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Abstract. This work proposes a new approach to the preparation of efficient
crown-ether-containing phase-transfer catalysts. Phase-transfer catalysis is an effective
method for intensifying organic reactions and is widely used in fine organic synthesis
and polymer chemistry. Of particular interest are polymer-supported phase-transfer
catalysts that combine the high catalytic activity of crown ethers with the advantages
of heterogeneous systems, including regeneration, and applicability in continuous
processes. The influence of the polymer matrix structure and the degree of immobilization
of active sites on the catalytic properties remains insufficiently studied. The aim of
this work is the immobilization of benzo-derived crown ethers on anion exchangers
with different morphologies and the investigation of their catalytic activity under
phase-transfer catalysis conditions. The immobilization of chlorosulfonyl derivatives
of benzo-12-crown-4, benzo-15-crown-5, and benzo-18-crown-6 was carried out on
AN-15, AN-21, and AN-22 anion exchangers in organic solvent media. The obtained
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materials were characterized by IR spectroscopy and elemental analysis. Catalytic
activity was evaluated in the nucleophilic substitution reaction of n-butyl bromide
under heterogeneous conditions. It was established that the degree of immobilization
and catalytic activity depend on the structure of the polymer support, the degree of
crosslinking, and the content of crown-ether groups. The results demonstrate that the
activity of immobilized crown-ether catalysts is governed by multiple factors, among
which the most important are the amount of crown-ether groups and the composition
and structure of the polymer matrix, which determine the swelling of the support and
the accessibility of active sites. The obtained results can be used in the development of
efficient and regenerable phase-transfer catalysts for organic and industrial synthesis.
Keywords: Crown ether, interphase catalyst, ion exchangers, model carrier
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AHHOTanus1. byJ ®KyMmbIcTa THIMII KpayHKYpam bl pa3aapablk KaTaau3aTopiaapibl
aIyAbIH KaHa ofici ychiHbUIaapl. Da3aapaiblk KaTaau3 OpraHUKajbIK PeaklusuIapIbl
KAapKBIHABI JKYPTi3yAiH SKOJIOTHSIIBIK TYPFbIIAH THUIMAL 9ici OONbIN TaObUIaAbI JKOHE
OpTaHHUKAJIBIK CUHTE3/Ie KOHE MOJUMEPIIiK XHUMHUsAa KeHIHEH KOJIaHbUIadbl. Ocipece,
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KpayH-3(pUpIepAiH JKOoFapbl KaTaJUTHUKAIBIK OCJICEHIUIIrH TeTepOreH Il KyhHenepain
apTHIKIIBUIBIKTAPBIMEH, —aTal  alTKaHJa pereHepanusuiay, KaiTa maiijanany
JKOHE Y3MIKCi3 TpormecTepie KOJNTaHy MYMKIHZITIMEH VHJISCTIPETiH MOIMMEpITi
TaChIMAJIAFBIIITAFbl MEXK(Pa3albIK KaTaau3aTopiap YIAKSH KbI3bIFYIIBUIBIK TYIBIPAIbL.
CoHbIMEH KaTap, IOJIMMEpPITi MATPUIIAHBIH KYPBUIBIMBI MEH O€JICEH/Ii OpTaIbIKTapIbIH
MMMOOMITH3AIIHS TOPEKECIHIH KaTATMTHKAIBIK KACHETTEPIe 9cepi IKETKIUTIKTI Topexe e
3eprrenMeret. JKYMBICTBIH MaKCaThl - OPTYPIIi MOP(OJIOTHSIIEI aHHOHUTTEPTe OCH30-
TYBIHJBI KpayH-3(upiepai IMMOOHIH3AMsIIAY KOHE ONapAbIH (a3aapaiblk KaTain3
KarAalbIHAAFbl KaTaJUTUKANBIK OeNCEeHATIriH 3epTTey. 3epTrey aaicrepi. benzo-12-
KpayH-4, OeH30-15-kpayH-5 xoHe 0eH30-18-kpayH-6 XJI0pCynb(GOHHUI TYBIHABLUIAPHIH
nvMoommm3arusiay AH-15, AH-21 xone AH-22 aHWOHWTTEpiHIE OpTaHUKAIBIK
EpITKIIITEp OpTachlHAA KYPrizuimi. AJjblHFaH wMarepuanaap MK-crnekrpockomust
JKOHE OJJIEMEHTTIK Tajjay oJicTepiMeH 3eprrenii. Karanutukanblk OeICeHIUTIK
H-OyTunOpoMuaTeri HyKIeODHUIBAIK OpBIHOACY peaKIUsChIHIAA reTepodaszaibiK
Karmamapma  OaramaHmel.  MMMoOmnmmsammsi  Jopekeci MEH — KaTaTuTHKAIBIK
OeJICeHAUTIK MOMMMEpIl TachIMaJIaFbIIITHIH KYPBUIBIMBIHA, TITLTY IOpEKECiHE JKoHEe
KpayH-3(pUp TONTapbIHBIH KypaMblHa Tyl eKeHi aHBIKTaJIbl. AJIBIHFAH HOTHKEIEP
MMOOMIH3ANMsIIaHFaH KpayH-3(UpIl KaTaau3aTopiapAblH OeNCEeHAUIIrT KenTereH
(hakToprmapra OailIaHBICTBI €KeHIH KOPCETTI, OJapIbIH IMIIHIAE €H MaHBI3IbUIAPEl —
KpayH-3()Up TONTAPBIHBIH MOJIIIEP], TaChIMAJJIAFBIIITBIH ICIHYIH jKOHE OelICeHIl
OPTAJIBIKTAP/IbIH KOJDKETIMIIIITIH aHBIKTAUTBIH TOJIMMEPITi MaTPULIAHBIH KYPaMbl MEH
KYPBUTBIMBI OOJIBITT Ta0bLIa bl AJIBIHFAH HOTHIKEIIEp OPTaHUKAJIBIK KOHE OHEPKICIITIK
CUHTE3Te apHAJIFaH THIMJI opi pereHepanusIaHaTeIH MeK(a3anblK KaTau3aTopiap bl
a3ipiieyie KOJIAaHbUTybl MYMKIH.

Tyiiin ce3mep: xpayH->¢up, (aszaapanblk KaTaau3arop, HOHUTTEP, MOIUMEPII
TaChIMaJIIaFbITII

© KypmanaaueB M.K., lllauxoa K.E., Aounkacosa C.O.*, Kanumosauna JI.M.,
Byry6aesa I.O., 2026.
ANMaTUHCKUN TEXHONOTMYEeCKUN yHUBepcUuTeT, Anmarel, Kazaxcran.
E-mail: sandugash.abilkasovaa@gmail.com

KPAYH-2®UPbI, UMMOBUNJIN30BAHHBIE HA ITIOJIMMEPHBIX
HOCHUTEJIAX, KAK HOBBIE MEXK®A3ZHBIE KATAJIN3ATOPbBI

KypmanaiauneB Mycpenfek — JOKTOp XMMHYECKHX Hayk, Ipodeccop, AIIMATHHCKHAN TEXHOJIOTHIECKUH
yHuBepcutet, Anmarsl, Kazaxcran,

E-mail: mkk@mail.ru, https://orcid.org/0000-0001-8561-4332;

IlauxoBa KaHat — MarucTp TEXHUUYECKUX HAYK, CCHBOP-ICKTOP, AJIMATUHCKUN TEXHOJIOTMYECKUI
yHuBepcutet, Anmarsl, Kazaxcran,

E-mail: Zh.shaikhoval965@gmail.com, https://orcid.org/0000-0002-5909-4182;

AbunnkacoBa Canayram — KaHIUIAT TEXHHIECKUX HayK, aCCOLMUPOBAHHBIN podeccop, ATMAaTHHCKUH
TeXHoJIoru4eckuil yuusepeurer, Anmarsl, Kaszaxcras,

E-mail: sandugash.abilkasovaa@gmail.com, https://orcid.org/0000-0001-8322-4592;

Kanumonnuna Jlaiiga — KaHIUIAaT TEXHUYECKUX HAyK, aCCOIIMUPOBAHHBIA Ipodeccop, AIMATHHCKUH
TexXHoJoruueckuil yuusepcurer, AnMarsl, Kaszaxcras,

210



Volume 1, Number 466 (2026)

E-mail: kalimoldina.laila@mail.ru, https://orcid.org/0000-0003-4397-9629;

Byry6aeBa TI'yapHap — KaHIuIar XHMMHYECKMX HayK, acCHUCTEHT-podeccop, AIMaTHHCKUIL
TEXHOJIOTHYECKUH yHUBepcuTeT, Anmarsl, Kasaxcran,

E-mail: bugubaevagulnar@gmail.com, https://orcid.org/0000-0002-6550-5275.

AunHoTtanusi. B pabore mpeasio’keH HOBBIH cIOCO0 MoOXy4eHUs] dPQPEKTUBHBIX
MexX(a3HBIX KpayHCOJAepKAIIMX KaTann3aTopoB. Mex(asHblil KaTalu3 IpeiCcTaBIseT
COOOH  DKOJNOTHMYECKH  OPHEHTHPOBAaHHBIH ¥ BBICOKOO(M(MEKTHBHBIA  METOI
WHTCHCU(HKAIUK OpPraHUYeCKUX pPeakluil, MIMPOKO MNPUMEHSEMBIA B TOHKOM
OpPTaHMYECKOM CHHTE3€ U ONUMepHOU XUMUU. OcOoObIi HHTEPEC BBI3BIBAIOT TOJTMMEPHO-
MMMOOMJIM30BaHHbIE KaTaJlM3aTopbl MeX(a3HOrO MEepeHOCca, COYETAIOUINE BBICOKYIO
KaTaJIATUYECKYI0 aKTHBHOCTb KpayH-2(QUPOB C NpEerMyIIECTBAMH TeTEPOreHHBIX
CHCTEM, TaKMMHU KaK BO3MOKHOCTh pPEreHepalid, MHOTOKPaTHOTO HCIOJNb30BaHUS H
MIPUMEHEHUS] B HEMIPEPBIBHBIX TEXHOJIOTMYECKHX ITpolieccax. Bmecre ¢ Tem BiusiHuE
CTPYKTYPBI TIOJIMMEPHON MATPHIBI U CTETICHH HMMMOOMIIM3allNU aKTUBHBIX IEHTPOB Ha
KaTaJIMTUYECKHE CBOMCTBA TAKMX CHCTEM OCTa&TCsl HEOCTaTOUHO U3y4YeHHBIM. L{enbio
paboThI SABISETCS MMMOOMIH3ALINST OEH30-TTPOU3BOIHBIX KpayH-2(QUPOB Ha aHUOHUTAX
Pa3NUYHON MOPQOIOTUH U UCCIIEIOBAHUE UX KATATUTHYECKON aKTHBHOCTH B YCIIOBHSX
MexdaszHoro karanuza. IMMOOHITH3AIHIO XJIOPCYIb(GOHUIBHBIX POU3BOIHBIX OEH30-
12-kpayHn-4, 6eH30-15-kpayH-5 u 0en30-18-kpayH-6 ocyiiecTBisiM Ha aHnonutax AH-
15, AH-21 u AH-22 B cpene oprannueckux pactBoputeneil. [lonydyenHsle MaTepraibl
Obutn uccnenoBanbl MetogamMu MK-CrieKTpoCKONmMM M 2JIEMEHTHOTO aHallu3a, 4To
MO3BOJIWJIO TIOATBEPANUTH YCHEIIHOCTh HMMMOOWIM3AIlMM W OINpPEIeNTUTh COCTaB
MOJTY4YEeHHBIX coelMHeHnH. KaraauTuieckyro akTHBHOCTh CHHTE3MPOBAaHHBIX CHCTEM
OLICHHMBAJIH B pEaKMK HyKJIeO()MITBHOTO 3aMeleHust H-Oy THIIOpOMU/Ia B reTepoda3HbIxX
YCIOBUSIX. YCTaHOBJICHO, YTO CTETICHh MMMOOMITH3AIMY U KATAIUTHYECKasi aKTHBHOCTD
CYIIECTBEHHO 3aBUCST OT CTPYKTYphI MOJUMEPHOTO HOCHUTEINS, CTEIIEHU €ro CHIMBKH
U cofepkaHusi KpayH-d3upHbIX rpymi. [loka3aHo, 4To KaTaliuTHYeCKass aKTHBHOCTb
WMMOOMJIM30BaHHBIX ~ KpayH-d(QHPHBIX CHCTEM OIpPEAEISIETCS  COBOKYITHOCTBIO
(haKTOpOB, Cpei KOTOPHIX KIFOYEBBIMH SIBIISIFOTCS KOHLIEHTPAIIMS aKTUBHBIX IIEHTPOB,
cocTaB ¥ MOPQOJIOTHS MTOJTUMEPHOIN MaTPHIIBI, BIMSIONINE Ha HA0yXaeMOCTh HOCHTEIIS
U JOCTYIHOCTHh PEaKIHMOHHBIX HEHTPOB. [lomydeHHbIe pe3yibraThl AEMOHCTPUPYIOT
MEPCIEKTUBHOCTh HCIIONB30BaHUsSl CHHTE3MPOBAHHBIX MaTepHajOB B KauecTBE
9QQEKTUBHBIX U PEreHepUpPyEeMBIX KaTallM3aTopoB Mex(asHOro TepeHoca Jyis
OPTaHMYECKOTO U MPOMBIIIJICHHOTO CUHTE3a.

Kirouessle cioBa: KpayH-a¢up, MexdasHblii KaTann3aTop, HOHUTHI, IPOUMEPHBIH
HOCHTEITh

Introduction. High complexing ability and catalytic activity of polymers containing
crown ether groups determine their wide application in interphase catalysis. These
systems provide several important advantages, including simplicity of implementation,
reduced consumption of organic solvents, mild reaction conditions, high selectivity,
and the ability to control both reaction conditions and rates. Interphase (phase-transfer)
catalysis is considered an environmentally friendly approach due to reduced waste
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generation, replacement of hazardous reagents (e.g., sodium hydride) with safer aqueous
bases (e.g., sodium hydroxide), and the use of more sustainable solvents.

Despite the extensive application of interphase catalysts in industrial and laboratory
processes, polymer-supported systems (three-phase catalysts) remain insufficiently
studied and have not yet achieved wide industrial implementation. At the same time, such
systems combine the advantages of heterogeneous catalysis, including easy separation
from the reaction mixture, reusability, and suitability for continuous processes.
Therefore, the development of efficient polymer-supported interphase catalysts based
on crown ethers remains a relevant scientific and practical task.

The aim of this work is to immobilize crown ethers on polymer carriers and to study
their catalytic activity under interphase catalysis conditions.

Literary review. The concept of phase-transfer catalysis was first introduced by
Starks in 1971 to explain the role of catalysts in reactions occurring between reagents
located in immiscible phases (Demlov, 1987; Hashimoto et al., 2007). Since then,
this methodology has become widely used in both academic research and industrial
applications. Phase-transfer catalysis has found applications in the synthesis of fine
chemicals, including flavorings, pharmaceuticals, agrochemicals, and polymers, as well
as in large-scale industrial processes (Ooi et al., 2007; Starks et al., 2012).

Various types of interphase catalysts have been developed, including quaternary
ammonium and phosphonium salts, crown ethers, and cryptands (Ford et al., 1984;
Makosza et al., 2003; Makosza et al., 2020; Cozzi, 2006). Among them, quaternary
ammonium salts are the most widely used due to their low cost and availability. Special
attention has been given to crown ether-based catalysts due to their high complexing
ability toward metal cations, which significantly enhances catalytic efficiency in organic
reactions (Ergozhin et al., 1994; Ergozhin et al., 1995; Dong et al., 2013; Duan et al.,
2022).

In recent years, increasing interest has been focused on polymer-supported phase-
transfer catalysts, which combine the high activity of homogeneous catalysts with
the operational advantages of heterogeneous systems. The most commonly used
polymer supports include polyethylene glycol and crosslinked polystyrene based on
divinylbenzene (Lu et al., 2009; Benaglia et al., 2003; Shuangshuang et al., 2022). Such
catalysts have been successfully applied in various organic transformations, including
esterification, amidation, polymerization, and the synthesis of a-amino esters (Siewniak
etal., 2022; Rosaria et al., 2024). However, the influence of the polymer matrix structure,
degree of crosslinking, and immobilization of active centers on catalytic performance
remains insufficiently understood.

Materials and methods. Anion exchangers AN-15, AN-21, and AN-22 based on
styrene—divinylbenzene copolymers were used as polymer supports. These ion-exchange
resins were manufactured by the Cherkasy Chemical Plant (Ukraine) and differed in
their structural characteristics, including the degree of crosslinking and morphology
(gel, macroporous, and macroreticular types). Prior to use, the anion exchangers were
washed successively with distilled water and organic solvents to remove residual
impurities and then dried to constant weight.
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Benzo-12-crown-4, benzo-15-crown-5, and benzo-18-crown-6 (Kente, China)
were used as initial macrocyclic compounds. Their chlorosulfonyl derivatives —
4'-chlorosulfonylbenzo-12-crown-4 (CSB12C4), 4'-chlorosulfonylbenzo-15-crown-5
(CSB15C5), and 4'-chlorosulfonylbenzo-18-crown-6 (CSB18C6) — were synthesized
according to the method previously described by Ergozhin etal. (1991). These derivatives
contain reactive chlorosulfonyl groups, which enable covalent immobilization onto
polymer matrices.

The immobilization of crown ether derivatives onto anion exchangers was carried
out in an organic solvent medium. Typically, a known amount of the anion exchanger
was placed in a reaction vessel and swollen in an appropriate solvent (chloroform,
dichloromethane, or pyridine) to ensure maximum accessibility of functional groups
within the polymer matrix. After swelling, the corresponding chlorosulfonyl derivative
of the crown ether was added to the system. The reaction mixture was maintained at a
temperature of 50—70 °C under continuous stirring for 24 hours. Pyridine was found to
be the most effective solvent, as it not only promotes swelling of the polymer matrix
but also acts as an acid acceptor, neutralizing hydrogen chloride released during the
reaction. This prevents degradation of the polymer and increases the efficiency of
immobilization.

After completion of the reaction, the modified anion exchangers were thoroughly
washed with organic solvents and distilled water to remove unreacted reagents and by-
products. The samples were then dried to constant weight under vacuum. The degree
of immobilization of crown ether groups was evaluated based on the sulfur content
determined by elemental analysis, since sulfur is present in the sulfonyl functional
group of the immobilized fragment. The content of crown ether groups (mmol/g) and
conversion degree (%) were calculated accordingly.

Infrared (IR) spectra of the initial and modified samples were recorded using a
“Specord IR-75” spectrophotometer in order to confirm the successful immobilization of
crown ether groups. The appearance of characteristic absorption bands corresponding to
SO:2 groups (=1350 and 1150 cm™), as well as Ar—O—C and C—O-C bonds, was used as
evidence of chemical modification. The main physicochemical characteristics of the ion
exchangers, including exchange capacity, swelling degree, and structural parameters,
were determined according to standard procedures described in (Ergozhin et al., 2020).

Results. Anion exchangers based on styrene-divinylbenzene (DVB) copolymer
AN-15, AN-21, and AN-22 were used to fix crown ethers.

Since the structure of the macromolecular network plays an important role in
immobilization and use, the polymerization carriers had gel, macroporous, and
macromolecular structures with varying crosslinking agent content (1-20 mol%).

In order to regulate the complex-forming properties of catalyst macrocycles with
metal ions, chlorosulfonyl derivatives of benzo-12-crown-4, benzo-15-crown-5, and
benzo-18-crown-6 were used.

Pyridine proved to be the most suitable solvent, which is simultaneously an acceptor
of HCl released during the reaction.

The amount of crown ether groups introduced was judged by the sulfur content. Table
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1 shows the results of immobilization of crown ethers on anion exchangers. As can be
seen from the table, the reactivity of crown ethers during immobilization is practically
the same, and the degree of conversion depends on the structure of the anion exchanger
used. Thus, up to 5.4% sulfur can be introduced into macro-mesh anion exchangers,
which is 92% conversion, while for gel anion exchangers it is 85.5%. Modified anion
exchangers containing 1.45 to 1.92 mmol/g of crown ether groups have a swelling
capacity in water of 2.4 to 3.0 g/cm’.

Table 1 — Data on the immobilization of crown ethers on anion exchangers

Anionite | Copolymer | Immobil, Sulfur content, | Conversion Crown ether group
structure crown ether % rate, % content, mmol/g
AN -15 | Gel CSB12C4 5,98 80,2 1,85
CSBI15C5 5,40 79,8 1,68
CSB18C6 4,89 79,0 1,52
Macropor. |CSB12C4 6,15 82,3 1,92
CSB15C5 5,51 81,5 1,72
CSB18C6 5,02 81,0 1,56
AN -22 | Gel CSB12C4 5,57 83,1 1,74
CSBI15C5 5,04 82,7 1,57
CSB18C6 4,63 82,5 1,44
Macropor. |CSB12C4 5,79 85,5 1,81
CSB15C5 5,27 85,2 1,64
CSB18C6 4,85 84,9 1,52
AN -21 | Gel CSB12C4 5,05 85,6 1,58
CSBI15C5 4,65 85,2 1,45
CSB18C6 4,32 85,0 1,35
Macropor. |CSB12C4 5,17 87,6 1,61
CSB15C5 4,77 87,4 1,49
CSB18C6 4,43 87,2 1,39
Macroset. | CSB12C4 5,43 92,0 1,69
CSBI15C5 5,01 91,8 1,56
CSB18C6 4,66 91,7 1,46

Thus, by using macromolecules with different spatial structures, it is possible to
specifically alter the swelling properties of polymers and the accessibility of crown
ether groups when using anions as interphase catalysts.

The IR spectra of the modified anion exchangers clearly confirm the successful
immobilization of crown ether fragments onto the polymer matrix. In particular, the
appearance of characteristic absorption bands corresponding to asymmetric and
symmetric stretching vibrations of the sulfonyl (SO2) group at approximately 1350 and
1150 cm™ indicates the formation of sulfonamide linkages between the chlorosulfonyl
derivatives of crown ethers and the functional groups of the anion exchanger.

Additionally, the presence of absorption bands in the regions of 1200—1300 cm™ and
1050—-1150 cm™ can be attributed to stretching vibrations of Ar—O—C and C—O-C bonds,
respectively, which are characteristic of the crown ether macrocyclic structure. The
preservation of these bands after immobilization suggests that the macrocyclic cavity of
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the crown ether remains intact, which is essential for maintaining its complexing ability
toward metal cations.

A slight shift in the position and intensity of these absorption bands, compared to
the initial compounds, may be associated with changes in the electronic environment of
functional groups due to their incorporation into the polymer matrix. This also indirectly
confirms the formation of covalent bonds between the crown ether derivatives and the
polymer support.

Based on the combined data of elemental analysis and IR spectroscopy, it can be
concluded that the immobilization process proceeds with a high degree of efficiency
and leads to the formation of chemically bound crown ether groups within the polymer
structure. Accordingly, the repeating (elementary) unit of the modified polymer can be
represented as a fragment of the styrene—divinylbenzene matrix functionalized with
sulfonamide-linked crown ether moieties, where the macrocyclic fragment is covalently
attached to the polymer backbone through a spacer group.

Such a structural organization ensures not only the stability of the immobilized
active sites but also their accessibility for interaction with substrate molecules and metal
cations during catalytic processes.

CH -
B { 0\
HC—( O )—CH, — NH (CH,),,— (NH),— SO, —@: Q/

| 9
oy

la. m=0, n=0, p=0, 2a. m=2, n=0, p=1, 3a. m=6, n=0, p=1,
16. m=0, n=1, p=0, 26. m=2, n=1, p=1, 36. m=6, n=1, p=1,
1B. m=0, n=2, p=0, 2B. m=2, n=2, p=I1, 3B. m=6, n=2, p=I.

In order to determine the catalytic activity of synthesized polycrown esters,
the nucleophilic substitution reaction of bromine was studied.

u-C,H Br (org.) + KI (water) — u-C,H,I (org.) + KBr (water)
This reaction has previously been used by other researchers to evaluate the
effectiveness of crown-containing catalysts.
We examined the influence of the number of immobilized crown ether groups,
the presence of a connecting chain (spacer) between the crown ring and the

matrix, and the structure of the initial polymer carrier on the yield of n-butyl
iodide.
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Table 2 — Dependence of the yield of n-butyl iodide on the number of functional groups

Content of crown ether groups in polymer, % Output, %
- 4.1
7.1 93.3
16.2 99.1
324 92.3
50.0 83.1
64.2 77.4
92.0 72.1

An important parameter of catalysts is the number of active groups on the carrier,
since catalytic activity depends on the distance between active centers, which, in turn,
is determined by the degree of substitution. The table shows that the dependence of the
target product yield on the content of crown ether groups in the polymer passes through
a maximum.

Discussion. The catalytic activity of modified anion exchangers increases with the
degree of substitution up to a maximum value, which corresponds to the presence of 20%
active groups in the structure of the carrier, and then gradually decreases. Apparently,
a change in polarity in the microenvironment of the active center and a certain degree
of interaction between free and complexed cations during the reaction can weaken the
activity of the macromolecular catalyst at a high degree of substitution. However, there
are examples of the opposite effect of the number of active centers on the efficiency of
catalysts, i.e., this parameter requires optimization in each specific case.

It is known that the limiting stage in three-phase catalysis is the diffusion of reagents
into and out of polymer granules. Limited diffusion of reagents from the solution to the
active groups is one of the main obstacles to the use of polymer catalysts. This disadvantage
can be eliminated either by changing the nature of the polymer matrix and its morphology,
or by introducing spacer groups between the active center and the polymer backbone.
In the catalysts we synthesized, the macrocyclic fragment is connected to the polymer
matrix by a hydrocarbon chain of varying length. As expected, the reaction yield increases
with increasing length of the connecting chain. Thus, the yield of n-butylium iodide on
catalysts 1b, 2b, and 3b is 67.6, 79.4, and 90.1%, respectively.

The speed of reactions carried out under heterophasic conditions strongly depends
on both the degree of cross-linking and the morphology of macromolecules.

The effect of the degree of swelling was studied on catalysts based on AN-22 anionite
(Table 3).

Table 3 — Effect of crosslinking degree copolymer of styrene and divinylbenzene

Content crown ether, % DVW content, mol. % Output, %
Catalyst 2v
1 89,4
2 83,1
20 4 65,7
8 58,4
12 54,6
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10 1 82,1
2 64,5

Catalyst 2v
20 | 1 | 89,1

The table shows that as the amount of DVB in the anionite increases, the activity of
the catalyst decreases sharply.

The observed trend may also be caused by different diffusion rates of reagents
in the catalyst grain, associated with an increase in the density of cross-links in the
macromolecule and, accordingly, a decrease in the swellability of the polymer.

The influence of the morphology of the initial anion exchangers was studied on
catalysts obtained by immobilizing CSB15C5 on AN-21 gel, macroporous, and
macromolecular structures with a 1% cross-linking agent content (see Fig.). The figure
shows that the catalysts studied are ranked in the following order in terms of activity:
macro-mesh > macroporous > gel. The higher activity observed when using macro-mesh
anion exchangers (divinylbiphenyl instead of divinylbenzene) is due to the presence of
larger pores in the polymer mesh.

Conversion | Selectivity, %
100

90
80— 3
70—
60—
50—
40—
30—
20—

10—

0 \ \ T T T I \ |
0 15 30 435 60 75 90 105 120

Reaction time, min

Figure 1 — Kinetic conversion curves of n-butyloxide in the presence of catalysts macro-mesh (1),
macroporous (2) and gel (3) structures

The catalytic effect also depends on the nature of the salt cation used in the
nucleophilic substitution reaction in n-butyl bromide. The data in Table 4 show that
when crown-containing catalysts are used, the principle of matching the crown ring
cavity to the diameter of the salt cation is preserved.

Table 4 — Dependence of the catalytic activity of catalysts on the content of natural salts

Salt Catalyst Output, %
Catalyst 2v
KI 3B 99,1
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Nal 3B 96,4
KI 36 97,6
Nal 30 94,6
KI 3a 51,4
Nal 3a 56,2

The results obtained in this work show that the activity of immobilized crown ether
catalysts depends on many factors, among which the most important are the number
of crown ether groups, the composition and structure of the polymer matrix, which
determines the swelling of the carrier and the accessibility of active centers.

The mechanism of action of an interphase catalyst can be represented as follows:

P—CE*MVY+RX—P—CE*MX+RY (organic phase);
V-+ M + X- (aqueous phase).

When the interphase transfer catalyst is insoluble in both the organic and aqueous
phases, the interphase transfer catalyst will be present in the third phase, so that both
reactants are transferred to the third phase, where the two reactants are dissolved in each
other and the concentration is very high, which can show high reactivity, so that the
reaction rate is obviously improved.

The reaction should occur in the organic phase around the catalytic center. Anions are
exchanged at the water-organic phase interface with inorganic K+ cations and cations
on the P-KE polymer carrier in the aqueous and organic phases, respectively. Thanks to
the presence of a phase transfer catalyst, the negative ions involved in the reaction have
high reactivity, and the process is simplified.

Conclusion. In this work, crown ether derivatives were successfully immobilized
onto polymeric anion exchangers with different structural characteristics, resulting in
the formation of efficient polymer-supported interphase transfer catalysts. The obtained
materials combine the high complexing ability of crown ethers with the advantages of
heterogeneous systems, including stability, reusability, and ease of separation. It was
demonstrated that the catalytic activity of the synthesized systems strongly depends on
several key factors, including the structure and morphology of the polymer carrier, the
degree of crosslinking, the swelling ability of the matrix, and the content and spatial
accessibility of crown ether groups. In particular, macroreticular and macroporous
supports odecrieunBatot higher catalytic efficiency due to improved diffusion of reagents
and better accessibility of active centers.

The results of catalytic testing in nucleophilic substitution reactions confirmed that
polymer-supported crown ether catalysts exhibit high activity and selectivity under
interphase conditions. At the same time, an optimal concentration of active groups was
identified, at which maximum catalytic efficiency is achieved, indicating the importance
of balancing functionalization degree and microenvironment polarity. A significant
advantage of the developed catalysts is their heterogeneous nature. Being insoluble in
aqueous and organic media, they can be easily separated from the reaction mixture
by simple filtration and reused multiple times without significant loss of activity. This
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makes them particularly attractive for practical applications, including continuous-flow
processes and industrial-scale synthesis. In addition, the use of such catalysts contributes
to the development of environmentally friendly chemical technologies, as they reduce
the need for hazardous reagents, minimize waste generation, and allow the use of milder
reaction conditions.

Thus, polymer-supported crown ether catalysts represent a promising class of
interphase transfer catalysts with high potential for application in organic synthesis
and industrial processes. Further research should focus on optimizing the structure of
polymer matrices, improving mass transfer characteristics, and expanding the range of
catalytic reactions in order to fully realize their practical potential.
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