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Fluorine-containing heterocycles play a crucial role in modern pharmaceuticals, agro-
chemicals, and material sciences. The quest for effective and sustainable methods to prepare
fluorinated heterocycles has led to the exploration of various nanomaterials as potential ca-
talysts. Among these, carbon nanotubes (CNTs) have emerged as promising heterogeneous
catalysts for the multicomponent synthesis of heterocycles, thanks to their unique properties.
These properties include tunable surface chemistry, exceptional thermal and chemical stabi-
lity, and near-complete reusability. This review aims to provide an overview of the current use
of CNTs as catalysts in synthesizing fluorine-containing heterocycles via multicomponent
reactions. It serves as a valuable resource for practitioners interested in developing sustainable
and eflicient catalytic systems for synthesizing diverse fluorinated heterocyclic compounds.

Keywords: Fluorine-containing heterocycles, carbon nanotubes, tunable surface che
mistry.
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INTRODUCTION. One of the established
trends in modern medicine design is the se-
lective introduction of fluorine-containing
substituents into drug candidates [1-6]. This
strategy is typically employed to protect the
most oxidatively vulnerable positions, there-
by enhancing the metabolic stability of the
molecule. Additionally, selective fluorination
allows for precise fine-tuning of bioactivi-
ty and pharmacokinetics [7-12]. Over the
past 20 years, fluorine scanning and editing
have become standard steps in modern drug
design. Given that heterocyclic compounds
comprise over 80% of newly approved phar-
maceuticals, the synthesis of fluorine-con-
taining heterocycles is of paramount impor-
tance in modern pharmaceuticals [13-18].
Traditional synthetic approaches for prepar-
ing fluorinated heterocyclic molecules have
become outdated. The high costs, labor, and
material requirements fail to meet the grow-
ing demand for molecular diversity essential
for designing novel chemical architectures
with desired properties and bioactivity. The
search for effective and sustainable processes
for the preparation of heterocycles has led to
exploring various nanomaterials as potential
catalysts [19-25]. Carbon nanotubes (CNTs)
have recently emerged as promising hetero-
geneous catalysts for the multicomponent
synthesis of heterocycles due to their unique
properties, particularly their tunable surface
chemistry, exceptional thermal and chemical
stability, which allow for virtually complete re-
usability [26-30]. This review aims to provide
a snapshot of current activities using CNTs as
catalysts for synthesizing fluorine-containing
heterocycles via multicomponent reactions.
It serves as a valuable literature resource for
practitioners interested in developing sustai-
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nable and efficient catalytic systems for pro-
ducing diverse fluorinated heterocyclic com-
pounds.

CNT-Catalyzed synthesis of fluorine-con-
taining-heterocyclic compounds.

Nitrogen-containing heterocycles.

Nitrogen heterocyclic compounds hold a
paramount place in the pharmaceutical indust-
ry due to their diverse biological activities and
their role as key building blocks in many the-
rapeutic agents [31]. These compounds, which
include structures like pyridines, pyrimidines,
and imidazoles, are integral to the efficacy of
numerous drugs. Their presence often enhanc-
es the bioavailability, stability, and specificity
of pharmaceuticals, making them essential in
the development of treatments for a wide range
of diseases. The versatility of nitrogen hetero-
cyclic compounds allows for the fine-tuning
of molecular interactions within biological
systems, leading to improved drug-target in-
teractions and reduced side effects [32-37].
This makes them invaluable in designing novel
drugs with enhanced therapeutic profiles. As
research continues to uncover new applications
and mechanisms, the significance of nitrogen
heterocyclic compounds in drug discovery and
development only continues to grow, cemen-
ting their status as a cornerstone of medicinal
chemistry [38-42].

Acridinediones are crucial subunits within
heterocyclic systems, significantly influenc-
ing biology, pharmacy, and materials science
[43-47]. Kaya et al. [48] demonstrated that
carboxylic acid groups could be immobilized
on CNTs, exploring their catalytic properties
in the synthesis of acridinedione derivatives.
This breakthrough opened new avenues for
studying CNT catalysis, allowing comparisons
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with other carbon-based materials. After their
characterization, functionalized MWCNTs
(-MWCNTs) emerged as efficient catalysts
for synthesizing 1,8-acridinedione derivatives.
These derivatives were produced in quanti-
tative yields in a single step using dimedone,
aromatic aldehydes, and various anilines
(Scheme 1).
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Scheme 1. Preparation of fluorinated acridine-
diones.

The model reaction, catalyzed by f-MWCNTs
functionalized with carboxylic acid groups in
ethanol, showcased readily available, inexpen-
sive, non-toxic, and versatile biodegradable
catalysts. This highly uniform catalyst stands
out for its efficiency, providing the highest
yields and shortest reaction times. Its high
efficiency, low environmental impact, simple
work-up procedure, and easy purification are
the main advantages of this method.

Ultrasonic irradiation offers a robust and
eco-friendly method for enhancing multi-
component reactions (MCRs), providing ben-
efits such as thermal enhancement, agitation,
and activation [49]. Moradi and Zare intro-
duced a novel method for synthesizing me-
glumine supported on multi-walled carbon
nanotubes (MWCNTs@meglumine). This
catalyst demonstrated high efficiency in syn-
thesizing 1,4-dihydropyridine (1,4-DHP) de-
rivatives via the Hantzsch condensation (Sche-
me 2) [50].

https://ucj.org.ua

°} MWCNTs@meglumine
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Scheme 2. Synthesis of fluorinated 1,4-dihydro-
pyridines.

The reaction takes place at room temperature
in ethanol under ultrasound irradiation (70 W),
utilizing various aldehydes, ammonium acetate,
and either ethyl acetoacetate or dimedone. The
resulting product yields range from 82-95%
(Scheme 4). The catalyst can be recovered and
reused up to four times without any noticeable
decrease in product yields, highlighting its high
efficiency and reusability. This method offers
multiple benefits, including the use of a new and
highly effective heterogeneous catalyst, short
reaction times, high to excellent product yields,
and safe and clean conditions.

Magnetic multi-walled CNTs were func-
tionalized with polyamidoamine (PAMAM)
dendrimers and modified with butylsulfonate,
resulting in MMWCNTs-D-(CH2)4-SO3H.
This nanocomposite efficiently catalyzed fo-
ur-component and three-component reactions
to synthesize dihydro-1H-indeno[1,2-b]pyri-
dines 10 and tetrahydrobenzo[b]quinolones
11, achieving isolated yields of 85-98% and
80-98%, respectively (Scheme 3). Maleki and
his colleagues [51] demonstrated the use of
MMWCNTs-D-(CH2)4-SO3H in a mixture of
96% ethanol and 4% water under reflux condi-
tions as a catalyst for the efficient production
of the desired products via multicomponent
cyclocondensation reactions.
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Scheme 3. Synthesis of fluorinated dihydro-
1H-Indeno[1,2-b]pyridines and tetrahydrobenzo-
[b]quinolines.

These reactions were performed using rea-
dily accessible fluoro-aldehydes, 1,3-dicarbo-
nyl compounds such as ethyl acetoacetate,
1,3-indanedione, and dimedone, along with
ammonium acetate or malononitrile. Addi-
tionally, the catalyst could be conveniently re-
covered using magnetic techniques and reused
several times without any loss in its catalytic
activity.

Recently, Maddila et al. [52] reported a sim-
ple and environmentally-sounding method
for synthesis of composite catalysts consist-
ing of ceria-doped multi-walled CNTs (CeO2/
MWCNTs). They used this nanocomposite to
synthesize pyridine-3-carboxamide derivatives
12 through a four-component reaction involv-
ing acetoacetanilide, ammonium acetate, flu-
orine-substituted benzaldehyde 2, and ethyl
cyanoacetate (Scheme 4).
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Scheme 4. Synthesis of fluorinated pyridine-3-
carboxamides.
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The reaction was carried out at ambient
temperature in ethanol. This method has se-
veral notable advantages - it is simple to ope-
rate, has an easy work-up procedure, is cost-ef-
fective, avoids toxic solvents, reduces reaction
times, ensures high yields, and eliminates the
need for column chromatography. Moreover,
the catalyst can be recycled and maintains
its catalytic activity over several consecutive
cycles.

Manganese oxide is a highly promising
catalyst in organic synthesis and serves as a
cathodic material in electronics. The use of
manganese oxide-doped multi-walled carbon
nanotubes (MWCNTs) can greatly enhance
catalytic properties in multicomponent reac-
tions (MCRs). Maddila and colleagues [53]
developed MWCNTs infused with manganese
oxide, creating (Mn304)-doped MWCNT
nanocatalysts for use as heterogeneous cata-
lysts in the preparation of quinolone moie-
ties 13 (Scheme 5). The catalyst's effective-
ness was evaluated in an efficient three-com-
ponent reaction involving fluoro-aldehydes,
1,3-cyclohexanedione, and 5-amino-3-me-
thyl-1-phenylpyrazole, in the presence of Mn-
doped MWCNT nanoparticles. This hetero-
geneous, eco-friendly, recyclable, and efficient
catalyst afforded the desired quinoline deri-
vatives in good to excellent yields (92-98%)
under environmentally conscious conditions.
This protocol offers several advantages: it is
simple to operate, easy to handle, affordable,
and involves short reaction times with no toxic
solvents. The yields are synthetically attractive,
and there is no need for tedious work-ups. Ad-
ditionally, the catalyst can be easily separated
and reused.
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Scheme 5. Preparation of fluorine-containing
quinolines.

1,4-Dihydropyridines (DHPs) possess no-
table antitumor and antibacterial properties,
making them desirable calcium channel blo-
ckers for treating cardiovascular diseases
[54-56]. Chen et al. have reported the success-
ful use of a CNT-supported cobalt heteroge-
neous catalyst for synthesizing 1,4-DHPs 13
(Scheme 6) [57]. This synthesis was achieved
by reacting various aromatic fluorine-con-
taining aldehydes 2 and 1,3-diketones in an
aqueous ethanol solution at 50°C. The result-
ing yields ranged from good to excellent. The
CNT-catalyst could be conveniently recovered
and reused. The advantages of this approach
include using ethanol as an abundant and
sustainable solvent, low catalyst loadings and
short reaction times.

O O o) (0]
M cobalt CNTs
OEt = =
o 4+ R™R

N H O Noac
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Scheme 6. Preparation of fluorinated deriva-
tives of 1,4-DHPs.

The research group led by Maddila reported
the synthesis of a simple and efficient RuO2/
MWCNT catalyst and investigated its cataly-
tic activity in an environmentally sound, green
synthesis of sulfonyl-quinoline derivatives
(Scheme 7) [58]. This was achieved through a

https://ucj.org.ua

one-pot, four-component reaction involving
fluorinated aldehydes, dimedone, phenylsulfo-
nyl acetonitrile, and NH4OAc in ethanol, re-
sulting in excellent yields (91-98%) of the de-
sired products (Scheme 9). The catalyst could
be easily separated from the reaction mixture
and recycled up to eight times through simple
filtration without a significant reduction in its
catalytic efficiency. This protocol offers nume-
rous advantages, such as being easy to handle,
environmentally friendly, cost-effective, and
having a short reaction time. The process is
straightforward and adheres to green chemi-
stry principles. Additionally, there is no need
for purification by column chromatography,
making the procedure synthetically attractive.
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Scheme 7. Preparation of fluorine-containing
sulfonyl-quinolines.

RuO,/MWCNT

In another study [59], the catalytic acti-
vity of cerium oxide (CeO,) supported on a
nanocomposite of iron oxide and multi-wal-
led carbon nanotubes (Fe;O,-MWCNT) was
explored. Maddila's team described a con-
venient impregnation method to create the
Fe;04,-MWCNT@CeO, nanocomposite. They
then utilized a one-pot technique to synthe-
size series of tert-butyl-quinoline derivatives
13 via a four-component reaction involving
fluorine substituted aromatic aldehydes 2, di-
medone, 3-butylacetoacetate, and NH,OAc
(Scheme 8). The catalytic performance was
studied in aqueous ethanol. The catalyst's high
specific surface area, porosity, unique exposed
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surfaces, and stability contribute to its ove-
rall efficiency. The catalyst demonstrated high
activity, as indicated by its notable turnover
frequency. The use of ethanol as a green sol-
vent provides an efficient and recyclable cata-
lytic approach under operationally convenient
conditions, yielding products 13 with high
(90-97%) yields. This nanocomposite proved
to be cost-effective and eco-friendly. Com-
pared to current commercial methods, this
new approach offers superior sustainability
and efliciency.

O O 0. (o]
MOEt U Fe;0,-MWCNT@CeO,
0 0 7 &

+ RTTR

¢ H

X

NOAc

Scheme 8. Synthesis of fluorine-containing of
1,4-DHP derivatives.

Pyridines are crucial heterocyclic com-
pounds found in various natural products
and pharmaceuticals [60]. In 2019, Basave-
gowda et al. synthesized Fe;O,-multi-walled
CNTs (FesO4,-MWCNTs) [61]. These nano-
particles served as an efficient heterogeneous
nanocatalyst for synthesizing polyfunctiona-
lized pyridines (Scheme 9). This was achieved
by condensing different ketones 15, aromatic
fluorine-containing cinnamaldehydes 16, and
ammonium acetate in water, which acted as
a green solvent at ambient temperature. The
method successfully produced pyridine deri-
vatives 17 with excellent yields. The nanoca-
talysts could be conveniently recovered using
an external magnet, eliminating the need for
filtration, and reused multiple times without
significant loss of activity [61].
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Scheme 9. Preparation of fluorine-containing
pyridines 17.

Abdolmohammadi and her colleagues de-
veloped a new and practical method for syn-
thesizing titanium oxide immobilized on mul-
ti-walled CNTs [62]. This resulted in the cre-
ation of a nanocatalyst known as TiO,-CNTs,
which was used for the synthesis of 2-amino-
5-o0x0-4-aryl-5H-chromeno[4,3-b]pyridin-
3-yl cyanide derivatives 18 (Scheme 10). The
study showed that TiO,-CNTs acted as a re-
usable and neutral heterogeneous catalyst,
facilitating the formation of desired products
through a three-component reaction involv-
ing 4-aminocoumarin, aromatic fluorine-sub-
stituted aldehydes 2, and malononitrile in an
aqueous medium under ultrasonic irradiation.
The nanocatalyst could be recovered and re-
used multiple times. This protocol offers sus-
tainable and economic benefits, including high
product yields, short reaction times, a simple
work-up procedure, and the use of a non-toxic
and reusable catalyst.

NH, CN
N <CN TiO;-CNTs
+ - ultrasonic irradiation
o0 H,0
Ty
X
F 2

Scheme 10. Preparation of fluorinated 5H-chro-
meno(4,3-b]pyridin-3-yl cyanides 18.

Zhang and colleagues successfully synthe-

sized a magnetic copper catalyst supported on
CNTs (CoFe204/CNT-Cu) and investigated

ISSN 2708-129X. VKp. Xim. XypH., 2024



N.V. Lyutenko, J. Han, A. Wzorek, K.D. Klika, T. Ono, V.A. Soloshonok

UCJ N 6 / Vol. 90

its catalytic efficiency in the one-pot synthesis
of 3-nitro-2-arylimidazo[1,2-a]pyridine ana-
logues 20 (Scheme 11) [63]. This was accomp-
lished by condensing fluorinated 2-aminopyri-
dines 19 with various also fluorine-containing
aldehydes 2 and nitromethane. The reactions,
carried out in PEG 400 under aerobic con-
ditions, yielded high amounts of the target
products. Notably, the catalyst maintained its
activity over eight reuse cycles. This method
offers several advantages, including short re-
action times, eco-friendly conditions, simple
purification, and catalyst recyclability. Interes-
tingly, this reaction utilized fluorine substitu-
tion on two of the three components, incorpo-
rating both fluorine atoms and trifluoromethyl
groups, resulting in products 20 with multiple
fluorine substitutions.

R

R
X
CH3NO NN =N =\ F
[/j\ NO2 ke ouonTCcu [¥ p >
N"ONH, ¥ 0 —————————~ N \ 7/
19 A" H NO,
2 20

R =H, 4-Me, 5-F
Ar = CgHs, 3-FCgHj, 4-FCgHy, 3-CF3CqH,

Scheme 11. Synthesis of fluorine-containing
3-nitro-2-arylimidazo[1,2-a]pyridines.

Tetrazole has gained recognition as a versa-
tile synthon and promising building block, no-
table for its ability to participate in multicom-
ponent reactions (MCRs) and generate diverse
heterocyclic structures [64]. Structural modifi-
cationssuch as substitution, functionalization,
and cyclization-can fine-tune the bioactivity
and pharmacological properties of tetrazole
derivatives.

Heterogenizing carbon nanotubes (CNTs)
on conductive supports presents a significant
challenge but has sparked considerable inte-

https://ucj.org.ua

rest. In response, Koukabi and colleagues de-
veloped a novel, practical, eco-friendly, and
cost-effective heterogeneous catalyst for grow-
ing stable metallic copper (II) nanoparticles
[65]. The process begins with synthesizing
Fe304-CNT by depositing nanoparticles onto
a magnetic CNT support. This support is then
functionalized with triethanolamine (TEA), a
low-cost and non-toxic ligand used to capture
the copper nanoparticles. The resulting cata-
lyst, denoted as Fe304-CNT-TEA-Cu(II), was
synthesized using readily available materials.
This Fe304-CNT-TEA-Cu(II) nanocatalyst
was employed in the synthesis of 5-substi-
tuted fluorinated 1H-tetrazole derivatives 21
(Scheme 12) via an MCR approach, involving
the reaction of aromatic aldehydes, hydroxyl-
amine, and sodium azide at 70°C in dimethyl-
formamide (DMF). This protocol boasts seve-
ral advantages, including low catalyst loadings,
broad substrate compatibility, easy magnetic
separation of the catalyst from the reaction
mixture, short reaction times, simple workup,
affordability, and excellent yields [66].

NHOHHCI Hn-N
NaN, * Fe,04~CNT-TEA-Cu(ll) F -
N Ny N
|
| v _
F 2 21

Scheme 12. Synthesis of fluorinated 5-substitu-
ted 1H-tetrazoles.

Safari and Gandomi - Ravandi successfully
synthesized Pt-CNTs, which demonstrated ex-
cellent catalytic efficiency [67]. These nanopar-
ticles were first utilized in a multicomponent
reaction (MCR) synthesis, where they facili-
tated the formation of 2,3-dihydroquinazo-
lin-4(1H)-one derivatives 22 through a three-
component coupling reaction of isatoic anhyd-
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ride, fluorine-containing aldehydes 2, and ami-
nes (Scheme 13). The reaction was conducted
with ultrasonication in ethanol. This novel
catalyst offers a promising alternative for syn-
thesizing pharmacologically significant quina-
zolinones. The method boasts several advan-
tages, including environmental friendliness,
catalyst reusability up to five times, high yields,
short reaction times, simple work-up proce-
dures, and the use of readily available starting
materials. Consequently, this approach repre-
sents a synthetically attractive method for pre-
paring dihydroquinazolinones 22.

NH, =
R o
I o XN R
OEt
/N‘N NH

bh * O TIO,/ICNT _

ultrasonication

solvent free 0

z
:\Z)»_\Z/
N —
[X]

Scheme 13. Synthesis of dihydroquinazolino-
nes.

a-Aminophosphonates, the phosphorus ana-
logues of amino acids [68-71], demonstrate
bioisosterism and are medicinally important
scaffolds possessing a diverse range of biologi-
cal activities [72-76]. Therefore, their synthesis
[77, 78], particularly fluorinated derivatives,
has received significant attention [79-83]. Ra-
manas group reported the use of a TiO2/CNT
nanocomposite as a heterogeneous catalyst for
MCR synthesis of substituted a-aminophos-
phonates 23 by reacting a mixture of 4-amino-
antipyrine, aromatic aldehydes 2, diethyl phos-
phite, and TiO,/CNT nanocomposite under
ultrasonication and solvent-free conditions
(Scheme 14) [84]. This methodology ofters
some advantages, such as a short reaction time,
solvent-free conditions, convenient work-up,
synthetically yields and reuse of the catalyst.
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Scheme 14. Synthesis of antipyrine based fluo-
rine-containing a-aminophosphonates.

Other types of heterocyclic systems.

Hote et al. developed chitosan-supported
ionic liquid CNTs (CSIL@CNTs) as a novel,
highly reusable, and metal-free catalyst. This
catalyst was employed in a one-pot, four-com-
ponent reaction involving phenyl hydrazine,
ethyl acetoacetate, 4-hydroxy coumarin, and
fluoro-substituted aldehydes2 in aqueous etha-
nol. The reaction produced highly functionali-
zed and biologically relevant benzyl pyrazolyl
coumarin derivatives in high to excellent yields
(Scheme 15) [85].This approach offers several
significant advantages. Firstly, CSIL@CNTs
can be recycled without losing catalytic ac-
tivity. Secondly, high conversion levels can be
achieved under reflux conditions without the
need for an inert atmosphere. Additionally, the
reaction rates are high, eliminating the need
for chromatographic purification. Finally, the
work-up procedure is straightforward, and the
catalyst is easy to prepare. Furthermore, the
method exhibits notable chemoselectivity.

OH .
©\)1 M __cookt OH A o
X
070, o CSIL@CNTSs MN—%
H
N N OH

- . o0 X0 NH

Ph™NH, (. 23

F 2

Scheme 15. Synthesis of fluorinated benzyl
pyrazolyl coumarin derivatives.
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Tabatabaeian reported a novel and highly
efficient ruthenium-based catalyst, Ru@SH-
MWCNT, prepared by immobilizing Ru(CO)4
on functionalized MWCNTs [86]. This hetero-
geneous catalyst was successfully employed
in the MCR of fluorinated benzaldehydes 2,
B-naphthol, and dimedone to synthesize deri-
vatives such as 14-aryl-14-H-dibenzo[a,j]xan-
thenes 24, 1,8-dioxo-octahydroxanthenes 25,
and tetrahydrobenzo[a]xanthene-11-ones 26
(Scheme 16). The reactions were carried out in
ethanol under reflux conditions with ultraso-
nic treatment, resulting in yields ranging from
good to excellent. The catalyst could be reco-
vered and reused at least four times without
any noticeable loss of activity.

o}
Ny RU@SH-MWCNT

B Method A: EtOH, reflux
F 2 Method B: ultrasound

Scheme 16. Synthesis of fluorinated xanthene
derivatives.

Group led by Naeimi described a conve-
nient synthetic approach to the synthesis of
pyrano(2,3-d]pyrimidine derivatives 27 (Sche-
me 17) [87] using MCRs under ultrasonic and
nanocatalytic conditions. The Knoevenagel re-
action products 27 were synthesized by reacting
a series of fluorine-containing aldehydes 2 with
3-diethyl barbituric acid and malononitrile

https://ucj.org.ua

using Cu/Co/Ni/MWCNTs as the catalyst in
anaqueous ethanol under ultrasonic treatment
(55 W) at ambient temperature. The products
27 were obtained in excellent yields (>95%).
The use of ultrasonication allowed toreduce
the reaction time. The catalyst was found to be
both recoverable and highly stable when sub-
jected to ultrasonic treatment. The utilization
of trimetallic MWCNTs proved to be extremely
effective in the synthesis of pyrano[2,3-d]pyri-
midine derivatives 69. This is due to the nature
of the active site, cost-effective catalyst loading,
simple work-up, ability to be reused, and envi-
ronmentally friendly reaction conditions.

o Ar
N\ le) 0
NC CN CN
o * T\;\/ CU/Co/NI/MWCNTs \NJ\/'K\/'[
- \H/ > ultrasonication )\N o NH
X H e} H,O:EtOH (1:1) 2
| |
N\ 27

2

Scheme 17. Synthesis of fluorine-containing
pyrano[2,3-d]pyrimidine derivatives.

Spiro compounds are widely used in medi-
cinal chemistry due to their presence in a
numerous natural productsas well as in syn-
thetic molecules of biological relevance [88].
Sharghi et al. described synthesis of bis-spiro
piperidines 29 (Scheme 18) in high yields via
coupling of dimedone, formaldehyde with
fluorinated anilines 28 in the presence of
Fe/MWCNTs in dichloromethane at ambient
temperature (Scheme 33) [89]. This nanocata-
lyst demonstrated high efficiency and reusabi-
lity, making it advantageous for one-pot synthe-
sis. The protocol benefitted from operationally
convenient reaction conditions, short reaction
times, simple purification, and high yields.
Furthermore, the catalyst can be recycled up to
ten times without any loss of catalytic proper-
ties. It should be emphasized that this example
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stands out from the previously discussed data,
as in this case, the fluorine is located not on the
carbonyl compound (benzaldehydes) but on
the amino group-bearing reagent.

N © O FemweNTs
. CHoCly, 1t | g |
o 2o

Scheme 18. Synthesis of fluorinated bis-spiro-
substituted piperidines.

Fluorine-containing amines are an impor-
tant class of biologically active compounds and
have been a focus of the synthetic communi-
ty for quite some time [90-94]. Rakhtshah et
al. described synthesis of a heterogeneous na-
nocatalyst formed by immobilizing a Co(II)
Schiff base complex on MWCNTTs. The catalyst
proved to be a convenient, eco-friendly, and
recyclable aggregation. It was applied for the
one-pot three-component synthesis of 1-ami-
doalkyl-2-naphthols 30 (Scheme 36) [95] by
the cyclocondensation of 2-naphthol with
acetamide and fluorinated aldehydes 2 under
solvent-free conditions. The reported proce-
dure offered numerous advantages including
stability, recyclabilityas well as operationally
convenient experimental conditions and sim-
ple work-up procedures.

Os_R
OH le) = Y
Feo |
+ X NH
oR NH, catalyst

OH

N L

N

F 2 30

Scheme 19. Synthesis of fluorine-containing
amidoalkylnaphthol derivatives.
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CONCLUSIONS. Based on the data dis-
cussed in this article, it is evident that the
synthesis of fluorine-containing heterocycles
via CNT catalysis is largely underdeveloped.
While there are numerous examples of vari-
ous CNT catalysts and heterocyclic systems,
fluorine-containing reagents are limited to
fluorine-substituted benzaldehyde. Addition-
ally, the incorporation of fluorine atoms in
these systems is mostly restricted to a single
fluorine in the para position on the aromatic
ring.

Despite this, the data suggests that fluorine
atoms do not interfere with CNT catalysis. The
size, electronegativity, and lipophilicity of fluo-
rine appear to have minimal, if any, impact
on the outcome of CNT-catalyzed heterocy-
clization. Given the significant importance of
fluorinated heterocyclic compounds in the
pharmaceutical, agrochemical, and materials
industries, and the advantages of CNT-cata-
lyzed reactions, it is anticipated that there
will be a substantial increase in research in
this area.
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@TOpPOBMICHI TeTEPOLMKIN  BiflirparoTh
BUPILIaJIBHY POJIb Y CYYacHiil dapmareBTn-
11i, arpoxiMil Ta MarepianosHaBcTBi. Ilomykn
epeKTUBHUX i CTIIKMX MeTOHiB OTPUMAaHHS
(TOpOBaHMX TeTEPOLVKIIB CTaaM IIPUYN-
HOIO JOC/II/KEHHA pi3HUX HaHOMATepiasliB AK
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MOTEHITHMX KaTtajizatopiB. Cepes HUX BYT-
neueBi HaHoTpy6ku (BHT) cranmm mepcmex-
TUBHUMM TE€TEPOTEHHUMM KaTajli3aTopamu
I 6araTOKOMIIOHEHTHOTO CUHTe3y IeTepo-
LMK/IB 3aBJAKM CBOIM YHiKa/JIbHUM BJIaCTH-
BoCcTAM. 1li BIacTMBOCTI BKIIOYAOTh y cebe
perynboBaHmii XiMiYHNUI CK/IaJ, IIOBEPXHi, BU-
HATKOBY TEepPMiYHYy Ta XiMiuHy cTabiNbHICTDH
i MOX/IMBICTb MalKe IIOBHOTO IIOBTOPHOTO
BUKOpucTaHHA. Lle gocifkeHHsa Mae Ha MeTi
HaJlaTy OIJIAJ MOTOYHOTO BUKopuctanHa BHT
AK KaTaji3aTtopiB y cuHTe3i GTOPBMICHMX re-
TepPOLVIK/IIB 3a J[OIIOMOTO0 6araToKOMIO-
HEHTHMX peakuin. BiH € HiHHMM pecypcoMm
VIS IPAKTYKIB, 3alliKaBIeHNX y po3poOIeHHi
CTIIKMX Ta eeKTUBHUX KaTaITUYHUX CUC-
TEeM JJIS1 CHTe3Y Pi3HOMaHITHIX TOpOBaHUX
reTepOLUMK/IIYHUX CIIONYK.

Knrouosi cnoBa: GpTopBMicHi reteporukim,
ByIJlelleBi HaHOTPYOKM, peryIboBaHa XiMid
IIOBEPXHi.
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