, and concentrated under reduced
pressure to give 1-((benzyloxy)carbonyl)-2-(tert-
butoxycarbonyl)pyrazolidine-4-carboxylic acid
(17, 61 g, crude), which was used directly in the
next step without further purification.

1-Benzyl 2-(tert-butyl) 4-methyl pyrazo-
lidine-1,2,4-tricarboxylate (18)

The mixture of 1-((benzyloxy)carbonyl)-2-(tert-
butoxycarbonyl)pyrazolidine-4-carboxylic acid 17
(25 g, 71.3 mmol), potassium carbonate (19.7 g,
143 mmol), and methyl iodide (8.88 mL, 143 mmol)
in acetone (250 mL) was heated at 50 °C for 8 h.
The reaction mixture was cooled to room tempe-
rature and concentrated under reduced pressure.
The residue was diluted with EtOAc (200 mL)
and washed with water (2 X 200 mL). The crude
product was purified by the flash column chro-
matography (EtOAc/hexane, gradient 20—40%)
to give 1-benzyl 2-(tert-butyl) 4-methyl pyrazoli-
dine-1,2,4-tricarboxylate (18).

A yellow oil. Yield — 8.3 g (crude). Anal.
Calcd. for C,;H,,N,O,, %: C 59.33, H 6.64, N 7.69.
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Found, %: C 59.25, H 6.80, N 7.50. 'H NMR
(500 MHz, DMSO-d;), 6, ppm: 1.43 (9H, s),
3.20-3.30 (1H, m), 3.36—-3.63 (2H, m), 3.64-3.75
(3H, m), 4.09—-4.28 (2H, m), 5.07-5.32 (2H, m),
7.28-7.40 (5H, m). LC-MS, m/z (ES-API): 265.1
[M-C,H,-CO,+H]".

tert-Butyl 4-(hydroxymethyl)pyrazolidine-
1-carboxylate (19)

The mixture of 1-benzyl 2-(tert-butyl) 4-(hy-
droxymethyl)pyrazolidine-1,2-dicarboxylate 16 (10 g,
29.7 mmol) and 10% Pd/C (1 g) in methanol (100 mL)
was hydrogenated at 50 atm and 20 °C for 18 h.
After the completion, the catalyst was removed
by filtration and washed with methanol (30 mL).
The combined filtrates were concentrated under
reduced pressure to give tert-butyl 4-(hydroxy-
methyl)pyrazolidine-1-carboxylate 19.

A white solid. Yield — 5.8 g (96.5%). M. p.
60—63 °C. Anal. Calcd. for C;H ;N,O,, %: C 53.45,
H 8.97, N 13.85. Found, %: C 53.61, H 9.12,
N 13.98. 'H NMR (400 MHz, CDCl,), 6, ppm:
1.43 (s, 9H), 2.51-2.64 (1H, m), 2.99 (1H, dd,
=11.6, 4.9 Hz), 3.10 (1H, dd, J = 11.6, 6.8 Hz),
3.21 (1H, dd, J = 10.8, 5.0 Hz), 3.52 — 3.67 (3H,
m), 4.02 (2H, s). *C NMR (101 MHz, CDCL) 6
28.4, 42.9, 48.7, 50.3, 63.0, 80.5, 154.9. LC-MS,
m/z (ES-API): 147.2 [M-C,H +H]".
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1-(tert-Butyl) 4-methyl pyrazolidine-1,4-
dicarboxylate (20)

The mixture of 1-benzyl 2-(tert-butyl) 4-me-
thyl pyrazolidine-1,2,4-tricarboxylate (18, 10.0 g,
27.4 mmol) and 10% Pd/C (1 g) in methanol (100 mL)
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Antimicrobial and Antifungal Study of Thiazolotriazolium Salts:
in vivo Investigation, and Molecular Docking

Abstract

Three thiazolo[3,2-b][1,2,4]triazol-7-ium hexabromotellurates 1-3 were synthesized via the electrophilic heterocycliza-
tion of methallyl thioether precursors using a classical tellurium(IV) electrophilic reagent generated in situ from TeO, and
1 M hydrobromic acid. The resulting salts were comprehensively screened for the antimicrobial activity against five clinically
relevant pathogens: Staphylococcus aureus, Candida albicans, Klebsiella pneumoniae, Escherichia coli, and Pseudomonas
aeruginosa. Biological assays revealed that compound 1 containing a 2-(4-pyridyl) substituent demonstrated the strongest
activity profile, particularly against C. albicans (MIC = 15.625 pug mL™) and E. coli (MIC = 31.25 pg mL™). Compound 2, substi-
tuted with the 3-hydroxyphenyl moiety, also showed a significant antifungal efficacy, while compound 3 (with the 2-phenyl
substituent) exhibited a relatively low activity. To rationalize these differences, the molecular docking was performed target-
ing MurB (UDP-N-acetylenolpyruvoylglucosamine reductase, PDB 1MBT) and DNA gyrase B (GyrB, PDB 4URO), two bacterial
enzymes known to be essential for the viability of Gram-negative pathogens. The docking results confirmed the experimental
data, showing strong n—mt stacking and hydrogen bonding between compound 1 and the FAD-containing binding pocket of
MurB. This work highlights the utility of the tellurium-induced annulation in producing biologically potent heterocycles and
emphasizes the structure—activity relationships driven by substituents in position 2 of the fused scaffold.

Keywords: [1,3]thiazolo[3,2-b][1,2,4]triazol-7-ium hexabromotellurates; anti-microbial activity; docking; electrophilic cyclization;
MurB; GyrB; molecular docking

H. I. Koponb?, B. B. MaHTbo?, B. O. bectpiybka?, K. A. Asgeesa?, 1. I. MonHap?3, M. M. ®isep?, M. B. CauskKa'
1 YxceopodcbKuli HauioHanbHUl yHigepcumem, syn. ®eduHus, 53/1, m. Yruczopod, 88000, YkpaiHa
2@epeHua Pakoui Il 3akapnamcekuli Y2opcokuli IHcmumym, na. Kowyma, 6, m. bepezoso, 90200, YKkpaiHa
3 MykauiecobKuli OepxcasHuli yHisepcumem, 8yn. YieopoodcsKa, 26, M. Mykauyego, 89608, YkpaiHa
4 YHisepcumem Hesadu (PeHo),

syn. H. BipdxciHia, 1664, m. PeHo, 89557, LLImam Hesada, Crnony4eHi LLImamu Amepuku
AHTUMiKpOGHe i1 NnpoTUrprubKoBe AOCNiIAKEHHA coneit Tia30N0TPUa30ito: in Vivo BUBYEHHS
Ta MONEKYNAPHUN OOKIHT
AHoTaUiA
Tpw Tiazono[3,2-b][1,2,4]Tpnason-7-ih rekcabpomrtenypatn 1—3 cnHTE30BaHO eNeKTPOdiNbHOK reTepoumKi3aLieo meTanin-
TioeTepiB 3 BUKOPUCTAHHAM KNaCUUYHOTO enekTpodinbHOro peareHTy Ha ocHoBi Tenypy(lV), oTpumanoro in situ 3 TeO, Ta
1 M 6pomoBoaHeBoi KMCNOTU. OTPUMAHI CONi peTesibHO JOCNIAMKEHO HAa aHTUMIKPOOHY aKTUBHICTb NPOTU M'ATU KNIHIYHMX
wTramis: Staphylococcus aureus, Candida albicans, Klebsiella pneumoniae, Escherichia coli Ta Pseudomonas aeruginosa.
Mikpo6ionoriyHMMM AOCNiAKEHHAMM BUABNEHO, LLO CNOAYKA 1, AKa MicTUTb 2-(4-nipngmnn)-3amicHUK, NPOAEMOHCTPyBana
HalcUNbHIWKIA Npodinb akTMBHOCTI, ocobamnso npotu C. albicans (MIK = 15.625 mkr mn™?) Ta E. coli (MIK = 31.25 mkr ma™?).
Cnonyka 2, 3amiweHa 3-rigpokcndeHinbHMM GparMmeHTOM, TaKOXK NPOAEMOHCTPYBana 3HaYHy NPOTUTPUOKOBY edEeKTUBHICTb,
TOAi AK crnonyKa 3 (3 2-peHinbHMM 3aMiCHMKOM) NPOAEMOHCTPYBaNa MOPIBHAHO HU3bKY aKTUBHICTb. LLL06 paujioHanisysatu
uji BigMiHHOCTi, 6y/10 NpoBeAeHO MONEKYNAPHUIA JOKIHT Ha pepmeHTax MurB (UDP-N-aueTuneHonnipyBoinrnoKosamiH pe-
ZyKTasa, PDB 1MBT) ta AHK-ripasu B (GyrB, PDB 4URQ), fKi BiZirpatoTb BaKAUBY POJIb Y KUTTEAIANBHOCTI TPAaMHEraTUBHUX
6aKTepiin. PeaynbtaTv AOKIHTY NiATBEPAMAN EKCNEePUMEHTA/IbHI AaHi, NOKa3aBLWWM CUNbHUI TI—TI-CTEKIHT Ta BOAHEBI 3B’A3KM
MiX cnonykoto 1 Ta KuweHeto 38’a3yBaHHA MurB, wo mictutb FAD. Lia poboTa nigKpecatoe KOPUCHICTb iHAYKOBAHOI TeNlypom
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aHynALii 4N OTPMMaHHSA 6I0N0OrYHO aKTUBHUX reTePOLLMKAIB Ta aKLEHTYE Ha B3aEMO3B’A3KaxX CTPYKTYpPa-aKTUBHICTb, 3yMOB-
NIEHNX 3aMiCHUKAMU B MONOMKEHHI 2 KOHAEHCOBAHOro KapKaca.
Knrouoei cnoea: [1,3]tiazono[3,2-b][1,2,4]tpmnazon-7-in rekcabpomrenypaTti; aHTUMIKPOOHa aKTUBHICTb; [OKIHT; enekTpodinbHa

uMKnisauis; MurB; GyrB; monekynsipHU AOKiHT
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B Introduction

The escalating global health threat posed by
the antimicrobial resistance (AMR) across bac-
terial and fungal pathogens necessitates conti-
nuous, intensive efforts to identify structurally
novel antimicrobial agents [1-3]. The emergence
of multidrug-resistant (MDR) organisms has ren-
dered many conventional antibiotics ineffective,
leading to the increased morbidity and mortality
worldwide. Consequently, modern medicinal che-
mistry prioritizes the development of new com-
pounds with unique scaffolds that can circum-
vent resistance mechanisms [4, 5].

Among the most promising classes of molecu-
les are heterocyclic compounds containing fused
nitrogen- and sulfur-containing rings. These scaf-
folds exhibit a notable conformational rigidity,
redox properties, and binding specificity, posi-
tioning them as privileged frameworks for the
drug design [6—16]. Specifically, thiazole-fused

systems, such as thiazolotriazoles, have attracted
attention due to their broad spectrum of biologi-
cal activities, including antimicrobial, antiviral,
antioxidant, and enzyme-inhibitory effects [13,
17-23]. Their aromatic rigidity and electron-rich
structure enable fine-tuning of pharmacodyna-
mic and pharmacokinetic parameters.

A powerful synthetic approach for assembling
such heterocycles involves electrophilic hetero-
cyclization [24]. In particular, reactions mediated
by tellurium(IV) electrophiles (generated in situ
from TeO, and aqueous hydrobromic acid) have
enabled the efficient introduction of the tellurium
moiety into condensed heterocyclic salts with the
pharmaceutical potential [25-27]. Tellurium-
containing organic compounds have the biologi-
cal potency [28—32], but their behavior in biolo-
gical systems has not been elucidated to date [33].
As previously reported in our works, the electro-
philic heterocyclization method provides access
to bioactive thiazolotriazole TeHal, frameworks
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Figure 1. The synthesis of bioactive thiazolotriazole derivatives
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in excellent yields under mild conditions [34, 35]
(Figure 1). An additional design element involves
incorporating the halotellurate anion, which can
improve the bactericidal and fungicidal activity
[36, 37]. This anion not only stabilizes the catio-
nic framework, but also confers physicochemical
properties that are beneficial for the biological
activity, such as altered solubility, membrane per-
meability, and redox activity. Prior studies have
shown that tellurium-based fragments can dis-
rupt the microbial redox balance or form cova-
lent bonds with intracellular thiols, thereby by-
passing conventional resistance pathways [36].

Despite these promising features, the struc-
ture-activity relationship (SAR) studies for
thiazolotriazolium salts remain underexplored.
In particular, the effect of varying the substitu-
ent in position 2 of the heterocyclic core on the
antimicrobial potency and selectivity is not well
understood. To fill this gap, we synthesized and
investigated three thiazolotriazolium hexabromo-
tellurates with systematically varied position 2
substituents:

+  Compound 1: 2-(4-pyridyl), chosen for its
capacity for the hydrogen bonding and the
potential metal chelation.

*  Compound 2: 2-(3-hydroxyphenyl), to exa-
mine the role of the polar, hydrogen-bond-
donating phenyl group.

*  Compound 3: 2-phenyl, serving as a neu-
tral, lipophilic reference.

Following the synthesis, their antimicrobial
activities were screened against representative
Gram-positive (Staphylococcus aureus), Gram-
negative (Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa), and fungal (Candida
albicans) strains. To rationalize the bioactivities
observed, we conducted the predictive molecular
docking against two bacterial enzymes: UDP-N-
acetylenolpyruvoylglucosamine reductase (MurB,
PDB ID: 1MBT), a key enzyme in the peptidogly-
can biosynthesis, and DNA gyrase B (GyrB,
PDB ID: 4URO), a crucial target for quinolone

antibiotics [38]. These computational studies
aimed to correlate the binding affinity and inter-
action profiles with experimental minimum in-
hibitory concentration (MIC) values and to iden-
tify structural determinants of activity.

Taken together, this study provides a com-
prehensive analysis of the antimicrobial poten-
tial of thiazolotriazolium hexabromotellurates and
offers valuable insights into the SAR trends that
govern their efficacy, supporting future optimi-
zation and development of this class of metallo-
heterocyclic antibiotics.

B Results and Discussion

Synthesis of compounds 1-3

The thiazolo[3,2-b]triazol-7-ium hexabromotel-
lurate derivatives 1-3 were synthesized via a con-
cise electrophilic heterocyclization of their respec-
tive methallyl thioether precursors (Scheme 1)
similar to the procedure described [37]. This trans-
formation was mediated by an in situ-generated
tellurium(IV) electrophilic reagent, generated from
tellurium dioxide (TeO,) and hydrobromic acid in
acetonitrile.

The above approach confers notable synthetic
benefits as it simultaneously accomplishes the
annulation of the fused heterocyclic core and the
formation of the biologically active hexabromo-
tellurate counterion TeBr,* in a single operational
step. This dual-function transformation not only
simplifies the workflow, but also enhances the
atom economy and the isolation efficiency of the
desired products 1-3.

Antimicrobial and Antifungal Activity
Evaluation

The antimicrobial and antifungal activities of
compounds 1-3 were evaluated against Staphylo-
coccus aureus, Candida albicans, Klebsiella pneu-
moniae, Escherichia coli, and Pseudomonas aeru-
ginosa using MIC and MBC assays (Table 1).
Specified strains were collected from the periodon-
tal pockets of patients with chronic generalized
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Scheme 1. The synthetic approach to [1,3]thiazolo[3,2-b][1,2,4]triazol-7-ium hexabromotellurates 1-3
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Table 1. The antimicrobial and antifungal activities of compounds 1-3 evaluated against Staphylococcus aureus, Candida albicans,
Klebsiella pneumoniae, Escherichia coli, and Pseudomonas aeruginosa using MIC and MBC assays

Compound Substituent MIC /MBC, ng mL"
C. albicans S. aureus K. pneumoniae E. coli P. aeruginosa
1 4-pyridyl 15.625/62.5 125/ 250 125/125 31.25/62.5 125 /125
2 3-hydroxyphenyl 15.625/31.25 62.5/ 250 125/125 125/125 125 /250
3 phenyl 62.5/125 125/ 250 125/125 125/125 125/125
4° methyl 31.25 /125 31.25/62.5 7.81/15.63 1.95/3.9 -/
5b heptyl ND? -/ 1.95/15.63 62.5/125 250/ 500
6° Pentadecyl ND? -/- 31.25/62.5 15.63/31.25 62.5/125
Note: * “~” indicates that the compound was not active against the test organism at 500 pug mL™*; ND — not determined; ® compounds 4, 5, 6 were

reported previously (4 — compound 2a [36]; 5 — compound 2b [36]; 6 — compound 2d [36])

periodontitis who underwent treatment at the
Uzhhorod University dental clinic. All three thi-
azolotriazolium salts demonstrated a measurable
activity against this panel of clinically relevant
pathogens, and were consistent with the well-
established antimicrobial potential of thiazole-
and triazole-based heterocycles [39—41].

To enrich the structure—activity relationship
(SAR) analysis, the antimicrobial performance of
compounds 1-3 was compared with that of previ-
ously reported 2-substituted thiazolotriazolium
analogs from reference [36], specifically the ali-
phatic derivatives.

The MIC/MBC data reveal that the substitu-
ent in position 2 markedly influences the poten-
cy across both aromatic and aliphatic analogs.
For the Gram-positive S. aureus, compound 2
(3-hydroxyphenyl) exhibited the lowest MIC
(62.5 pg mLi ') among compounds 1-3. This po-
tency is comparable to methyl derivative 4 (MIC
~ 31.25 pg mL?Y), but superior to the bulky hep-
tyl 5 and pentadecyl 6 (MIC > 500 ug mL™).
All tested compounds 1-3 displayed primarily bac-
teriostatic effects, as evidenced by high MBC va-
lues (~250 pg mL71). Thus, while a polar aroma-
tic substituent (compound 2) or methyl group (5)
improves MIC relative to the phenyl group or
a bulky alkyl group, neither class substantially
reduces the bactericidal concentration for this
pathogen.

A different trend emerges with the fungal pa-
thogen C. albicans. The aromatic derivatives 1
and 2 achieved a four-fold lower MIC (15.63 pg mLi™)
than the phenyl analog 3 and showed a stronger
antifungal activity than the only aliphatic refe-
rence with available data (compound 4, MIC =
31.25 pg mL7?). Antifungal data for the heptyl and
pentadecyl derivatives (compounds 5 and 6) were
not determined (ND). These results indicate that
polar and m-conjugated 2-substituents confer
a superior antifungal potency, likely by facili-
tating stronger interactions with fungal targets

or enhancing the membrane insertion, whereas
very short or long alkyl groups are less favorable.

As MIC values are reported in ug mL, equal
mass concentrations do not always correspond
to equal molar concentrations. When converted
to micromoles per liter (uM), compounds 1 and 2
have nearly identical MIC values due to similar
molecular weights, whereas among the aliphat-
ic analogs, the heptyl derivative (compound 5)
has a higher molecular weight than the methyl
derivative 4, leading to the lower molar potency
despite the identical MIC in pg mL™.

Against Gram-negative bacteria, distinct SAR
profiles were observed. Compound 1 (4-pyridyl) was
uniquely potent against E. coli (MIC 31.25 ug mL?),
whereas compounds 2 and 3 required 125 pg mL
to inhibit the growth. None of the simple alkyl
analogs from [36] matched this activity: even
the heptyl derivative 5 inhibited E. coli only in
125 ng mL'. This underscores that the basic
4-pyridyl substituent that is capable of protona-
tion and hydrogen bonding is far more effective
in penetrating the Gram-negative outer membra-
ne or engaging intracellular targets than hydro-
phobic groups. In contrast, all compounds dis-
played a modest activity against K. pneumoniae
and P. aeruginosa (MIC > 125 ug mL?). Even the
long-chain 6 did not improve potency. It is con-
sistent with the notion that excessive lipophili-
city hinders penetration of Gram-negative enve-
lopes. The heptyl analog 5 achieved sub-2 pg mL
MICs against certain Klebsiella isolates in [36],
but lost its activity against Gram-positives, in-
dicating a compromise, in which hydrophobicity
favored Gram-negative uptake at the cost of Gram-
positive efficacy. The small methyl substituent (4)
maintained a broader, balanced profile.

Introducing polar functionality in position 2
markedly enhanced the activity against C. al-
bicans and S. aureus. Compounds 1 (4-pyridyl)
and 2 (3-hydroxyphenyl) both lowered the MIC
four-fold relative to the unsubstituted phenyl
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analog 3, suggesting that hydrogen-bonding or
dipolar groups were highly beneficial for the an-
tifungal efficacy. The 4-pyridyl moiety introduces
a basic nitrogen that can accept a proton and
engage in the hydrogen bonding, while the 3-hy-
droxyphenyl group offers both donor and accep-
tor capability. These functionalities likely strength-
en interactions with fungal biomolecules (e.g. en-
zymes or membrane components) and improve
distribution in aqueous media. Compound 2 ex-
hibited the lowest MBC against C. albicans
(31.25 pg mL?), indicating a more rapid fungi-
cidal effect when a hydroxyl group was present.
On the contrary, the nonpolar phenyl group of
compound 3 cannot enter into such interac-
tions, correlating with its reduced potency.

Against S. aureus, only compound 2 showed
a markedly improved MIC relative to other ana-
logs, suggesting that a hydroxyl substituent is
particularly advantageous for the Gram-positive
activity. The simpler peptidoglycan-rich envelope
of Gram-positive bacteria may allow easier pen-
etration of polar compounds, and the hydrogen
bonding likely enhances binding to targets.
While compound 1 did not improve the MIC in
S. aureus to the same extent, both polar-substi-
tuted derivatives (1, 2) achieved lower MICs than
the phenyl analog. Nonetheless, identical MBCs
across the series imply that high concentrations
remain necessary for the bactericidal activity
against S. aureus.

E. coli was uniquely susceptible to com-
pound 1. Its MIC of 31.25 ug mL" is four times
lower than that of compounds 2 or 3. This selec-
tivity arises from the properties of the 4-pyridyl
substituent: the pyridine nitrogen can be pro-
tonated under physiological conditions, impart-
ing a positive charge and the hydrogen-bonding
capacity that may enhance interactions with the
negatively charged lipopolysaccharide layer and
facilitate passage through porins. Furthermore,
compound 1 has a lower logP (~2.6) and a mode-
rate polar surface area (~35 AZ) relative to com-
pounds 2 and 3 (logP = 3.1 and TPSA ~42/22 A?),
suggesting a more balanced polarity-lipophilicity
profile suited to the Gram-negative penetration.
By comparison, 3-hydroxyphenyl compound 2
carries a neutral polar group which higher TPSA
may impede transit across the hydrophobic outer
membrane; phenyl compound 3 is more hydro-
phobic and may be sequestered in membrane li-
pids or effluxed before reaching its target. These
differences rationalize why only compound 1
exhibits a strong activity against E. coli, while

the others do not. Against K. pneumoniae and
P. aeruginosa, however, none of the 2-substitu-
ents were sufficient to overcome the formidable
permeability barriers and efflux mechanisms
characteristic of these species, resulting in uni-
formly modest MIC values.

Thus, the SAR trends reveal that the pola-
rity and hydrogen-bonding capacity in position 2
dramatically improve the antifungal and Gram-
positive activity, whereas an optimal balance of
polarity and basicity (exemplified by the 4-pyri-
dyl group) is crucial for the potent E. coli activity.
Hydrophobic 2-substituents can enhance uptake
in certain Gram-negatives (e.g., the heptyl group
in 5 [36]), but tend to compromise the Gram-
positive efficacy and do not outperform the polar
analogs overall. In general, the new aromatic com-
pounds 1-3 in almost all cases correspond to or
exceed the activity of aliphatic analogs. In parti-
cular, the 4-pyridyl and 3-hydroxyphenyl substi-
tutions increase the activity against C. albicans,
S. aureus, and E. coli relative to simple alkyl
groups, while an optimally sized alkyl chain (heptyl)
offers the intermediate activity, but fails to rival
the broad-spectrum efficacy of aromatic analogs.
These findings highlight the value of incorpo-
rating the polar or m-conjugated functionality in
C-2 to improve the antimicrobial profile of this
scaffold.

In silico ADMET analysis of com-
pounds 1-3

To complement the experimental evaluation,
we used ADMETIab to predict the absorption,
distribution, metabolism, excretion, and toxicity
profiles of compounds 1-3. These models inte-
grate physicochemical descriptors and machine-
learning algorithms to estimate pharmacokine-
tic and safety parameters [42—45], offering a com-
parative view of how the three 2-substituents in-
fluence drug-likeness. A radar-plot visualizing
the predicted physicochemical spaces of com-
pounds 1-3 is presented in Figure 2.

As summarized in Table 2, all three cations
tested fulfill Lipinski’s rule-of-five criteria with
molecular weights below 325 Da, logP values
between ~2.6 and 3.2, and hydrogen-bond donor
counts < 1, indicating classical drug-like charac-
teristics [46]. Compound 1 (4-pyridyl) exhibits
the highest predicted aqueous solubility and un-
bound fraction, while compound 2 (3-hydroxy-
phenyl) has the largest topological polar surface
area due to its phenolic OH and is predicted to
be the least soluble. Compound 3 (phenyl) is the
least polar and slightly more hydrophobic than
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Figure 2. A radar-plot comparison of the predicted physicochemical profiles of thiazolo[3,2-b]triazol-7-ium cations 1-3 synthesized.
Each panelillustrates the compound-specific descriptor values (orange) relative to the established lower (green) and upper (blue)
thresholds associated with drug-likeness and acceptable oral bioavailability ranges. (a) Compound 1. (b) Compound 2. (c) Compound 3.

Table 2. Physicochemical and absorption descriptors for compounds 1-3

. Compound
Descriptor Comments
1 2 3
Molecular weight 309.12 324.12 308.12 all beIoYV 590 Da, fulfilling the Lipinski’s
(MW, Da) mass criterion
introducing a phenolic OH in 2 increases
the donor count and TPSA; the hydrogen-
H-bond donors/acceptors 0/4 1/4 0/3 bond acceptor count includes hetero
(nHD/nHA) atoms of the fused thiazolotriazolium
core (notably the N1 atom of the
triazolium ring)
Topological polar surface TPSA correlates with polarity; 2 is most
area (TPSA, A?) 34.59 41.93 217 polar due to the hydroxyl group
No rotatable bonds / L - .
rings / hetero atoms 2/4/5 2/4/5 2/4/4 a similar core rigidity across the series
H 3
;:Fr:;g)on of sp carbons 0.235 0.222 0.222 all highly aromatic cations (low Fsp3)
. - . ) ) negative values imply low aqueous
Predicted solubility logS 3.73 4.67 4.07 solubility: 2 is least soluble
Predicted lipophilicity logP 2.61 3.15 3.06 2 and 3 are more hydrophobic; 1 is more
balanced
Caco-2 pt_elrmeablllty 5.19 5.43 5.02 values < —f: indicate poor intestinal
(log cm s™) permeability for all compounds
MDCK ce_l! permeability 453 481 463 c9n5|§tent with the limited passive
(log cm s™) diffusion
Predicted human intestinal extremely low (<10-5), reflecting the
i =0 =0 =0 L
absorption (HIA) permanent cationic charge
s . probabilities < 0,5 indicate a negligible
Blood br.a.m barrier (BBB) 0.114 0.006 0.181 CNS penetration; only 3 shows a slightly
permeability . .
higher score, but remains low
S . all three strongly inhibit P-gp while being
. . inhibitor =1; . .
. inhibitor =1; inhibitor =1; poor substrates; this could the increase
P-gp inhibition / substrate substrate . .
substrate <1 substrate =0.01 intracellular accumulation, but may cause
=0.0046 . .
drug—drug interactions
moderate BCRP
(0.51-0.62) potential for the
BCRP / BSEP and strong BSEP similar for all biliary transport
inhibition (=1) inhibition
for all
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compound 1. All three cations exhibit very low
predicted Caco-2 and MDCK permeabilities and
negligible human intestinal absorption prob-
abilities, consistent with their permanent posi-
tive charge and high polarity. The blood—brain
barrier penetration is predicted to be minimal.

Table 3 shows that the compounds are pre-
dicted to have moderate volumes of distribution
and strong plasma protein binding (> 90 %).
Compound 1 has the highest unbound fraction
(= 8 %), suggesting greater availability for the
target engagement. Predicted elimination half-
lives are short (< 0.5 h), implying rapid clearance
although this may be offset by a high protein
binding and potential transporter interactions.
Bioconcentration factors are modest (= 2—3), in-
dicating the limited environmental persistence.

Cations 1-3 differ in their predicted cytochro-
me P450 inhibition profiles. Compound 1 shows
a strong inhibition of CYP2C19 and CYP2B6 and
a moderate inhibition of CYP1A2, 2C9, 2D6, and
3A4, raising the possibility of drug—drug interac-
tions. Compound 2 retains the strong CYP2C19
inhibition, but exhibits low probabilities of in-
hibiting other isoforms. Compound 3 shows an
intermediate behavior, with the modest inhibi-
tion of CYP2B6 and CYP2C9 and the low inhibi-
tion of CYP1A2 and CYP2D6. None of the com-
pounds are predicted to be CYP substrates.

ADMET1lab predicts moderate to high prob-
abilities of mutagenicity, carcinogenicity, drug-
induced liver injury, and genotoxicity for all three
compounds. Probabilities for nephrotoxicity, neu-
rotoxicity, and hERG inhibition fall in the low
to moderate range, suggesting some cardiotoxic
and neurological risks. Skin sensitization prob-
abilities are high. Among the three derivatives,
compound 2 generally shows slightly lower toxi-
city scores.

The predicted ADMET profiles underscore
both advantages and limitations of this scaffold.
On the positive side, the cations satisfy funda-
mental drug-likeness criteria and exhibit a mode-
rate lipophilicity, which can support the passive

membrane diffusion. However, their predicted
oral bioavailability is extremely low due to the
poor permeability and permanent cationic char-
ge, suggesting that the parenteral administra-
tion or prodrug strategies may be necessary.
Compound 1 combines relatively better solubility
with a higher risk of CYP-mediated interactions
and toxicity; compound 2 has a lower solubility,
but slightly reduced toxicity; compound 3 is the
most hydrophobic and strongly protein-bound.
Future optimization should therefore focus on
enhancing the permeability and reducing the
enzyme inhibition and toxicity while maintain-
ing the beneficial aspects of the scaffold.

Molecular docking study

Taking into account the pronounced antifun-
gal activity of compounds 1 and 2 against Can-
dida albicans (Table 1), the molecular docking
studies were primarily designed to investigate la-
nosterol 14-a-demethylase (CYP51, PDB ID: 5V57),
a key enzyme in the ergosterol biosynthesis and
a well-established molecular target of clinically
used azole antifungals. The inhibition of CYP51
provides a direct and biologically plausible ex-
planation for the antifungal effects of the thia-
zolotriazolium salts observed. The corresponding
docking results and binding energy trends are
summarized in Table 4.

For comparative and exploratory purposes only,
docking calculations were additionally performed
against two representative bacterial enzymes —
MurB (PDB ID: 1MBT), involved in the bacte-
rial cell wall biosynthesis, and DNA gyrase B
(PDB ID: 4URO), a key enzyme in the DNA
replication. These targets were selected as well-
characterized, druggable antibacterial models
supported by high-resolution crystal structures,
allowing a preliminary assessment of potential
antibacterial binding modes.

The docking against CYP51 revealed favora-
ble binding affinities for compounds 2 and 3
(—8.6 kcal mol™), which moderately exceeded that
of compound 1 (—8.0 kcal mol™). AutoDock Vina
generated a single dominant binding pose for each

Table 3. Distribution, metabolism, and excretion for compounds 1-3

. Compound
Descriptor Comments
1 2 3
_ -1 . PR
Volume of distribution logvd 0065 | 0236 | 0.226 mpderate volumes (0.1-0.3 L kg™) expected; 2 and 3 distribute
slightly more than 1
Fraction unbound (Fu, %) 316 4.15 154 comppund 1 has the highest free fraction; 3 is almost completely
protein-bound
Plasma protein binding (PPB, %) 90.2 94.9 98.1 |all bind strongly to plasma proteins, particularly 3
Elimination half-life (t1/2, h) 0.38 0.47 0.36 |short predicted half-lives (<1 h) suggest rapid clearance
Bioconcentration factor (BCF) 2.18 2.12 2.85 |slightly higher for 3, but all are moderate
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Table 4. The binding energies for compounds 1-3 with MurB (1IMBT), DNA gyrase B (4URO), lanosterol 14-a-demethylase (5V52)

Protein (P08 1DJ e mol) o oo Trend
Lanosterol 14-a-demethylase (5V52) -8.0 -8.6 -8.6 2=3>1
MurB (1MBT) -8.9 (top pose) -9.5 (strongest) -9.3 2>3>1
DNA gyrase B (4URO) -5.3 -5.7 (best) -5.4 2>3=1

ligand, suggesting a well-defined interaction mode
within the enzyme active site.

All three compounds positioned their aroma-
tic thiazolotriazolium core within a hydrophobic
region of the CYP51 binding pocket. Compound 2
(3-hydroxyphenyl) adopted a particularly favora-
ble orientation, in which the phenolic OH group
formed a m-donor hydrogen bond / m-sulfur inter-
action with CYS470 (3.65 A), accompanied by stabi-
lizing m-alkyl interactions with ILE131 and ILE304
(Figure 3). This interaction pattern provides a clear
structural rationale for the strong antifungal ac-
tivity of compound 2 observed experimentally.

Compound 3 (phenyl) achieved a compara-
ble binding energy through m—m stacking with
TYR118 (= 3.80 A) and hydrophobic contacts
with CYS470 and ILE379, but lacked specific
hydrogen-bonding interactions. In contrast, com-
pound 1 (4-pyridyl) displayed a weaker binding,
likely due to less optimal accommodation of the

pyridyl substituent within the CYP51 pocket and
the absence of strong directional hydrogen bonds.

The docking results against lanosterol 14-a-
demethylase are fully consistent with the anti-
fungal MIC data, supporting the CYP51 inhibi-
tion as a plausible molecular mechanism underly-
ing the activity of compounds 1 and 2, with the hy-
droxyl-substituted aromatic group in compound 2
conferring an additional binding advantage.

The complete interaction profiles and key con-
tact distances for all protein—ligand complexes
are summarized in Table 5.

The docking against MurB (PDB ID: 1MBT)
yielded lower (more negative) binding energies
than those obtained for DNA gyrase B. While
compound 2 showed the strongest MurB affin-
ity (=9.5 kcal mol™), this target did not directly
explain the antifungal activity. Therefore, MurB
is not considered the primary biological target
in the present study.

ILE
A:304

CYs
A:470

Interactions
[] Ppi-Donor Hydrogen Bond

ILE
A:131

[ Pi-Alkyl

Figure 3. The predicted binding pose of compound 2 within the CYP51 active site (PDB ID: 5V5Z)
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Table 5. The predicted protein—ligand interaction profiles of thiazolo[3,2-b]triazol-7-ium cations 1—3 with the key antimicrobial targets

Protein (PDB ID) Compound Key Interaction Type(s) Interacting Residues (Protein) Key Distances (A°)
1 Conventional H-Bond, mt-Alkyl ﬁ_léY14773’ VALS2, ILE119, ILE45, H-Bond: 2.66
2 Conventional H-Bonds, m-Cation, | ASN65, ILE173, ARG327, ) .

MurB (1MBT) 2 rt-Alkyl ILE119, LEU46, ILE45 H-Bonds: 2.54, 2.52

3 Conventional H-Bond, mt-Alkyl ﬁ_léY1417gl VALS2, ILE45, ILE173, H-Bond: 2.70

1 m-Alkyl, Alkyl LYS170 n-Alkyl: 4.14, 4.56
DNA Gyrase B (4URO) 2 m-Alkyl, Alkyl LYS170 n-Alkyl: 4.15, 4.51

3 Amide-mt Stacked, rt-Alkyl LYS207, GLY208, ILE209 Amide-mt: 3.94
Lanosterol 1 -t Stacked, m-Alkyl, Alkyl TYR118, CYS470, ILE379 m-t: 3.80
14-a-demethylase 2 n-Donor H-Bond/m-Sulfur, m-Alkyl | CYS470, ILE131, ILE304 H-Bond/m-Sulfur: 3.65
(5Vv52) 3 -t Stacked, m-Alkyl, Alkyl TYR118, CYS470, ILE379 n-1: 3.80

All compounds exhibited poor binding to DNA
gyrase B (=5.7 to —5.3 kcal mol™), with shallow,
unstable binding modes and large RMSD values,
indicating that the DNA gyrase inhibition was
unlikely to contribute significantly to the biologi-
cal effects observed.

The molecular docking results highlight la-
nosterol 14-a-demethylase (CYP51) as the most
relevant molecular target for explaining the an-
tifungal activity of thiazolotriazolium salts 1-3.
The favorable binding affinities and well-defined
interaction patterns observed for compounds 2
and 3, particularly the additional stabilizing in-
teractions enabled by the phenolic OH group in
compound 2, are consistent with the experimen-
tally determined antifungal MIC values.

B Experimental part

General Information

All commercially available reagents and sol-
vents were obtained from standard vendors and
used without further purification unless other-
wise stated. The starting methallyl thioethers were
prepared according to the previously reported pro-
cedures [37]. '"H NMR spectra were recorded us-
ing a Varian Mercury-400 instrument. Tetrame-
thylsilane and deuterated dimethylsulfoxide were
utilized in the NMR study as a standard and sol-
vent, respectively. The elemental composition was
determined with an Elementar Vario MICRO cube.
Compounds 4, 5, 6 were previously reported (4 — the
sample 2a [36]; 5 — the sample 2b [36]; 6 — the
sample 2d [36]).

The General Procedure for the Synthe-
sis of Compounds 1-3

The synthesis of thiazolo[3,2-b][1,2,4]triazol-
7-ium hexabromotellurates was carried out via
the electrophilic heterocyclization induced by tel-
lurium(IV) species generated in situ. The mixture

of 0.079 g of tellurium dioxide (TeO,) in 1 mL ace-
tonitrile, and 1 mL 48% hydrobromic acid (HBr)
was stirred for 0.5 h until the formation of the
H,TeBr, complex. The corresponding methallyl
thioether precursor (0.5 mmol) in 5 mL acetoni-
trile was subsequently added to the reaction mix-
ture. The reaction mixture was heated for 1 h at
80—100 °C. Upon completion, the resulting oran-
ge colored precipitate was filtered, washed with
a small amount of acetonitrile and ether, and dried
to give the target hexabromotellurate salts 1-3
as crystalline solids.

6,6-Dimethyl-3-phenyl-2-(4-pyridyl)-5,6-di-
hydro-8H-[1,3]thiazolo[3,2-b][1,2,4]triazol-7-ium
hexabromotellurate (1)

A bright orange-red solid. Yield — 0.39 g (64%)
(55% [37]). M. p. 251-254 °C (decomp). Anal.
Calcd for C, H,,Br, NS, Te, %: C 33.31, H 2.80,
N 9.14. Found, %: C 33.07, H 2.72, N 9.03. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.78 (6H, s, 2CH,),
4.32 (2H, s, SCH,), 7.54-7.65 (5H, m, Ph),
7.81 (2H, d, J = 4.5 Hz, Py-H), 8.56 (2H, d, J =
4.5 Hz, Py-H).

2-(3-Hydroxyphenyl)-6,6-dimethyl-3-phenyl-
5,6-dihydro-3H-[1,3]thiazolo[3,2-b][1,2,4]triazol-
7-ium hexabromotellurate (2)

A bright orange-red solid. Yield — 0.50 g (74 %)
(79% [37]). M. p. 262—263 °C (decomp). Anal.
Calcd for C,;;H,,Br,N,O,S,Te, %: C 34.43, H 2.89,
N 6.69. Found, %: C 34.18, H 2.80, N 6.51. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.76 (6H, s, 2CH,),
4.26 (2H, s, SCH,), 6.80 (1H, d, J = 7.8 Hz, Ar-H),
6.85 (1H, s, Ar-H), 6.94 (1H, d, J = 8.0 Hz, Ar-H),
7.22 (1H, t,J=8.0 Hz, Ar-H), 7.54-7.63 (5H, m, Ph).

6,6-Dimethyl-2,3-diphenyl-5,6-dihydro-3H-
[1,3[thiazolo[3,2-b][1,2,4]triazol-7-tum hexabromo-
tellurate (3)

A bright orange-red solid. Yield — 0.44 g (72%)
(78% [37]). M. p. 256-258 °C (decomp). Anal.
Calcd for C;H,Br,N.S,Te, %: C 35.33, H 2.96,
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N 6.87. Found, %: C 35.12, H 2.87, N 6.70. 'H NMR
(400 MHz, DMSO-d,), 6, ppm: 1.76 (6H, s, 2CH,),
4.24 (2H, s, SCH,), 7.44-7.64 (10H, m, 2Ph).

Antimicrobial and Antifungal Activity
Evaluation

The antimicrobial and antifungal activity of
the compounds synthesized was evaluated in the
Laboratory of the Research and Training Center
for Molecular Microbiology and Immunology of
Mucous Membranes, State Higher Educational
Institution “Uzhhorod National University”.
Antibacterial and antifungal properties were de-
termined by the serial dilution method to establish
the minimum inhibitory concentration (MIC) and
the minimum bactericidal concentration (MBC)
values in accordance with CLSI M07 and EUCAST
guidelines for in vitro antimicrobial testing [48].

For MIC and MBC testing, the contents of Ep-
pendorf tubes with different dilutions of chemi-
cal compounds were re-inoculated onto solid nu-
trient media. The minimal concentration that
completely inhibited the growth (no growth) was
considered to be MBC. The minimal concentra-
tion that significantly inhibited the growth of mic-
roorganisms compared to the control was consi-
dered as MIC. Microbial test cultures included
Staphylococcus aureus, Candida albicans, Kleb-
siella pneumoniae, Escherichia coli, and Pseudo-
monas aeruginosa. The strains of bacteria and
fungi under research were clinical isolates col-
lected from the parodontal pockets of patients
with chronic generalized periodontitis who un-
derwent treatment at the Uzhhorod University
dental clinic. Microbial suspensions were prepa-
red from 24-hour cultures on the appropriate me-
dia and adjusted to a 0.5 McFarland standard
(= 1.5 x 108 CFU mL™). Each well of a sterile
96-well plate received 10 uL of the standardized
microbial suspension and 100 pL of the com-
pound solution prepared in the sterile broth.
Control groups were: (1) the microbial growth
control — inoculated medium without the com-
pound (to verify viability); (2) the compound ste-
rility control — the compound solution without the

inoculum (to exclude contamination); (3) the sol-
vent control — the medium with the solvent only
in the working concentration (to eliminate the
solvent antimicrobial effect). Plates were incu-
bated at 37 °C for 24 h, followed by titration via
serial 2-fold dilutions and reseeding onto selec-
tive agar media (MPA, Sabouraud, Endo, MRS,
Enterococcus agar). After 24—48 h of incubation,
the colony growth or the absence was visually
assessed to determine MIC and MBC. All proce-
dures were conducted under sterile conditions;
sterility of the preparations was confirmed bac-
teriologically by plating 10 uL aliquots on the
meat-peptone agar. Antimicrobial susceptibility
tests with reference drugs were performed for all
clinical isolates studied using the disc-diffusion
Kirby-Bauer method [49] and the serial 2-fold di-
lution method to determine MIC and MBC. To com-
pare the activity of the compounds studied with
that of antibiotics, the latter were diluted to the
same concentration range (250—-15.625 pg mL™).
Data about the susceptibility of the bacteria un-
der research are given in Table 6.

Computational Methodology

ADMET Prediction

The pharmacokinetic properties and toxicity
profiles of the compounds were predicted using
the ADMETIlab 3.0 web server [42]. Key parame-
ters calculated included physicochemical descrip-
tors (MW, TPSA, logP, logS), absorption (Caco-2
permeability, HIA), distribution (PPB, BBB pe-
netration), metabolism (CYP450 inhibition), and
toxicity endpoints (AMET test, hepatotoxicity).

Molecular Docking

Docking runs were performed with Auto-
Dock Vina [50, 51] to evaluate how cations 1-3
interacted with MurB (UDP-N-acetylenolpyru-
voylglucosamine reductase, PDB ID 1MBT),
DNA gyrase B (ATPase subunit of bacterial
topoisomerase, PDB ID 4URQO), and lanosterol
14-a-demethylase (CYP51) from Candida albi-
cans (PDB ID 5V5Z). Protein coordinates were
downloaded from the Protein Data Bank and
prepared using AutoDock Tools: water molecules

Table 6. Antimicrobial and antifungal susceptibility tests with reference drugs

Reference drug MIC/MBC (g mL")
C. albicans S. aureus K. pneumoniae E. coli P. aeruginosa
Fluconazol <15.625 ND? ND? ND? ND?
Levofloxacin ND? <15.625 <15.625 <15.625 <15.625
Lincomycin ND? <15.625 250/ >250 >250 >250
Amikacin ND? <15.625 31.25/62.5 31.25/31.25 62.5/62.5
Gentamicin ND? <15.625 61.5/125 31.25/125 125/ 250

Note:?ND — not determined. As the dilution range was 250-15.625 pg mL™, in some cases the MIC and MBC values were below (<15.625 pg mL™)

or above (>250 pg mL™) the concentration range studied.
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and any non-essential ligands were removed, po-
lar hydrogens were added, and Gasteiger charges
were assigned; essential cofactors were preserved.
Each ligand was geometry-optimized and convert-
ed to *.pdbgt format before being docked indivi-
dually into each receptor’s active site. For MurB,
the search grid was centered at X =11.056,
Y =38.244 and Z = 18.464 with dimensions of
60 x 60 x 60 A; DNA gyrase B used a center at
X =24.675, Y=-9.190 and Z=-26.488 with
the same box size; the CYP51 enzyme employed
a grid centered at X =—-41.072, Y = -13.759 and
7, = 25.140, and 60 A per side. AutoDock Vina re-
ports affinities in kcal mol™!, with more negative
scores indicating tighter predicted binding [52];
for each compound, the top-ranked pose was used
for the subsequent analysis. The resulting com-
plexes were visualized and their interactions ex-
amined in the BIOVIA Discovery Studio Visuali-
zer [53].

B Conclusion

An effective synthesis of a novel series of
thiazolo[3,2-b]triazol-7-ium hexabromotellura-
tes 1-3 has been successfully carried out. We have
demonstrated the successful cyclization using the
TeO,/HBr electrophilic system under optimized
reaction conditions. A systematic study of the
structure—activity relationships has shown that
substitutions in position 5 of the core heterocy-
cle profoundly affect the antimicrobial efficacy —
the introduction of a polar substituent with m-con-
jugated functionality in position 2 of the target
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Biocatalytic Approach to Aldehydes Using Lyophilisates
of Bjerkandera adusta Fungus

Abstract

An optimized biocatalytic oxidation protocol has been developed for the efficient conversion of benzylic and allylic alcohols
into their corresponding aldehydes. The sustainable method uses lyophilized mycelia of Bjerkandera adusta white-rot fungus
as a catalyst in the aqueous medium with 2-propanol (10% v/v) as a co-solvent, and operates under mild conditions to give
high yields for a wide range of substrates. On a preparative scale, the approach allowed the synthesis of important alde-
hydes, including benzaldehyde, piperonal, cinnamaldehyde, cuminaldehyde, methoxybenzaldehydes, and citral.
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B Introduction

Flavor aldehydes represent the pivotal com-
ponents in the food, fragrance, and pharmaceu-
tical industries. However, their production re-
mains constrained by factors, including their
inherently low natural abundance and the limi-
tations of the conventional chemical synthesis
and biotechnological approaches. Aldehydes are
most commonly produced by oxidizing primary
alcohols using toxic and costly reagents, such as
chromium(VI), manganese compounds, or other
strong inorganic oxidants [1, 2]. Industrial aero-
bic oxidations typically employ transition-metal
catalysts [3—6], while emerging photocatalytic
methods also rely on transition metals [7-9].
Consequently, the food, beverage, and cosmetic
industries are increasingly exploring microbial
and enzymatic alternatives for aldehyde produc-
tion [10, 11].

Biocatalysis is a powerful tool for a sustain-
able chemical synthesis, yet its broader indus-
trial implementation is often constrained by eco-
nomic and technical challenges. Current research
in this field primarily focuses on the development
of recombinant expression systems for the pro-
duction of target enzymes. However, isolation and
purification of these enzymes remain economi-
cally demanding, limiting their large-scale appli-
cability. Recent analyses of manufacturing costs
for biocatalysts revealed that industrial-grade
(non-purified) enzymes are priced between 250 and
1000 € per kg, whereas whole-cell preparations
are significantly more cost-effective, ranging from
35 to 100 € per kg [12]. Efforts in whole-cell bio-
catalysis, therefore, focus on engineering modi-
fied host organisms to enhance the productivity

and stability of the enzymes they express and on
using these organisms directly without further
enzyme purification. Nevertheless, the use of ge-
netically modified living systems can pose regu-
latory, safety, and operational challenges, making
them less desirable for certain industrial appli-
cations. To address these limitations, we recently
reported an alternative approach employing the
Bjerkandera adusta white-rot fungus lyophilisate
for the selective oxidation of alcohols to the corre-
sponding aromatic aldehydes [13, 14]. This stra-
tegy avoids the recombinant expression and en-
zyme purification while preserving the principal
advantages of whole-cell catalysts, namely, low
cost, robustness, and cofactor independence.
The high catalytic performance of the B. adusta
lyophilisate is due to the presence of aryl-alcohol
oxidases (AAQ), which retain activity even after
freeze-drying and extended storage, thereby offer-
ing a practical and scalable biocatalytic solution.
AAOQOs are FAD (flavin adenine dinucleotide)-de-
pendent oxidoreductases that use only molecu-
lar oxygen for the substrate oxidation, produc-
ing hydrogen peroxide as a by-product, without
requiring additional cofactors (Scheme 1).

One of the main drawbacks of biocatalytic
approaches is their limited scalability. The aim
of this study was to evaluate the scalability of the
B. adusta lyophilisate-based approach as a safe
and sustainable strategy for the production of
aldehydes with prospective applications in bev-
erages, food, and cosmetics.

B Results and discussion

The present work is based on our previous
study, in which we demonstrated the catalytic

H,0, Oxidative half-reaction 0,
AAO-FAD AAO-FADH,
Me Me
MemN(‘/\’j\fo Me:©:N | N\fo
Me NG Me N NH
/ O ., His502/546 OH His502/546
H N H fN o
/l;\m/H fj—/ /g N/
R —HO \\/N R (@] H'@
alcohol \/ aldehyde

Reductive half-reaction

Scheme 1. The mechanism of the alcohol oxidation with aryl-alcohol oxidase (AAQ) (FAD — Flavin Adenine Dinucleotide)
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activity of lyophilisates in relation to aromatic
and allylic alcohols [13], extending this concept
to a,b-unsaturated substrates. While our previ-
ous works [13, 14] are mainly method-oriented,
this study is anchored in specific high-value com-
pounds that define the aromas of almonds, cin-
namon, cumin, and citrus, which directly ad-
dresses industrial relevance. It should also be
noted that Babkina et al. [13] focused on aroma-
tic substrates, whereas Calza et al. [14] investi-
gated allylic substrates. In contrast, this study
integrates both substrate classes within a single
methodology, using the same lyophilisate prepa-
ration. This demonstrates that the catalyst sys-
tem is not limited to one narrow substrate family.

The preparation of lyophilisates is summa-
rized in Figure 1. Initially, B. adusta was culti-
vated as a surface culture, followed by the sub-
merged cultivation to enhance mycelial the bio-
mass production. The collected mycelia were
subsequently frozen at —80 °C and freeze-dried.
The resulting lyophilisates can be stored at —20 °C
for extended periods without the loss of the cata-
lytic activity.

Our previous studies demonstrated that 2-pro-
panol, at 10% (v/v), was the most effective co-
solvent for this procedure. This observation is
notable given the presence of its hydroxyl func-
tional group, which in principle could undergo
oxidation to yield acetone. Nevertheless, under
the reaction conditions developed, secondary al-
cohols, such as 2-propanol, were shown to be re-
sistant to oxidation, thereby preserving their role
as a benign co-solvent without introducing com-
peting side reactions. In addition to solvent ef-
fects, the substrate concentration was identified
as a decisive parameter influencing the reaction
efficiency. At 20 mM, the product formation was
consistently reduced, whereas 10 mM gave mar-
kedly higher yields, frequently exceeding 90%.
Furthermore, the stirring intensity was found
to be equally critical as the stirring rates below
500 rpm resulted in lower reproducibility and
yields. Collectively, these findings highlight the
intricate interplay between the solvent composition,

Journal of Organic and Pharmaceutical Chemistry 2025, 23 (4)

the substrate concentration, and hydrodynamic
conditions in determining the success of the pro-
cedure. Our study consolidates previously scat-
tered optimization insights from earlier work
[13, 14] and integrates them into a coherent and
practical protocol, including the defined lyophi-
lizate loading, buffer volume and pH, 2-propanol
fraction, 10 mM substrate, stirring rate, reac-
tion time, workup, and purification procedures.
This level of detail and consolidation is new and
directly useful for practitioners.

The optimized methodology was subsequent-
ly applied to a series of alcohol substrates serv-
ing as precursors to valuable flavor aldehydes
and was tested at a preparative scale. Benzalde-
hyde (1), the principal compound responsible for
the characteristic aroma of bitter almonds, was
obtained in the yield of 88% (Scheme 2). Pipero-
nal (2), a perfume agent with a sweet, floral, he-
liotrope-like odor, was isolated in the yield of 92%.
Both 3- and 4-methoxybenzyl alcohols were sub-
jected to the optimized procedure, giving the cor-
responding aldehydes 3 and 4. 3-Methoxybenz-
aldehyde (3) is characterized by a sweet, floral,
and slightly spicy aroma, whereas 4-methoxy-
benzaldehyde (4) possesses a similar but more
intense fragrance, reminiscent of anise or haw-
thorn. Responsible for the characteristic warm,
sweet, and spicy aroma of cinnamon, the cinna-
mic aldehyde (5) was produced in the yield of 95%.
Similarly, cuminaldehyde (6) known for its spi-
cy, green odor was produced in the yield of 92%.
In addition, a mixture of isomeric geranial and
neral known as citral (3,7-dimethyl-2,6-octa-
dienal, 7) [15] and distinguished by its fresh,
lemon-like aroma was obtained as the oxidation
product of geraniol in the yield of 96%. It should
be noted that for all six target aldehydes and a
mixture of two additional aldehydes, we report
isolated yields close to the quantitative ones.
In contrast, Calza et al. [14] reported similarly
high yields for model allylic substrates, but not
specifically for this flavor portfolio.

No traces of carboxylic acids were detected in the
reaction mixtures for any of the flavor aldehydes,

surface cultivation

Bjerkandera adusta

Figure 1. The process of the lyophilisate production

submerged
cultivation

lyophilisate
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B. adusta lyophilisate
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Scheme 2. The general scheme of the biocatalytic oxidation of aromatic and allylic alcohols to the corresponding aldehydes and the

structures of the products and their respective yields

indicating the selective formation of aldehydes
under mild conditions. Compared to our results,
Calza et al. [14] demonstrated that lyophilisates
gave a selective oxidation of primary benzylic and
allylic alcohols to aldehydes, with the overoxida-
tion suppression under optimized conditions.
Also, these researchers upscaled a model allylic
substrate to about ten millimolar in 90 mL buf-
fer with 1.6 g of lyophilisate, mainly to confirm
that the reaction remained selective. In our study,
the general protocol was applied to hundreds of
milligrams of structurally diverse substrates with-
out the loss of selectivity or formation of detect-
able carboxylic acids.

The biocatalytic transformations were per-
formed on a 300-500 mg scale, and the results
clearly demonstrated the potential for upscaling
of the approach. This shows that the protocol works
on a scale and with solvents acceptable for the
flavor and fragrance development. Babkina et al.
[13] mostly reported smaller-scale experiments
in the DMSO-containing medium, which was less
attractive for food applications. Calza et al. [14]
later demonstrated that 10% (v/v) 2-propanol gave
very good performance for a,8-unsaturated alco-
hols. Our study adopts 2-propanol universally,
confirms its chemical inertness under the oxida-
tive conditions, and demonstrates that it remains
effective at a preparative scale for a realistic set
of flavor precursors. This is a genuine improve-
ment in terms of safety.

Compared to conventional oxidation protocols,
the B. adusta-lyophilisate method offers signifi-
cant improvements in both efficiency and mild-
ness of conditions. Traditional chemical oxida-
tions of benzylic or allylic alcohols typically rely

on stoichiometric inorganic oxidants (e.g. chro-
mates, permanganates or nitric acid) and ele-
vated temperatures, which often lead to poor se-
lectivity, overoxidation to carboxylic acids, and
hazardous waste generation [16]. For example,
the benzyl alcohol oxidation by ferric nitrate in
aqueous nitric acid reaches ~85% yield of benz-
aldehyde [17], but requires careful control of cor-
rosive reagents. In stark contrast, our biocata-
lytic process employs a freeze-dried fungal myce-
lium in a simple H,0O / 2-propanol medium under
ambient air. This benign setup cleanly converts
primary aromatic and allylic alcohols to the cor-
responding aldehydes with no detectable overoxi-
dation (no acids formed) and without additional
co-oxidants [14]. For instance, 3,4-dimethozyben-
zyl alcohol (veratryl alcohol) was oxidized to ve-
ratraldehyde in the isolated yield of 84% under
our conditions, and geraniol/nerol were selecti-
vely oxidized to citral (a mixture of (K)- and (Z)-iso-
mers) in a high yield, with no side-products from
further oxidation or double-bond reduction [14].
These outcomes illustrate the excellent chemose-
lectivity of the B. adusta catalyst, which contrasts
with many chemical oxidants and even some en-
zymatic systems (e.g. the aryl-alcohol oxidase from
P. ostreatus can overoxidize alcohols beyond the
aldehyde stage to acids [18]). Notably, fungal
laccases are also known to oxidize benzylic al-
cohols to aldehydes, but laccase reactions typi-
cally require artificial mediators and can non-
selectively oxidize a broad range of phenolics
[18], making them less ideal for the preparative
flavor synthesis.

Equally important are the practical and
green engineering advantages of our approach.
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The freeze-dried B. adusta mycelium serves as
a readily accessible, whole-cell oxidase catalyst
that obviates the need for the extensive enzyme
purification or cofactor addition. In situ, the fun-
gus own aryl-alcohol oxidase (AAO) uses molec-
ular oxygen (from air) as the terminal oxidant,
producing only water (via H,0,) as a benign by-
product [16]. This differs from many isolated en-
zyme systems, which may require expensive co-
factors and regeneration systems. For example,
while a recombinant AAO from Pleurotus eryn-
gii showed a high catalytic turnover (over 2 mil-
lion for trans-2-hexen-1-ol oxidation), it had to
be obtained via the inclusion body refolding and
could not be used in whole-cell form. Engineered
microbial approaches achieved complete conver-
sion of allylic alcohols to aldehydes, but only
through complex cascade designs: Qiao et al. [16]
co-expressed an NAD*-dependent alcohol dehy-
drogenase and an NADPH oxidase in E. coli, and
further introduced a hemoglobin for oxygen up-
take, to boost the yield of 3-methyl-2-butenal
from 21% to 51%. Even then, pure oxygen and
a fused multi-enzyme construct were required to
attain >80% yield within 8 hours. In contrast, our
single-organism, freeze-dried catalyst achieves
high yields in similar or shorter timeframes un-
der air without genetic modifications or inten-
sive process controls. Typical reactions in this
study went to completion within hours to a day,
whereas traditional submerged fungal fermen-
tations for flavor aldehydes often require several
days to weeks. For instance, B. adusta cultures
produce benzaldehyde from L-phenylalanine or
benzyl alcohol over multiple days of growth, reach-
ing titers of only a few hundred mg L [19] and
necessitating tricks like the product adsorption to
mitigate toxicity [20, 21]. By using the non-grow-
ing (lyophilized) mycelium, we circumvent such
limitations: the enzymatic activity is harnessed
directly in a controlled batch reaction, decoupled
from the slower kinetics and complexities of the
microbial growth. Additionally, the stability of the
freeze-dried catalyst is an asset — we have found
that B. adusta lyophilisate retains full activity
for at least 7 months when stored dry [18], which
is advantageous for the consistent performance
and potential reusability in a process setting.
We also studied alternative fungal lyophili-
sates to ensure that the efficiency observed was
unique to B. adusta. Lyophilized mycelia of Pleu-
rotus sapidus and P. eryngii (basidiomycetes
known to produce oxidative enzymes) were tested
in the model oxidation of cinnamyl alcohol.

Journal of Organic and Pharmaceutical Chemistry 2025, 23 (4)

These preparations yielded significantly less al-
dehyde than B. adusta under identical conditions.
According to the literature, B. adusta is an espe-
cially potent source of aryl-alcohol oxidase [14].
The choice of B. adusta, a non-toxic white-rot fun-
gus, 1s particularly relevant for the flavor syn-
thesis. Babkina et al. [13] have highlighted that
B. adusta lyophilisate is a safe, metal-free oxi-
dation catalyst suitable for food, beverage, and
cosmetic applications. In our process, the fungal
biomass is removed by a simple filtration after
the reaction, and the resulting aldehyde product
can be classified as nature-derived. This has im-
portant regulatory implications: flavors produced
via biocatalysis from natural precursors may be
labeled as “natural flavorings”, whereas the same
compounds made by synthetic chemical routes
would be considered artificial [22]. The ability
to market benzaldehyde, cinnamaldehyde, and
other aroma aldehydes as natural products adds
significant value in the flavor and fragrance in-
dustry. Moreover, the mild aqueous reaction con-
ditions and avoidance of toxic reagents mean that
the process complies with the principles of green
chemistry and sustainability. Scalability is also
favorable as the fungus can be cultivated on in-
expensive media (including agro-industrial resi-
dues) and easily preserved by lyophilization, en-
abling a robust supply of a biocatalyst. In sum-
mary, this innovative method distinguishes it-
self by combining high yields and selectivity (no
overoxidation) with milder, greener conditions
and a straightforward, scalable setup. These ad-
vances underscore the novelty and applicability
of using B. adusta lyophilisates for the synthe-
sis of flavor aldehydes, offering a sustainable al-
ternative to both traditional chemical oxidation
and other biocatalytic systems [16].

B Conclusions

This sustainability-focused study incorpora-
tes renewable feedstocks and minimizing envi-
ronmental impact in accordance with the princi-
ples of green chemistry. The results underscore
the versatility and scalability of the protocol,
highlighting its potential for applications in the
fragrance and flavor production. An optimized
biocatalytic oxidation protocol was developed us-
ing 2-propanol (10% v/v) as a “green” co-solvent,
with the reaction efficiency strongly dependent
on the substrate concentration (10 mM optimal)
and the stirring intensity (=500 rpm). The method
was applied to a variety of alcohols serving as
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precursors to valuable flavor aldehydes. It still
provides high isolated yields and clean product
mixtures without overoxidation. High yields were
obtained for benzaldehyde (88%), piperonal (92%),
methoxybenzaldehydes (96%), cinnamaldehyde
(95%), cuminaldehyde (92%), and citral (96 %).
The results highlight the broad applicability of
the protocol and its potential for the preparative-
scale and industrial upscaling.

B Experimental part

This section contains protocols for preparing
the compounds described in the paper. All start-
ing compounds were obtained from commercial
sources and used without additional purification.
All solvents were purified according to the stan-
dard procedures. Experimental data comply with
the referenced samples. '"H NMR and *C NMR
spectra were recorded at 298 K on a Bruker Avan-
ce IT 400 MHz WB instrument (Billerica, Mas-
sachusetts, USA) at 400 MHz for 'H nuclei and
100 MHz for *C nuclei. The NMR chemical shifts
are referenced using the solvent signals at 7.26 and
77.1 ppm for 'H and *C nuclei, respectively, in CDCL,.

Lyophilisates

Lyophilisates from submerged cultures of Bjer-
kandera adusta fungus were produced following
the procedure described in [14].

The general procedure for biotransfor-
mation

The B. adusta lyophilisate (4.5 g) was rehy-
drated in 270 mL of the potassium phosphate
buffer (100 mM, pH 7) while stirring at 800 rpm
and 24 °C for 20 min. The corresponding alcohol
dissolved in 30 mL 2-propanol was added to the
final concentration of 10 mM. The reaction mix-
ture was stirred at 24 °C and 800 rpm for 8 h.
Subsequently, sodium chloride (7 g) was added,
and the mixing continued for 10 min. The mix-
ture was extracted with diethyl ether (3 X 60 mL),
the suspension was centrifuged, and the com-
bined organic phases were dried over Na,SO,.
After evaporation of the organic phase to dryness,
the products were purified by column chroma-
tography on silica gel using a gradually chang-
ing pentane/diethyl ether eluent (10:1 — 7:3 —
1:1). The identity of the products was confirmed
by comparing their '"H and *C NMR spectra with
those of an authentic reference compound.

Benzaldehyde (1)

A colorless liquid. Yield — 279 mg (88%).
'H NMR (400 MHz, CDCl,), 6, ppm: 10.02 (1H,

s), 7.87 (2H, m), 7.64 (1H, m), 7.56 (2H, m). *C
NMR (100 MHz, CDCl,), §, ppm: 192.6, 136.4,
134.6, 129.9, 129.1.

Piperonal (2)

A colorless solid. Yield — 414 mg (92%). ‘H NMR
(400 MHz, CDCL,), 6, ppm: 9.79 (1H, s), 7.37
(1H, dd, J=17.9,1.8 Hz), 7.28 (1H, d, J = 1.8 Hz),
6.89 (1H, d, J = 7.8 Hz), 6.05 (2H, s). *C NMR
(100 MHz, CDCl,), 6, ppm: 190.31, 153.14, 148.81,
131.92, 128.54, 108.40, 107.18, 102.32.

3-Methoxybenzaldehyde (3)

A colorless liquid. Yield — 380 mg (93%).
'H NMR (400 MHz, CDCL,), 6, ppm: 9.93 (1H, s),
7.46-7.39 (2H, m), 7.36—-7.33 (1H, m), 7.16-7.10
(1H, m), 3.83 (3H, s). *C NMR (100 MHz, CDCl,),
0, ppm: 192.11, 160.09, 137.61, 129.95, 123.65,
121.60, 112.07, 55.52.

4-Methoxybenzaldehyde (4)

A colorless liquid. Yield — 405 mg (99%).
'H NMR (400 MHz, CDCL,), 6, ppm: 9.89 (1H, s),
7.84 (2H, d, J=8.8 Hz), 7.01 (2H, d, J = 8.7 Hz),
3.89 (3H, s). *C NMR (100 MHz, CDCl,), 6, ppm:
191.10, 164.71, 132.05, 130.00, 114.25, 55.72.

Cinnamic aldehyde (5)

A pale-yellow liquid. Yield — 377 mg (95%).
'H NMR (400 MHz, CDCL,), ppm: 9.68 (1H, d, J
= 8.0 Hz), 7.63-7.54 (2H, m), 7.51-7.42 (4H, m),
6.73 (1H, dd, J=16.0, 8.0 Hz,). *C NMR (100 MHz,
CDCl,), 6, ppm: 193.78, 152.90, 134.07, 131.33,
129.14, 128.67, 128.53.

Cuminic aldehyde (6)

A pale-yellow liquid. Yield — 409 mg (92%).
'H NMR (400 MHz, CDCl,), 6, ppm: 10.00 (1H, s),
7.82 (2H, d, J=8.0 Hz), 7.39 (2H, d, J = 8.0 Hz),
3.03-2.96 (1H, m), 1.29 (6H, s, J = 7.9 Hz).
BC NMR (100 MHz, CDCL,), 6, ppm: 192.05,
156.25, 134.56, 130.02, 127.15, 34.49, 23.64.

Citral (7)

A pale-yellow liquid. Yield — 444 mg (96%).
'H NMR (400 MHz, CDCl,), 6, ppm: 9.96-9.87
(1H, m), 5.85 (1H, m), 5.06 (1H, m), 2.56 (1H,
t, J = 7.5 Hz), 2.21 (3H, m), 2.14 (d, J = 1.4 Hz,
2H), 1.96 (1H, d, J = 1.4 Hz), 1.66 (3H, s), 1.57
(3H, d, J = 6.5 Hz). *C NMR (100 MHz, CDCl,),
0, ppm: 191.22, 190.68, 163.77, 133.61, 132.83,
128.61, 127.38, 122.59, 122.28, 40.55, 32.57,
27.05, 25.71, 25.59, 25.03, 17.65, 17.53.
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