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An overview of the synthetic strategies of C3-
symmetric polymeric materials containing benzene
and triazine cores and their biomedical applications
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C3-symmetric star-shaped materials are an emerging category of porous organic polymers with distinctive
properties such as permanent porosity, good thermal and chemical stability, high surface area, and
appropriate functionalization that promote outstanding potential in various applications. This review is
mostly about constructing benzene or s-triazine rings as the center of C3-symmetric molecules and
using side-arm reactions to add functions to these molecules. Over and above this, the performance of
various polymerization processes has been additionally investigated in detail, including the trimerization
of alkynes or aromatic nitriles, polycondensation of monomers with specific functional groups, and
cross-coupling building blocks with benzene or triazine cores. Finally, the most recent progress in
biomedical applications for C3-symmetric materials based on benzene or s-triazine have been
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1. Introduction

Geometry in materials science relies heavily on the symmetry of
molecular building components. In particular, C3-symmetric
geometries are present in star-shaped molecules, dendrimers,
molecular cages, metal-organic frameworks (MOFs), and cova-
lent organic frameworks (COFs)." C3-symmetric conjugated
aromatic compounds have applications ranging from opto-
electronic and self-assembling systems to liquid -crystals,
mesogens, and nonlinear material optics.*® Notably, C3-

“Chemistry Department, Faculty of Science, King Abdulaziz University, Jeddah 21589,
Saudi Arabia. E-mail: maabdo@kau.edu.sa; mahussein74@yahoo.com; kaalamri@
kau.edu.sa

*Chemistry Department, Faculty of Science, Assiut University, Assiut 71516, Egypt

Maha A. Alshubramy is a PhD candidate in the Chemistry
department at King Abdulaziz University. She obtained her
master's degree in organic synthesis from Qassim University in
2020. Her research focuses on synthesizing small molecules and
building blocks for functionalized polymeric compounds with
nanomaterials.

© 2023 The Author(s). Published by the Royal Society of Chemistry

symmetric molecules have good physicochemical characteris-
tics, making them useful as active building blocks in electronic
devices, including organic field-effect transistors (OFETs),
organic photovoltaic devices (OPVs), organic solar cells (OSCs),
and organic light-emitting diodes (OLEDs).>**> Further, C3-
symmetric star-shaped molecules are used in various biomed-
ical and pharmaceutical applications. For example, it was
recently designed to use old drugs that function as tripod
scaffold arms or as carriers of medicines with biologically active
molecules immobilized on the star arms. In addition, C3-
symmetric star-shaped molecules are applied in imaging cancer
cells through fluorescence, as potent allosteric antagonists of
P2X receptors, and in synthetic transport systems, besides their
biological activities as antioxidants and antibacterials."**” In
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view of these interesting applications, numerous C3-symmetric
aromatic molecules have piqued the interest of synthetic
chemists and opened up new avenues for synthesis. Synthesis of
certain molecules might begin with aldol-like events involving
condensation of carbonyl compounds, cyclotrimerization reac-
tions involving alkynes, or the functionalization of appropri-
ately geared building blocks.

Therefore, a comprehensive view summarizing these
compounds’ synthetic strategies and polymerization techniques
is worthwhile to provide a well-organized and methodical
overview. To the best of our knowledge, several other reviews
have emerged concerning the chemistry of star-shaped mole-
cules and triazine-based organic framework. However, partic-
ular attention to synthesizing C3-symmetric compounds based
on benzene or s-triazine cores in an organized manner to
construct the core, the reaction of side arms, as well as poly-
merization techniques have yet to be reported. Given this, we
have covered the literature to give an example of each method
and discussed the synthetic strategies in a simplified manner to
provide a better understanding for future researchers to modify
these methods.

2. Formation of the core by different
trimerization reactions

2.1. [2+2+2] Cyclotrimerization reactions

The transition-metal-catalyzed [2+2+2] cyclotrimerization of
alkynes is considered the most classical method for efficiently
synthesizing benzenes and analogous aryl derivatives.'®>"
Mainly used catalysts consisted of Ti, Zr, Mo, Fe, Ru, Co, Rh, Ir,
Ni, and Pd; however, the main challenges are chemo and
regioselectivity issues, which generally result in a complex
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mixture of products.*** A limited amount of literature discov-
ered methods to solve this problem, such as Grubbs-catalyzed 2-
propynyl derivatives in DCM gave a mixture of products. Simi-
larly, Kotha et al. exploited the ruthenium-catalyzed [2+2+2]
cyclotrimerization reaction to generate star-shaped compounds
that form various compounds, the depropargylated product and
1,2,4-trisubstituted with 1,3,5-trisubstituted, which was hard to
purify by column chromatography (Table 1, entry 1-a).*

Nevertheless, K. Yang and co-workers recently reported
nickel-catalyzed regioselective cyclotrimerization of terminal
alkynes in good yields to synthesize C3-symmetry benzenes.
This process features a cheap catalyst and mild reaction
conditions; likewise, the NiB(OH), complex is generated in situ
from NiCl,-DME and tetrahydroxydiboron could act as active
catalysts. The hydrogen bonding between the hydroxyl groups
on boron and the terminal alkyne plays an essential role in
controlling the regioselectivity by orienting the coordination of
the terminal alkynes to the nickel center (Table 1, entry 1-b).>*

On top of that, polymer-assisted cobalt catalysis was used to
synthesize triarylbenzenes with C3-symmetry through the
[2+2+2] cyclotrimerization of terminal aryl alkynes. A complex
poly(4-vinylpyridine)-cobalt(u) system was used as a stable and
reusable heterogeneous catalyst. The cobalt catalyst showed the
highly selective formation of 1,3,5-triarylbenzene without
forming 1,2,4-triarylbenzene. Moreover, the polymer-supported
catalyst was successfully recovered and used three times (Table
1, entry 1-¢).*®

2.2. Alkenes with metal-catalysts

Palladium-catalyzed formation of tri-substituted benzene
derivatives with C3-symmetry from alkenes bearing electron-
withdrawing groups has been reported frequently.>*** Tam-
aso et al. developed a triannelation reaction by Pd(OAc),,
HPMogV,, acetalization of acrylate with methanol, followed by
trimerization reaction of the acetal by CeCl; (Table 1, entry 2-
a).”* Withal, a facile palladium catalyst system was developed
for the highly regioselective cyclotrimerization of olefins
bearing electron-withdrawing groups in PdCl,/O,/DMF (Table
1, entry 1-b).*” Furthermore, S. Midya reported a room-
temperature catalytic pathway for benzene derivatives with
C3-symmetry from nitroalkenes in the presence of Pd(OAc),
(Table 1, entry 2-c).>®

2.3. Acetyl arenes

The trimerization reaction was achieved through the use of
acetyl arenes in acid-catalyzed. The cyclization occurs through
a variety of catalysts, such as thionyl chloride SOCI,, 4-dode-
cylbenzene sulfonic acid DBSA, triflic acid CF;SO3H,** phos-
phoric acid,* titanium tetrachloride TiCl, (ref. 32) and silicon
tetra-chloride SiCl,.**

Shimasaki et al. established the reaction of acetyl arenes with
DBSA in xylene at 130 °C for 1 day to afford the corresponding
trimerized products in 66% yield. Equally, the product was
obtained in 52% yield using thionyl chloride in EtOH at 80 °C
for 8 h or silicon tetrachloride in EtOH at room temperature for
15 h (60% yield) (Table 1, entry 3-a).** Also, the treatments of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Synthetic strategies for cores construction by different trimerization reactions

Entry  Type of trimerization Reaction Reaction conditions Ref.
Ar CysR Ph
/ ol R~
Cl
1 [2+2+2] Cyclotrimerization // - > PCys 23
reactions Ar (a) G-1, toluene, 80 °C, 24-54 h
Ar Ar (b) B,(OH),, NiCl,-DMF, CH;CN, 80 °C,12h 24
(¢) PAVP-CoCl, II, DIPEA, 150 °C, 24 h, N, 25
R (a) Pd(OAc),, HPMogV,, CeCly 26
(b) PACl,, O,, DMF 27
2 Alkene /\ R (C) Pd(OAC)Z, RT 29
R R
Ar (a) DBSA, m-xylene, 130 °C, 24 h. 34
SOCL,, EtOH, 80 °C, 8 h
o (b) SiCl,, EtOH, 0 °C to RT, 24 h 35
3 Acetyl arenes )k (c) CF3SO;H, toluene, 110 °C, 8 h 36
Ar Ar Ar (d) Triethyl orthoformate 37
(e) HyPW1,0,0 MW 38
(f) Ethylenediamine TFA, 24 h, CH;NO, 39
Ar
- Ar )\
4 Nitrile X — NN CF,S0;H, CHCl,, 0 °C, 24 h 40
)\ /)\
Ar N~ "Ar
O._Ph
Ph
5 Alkynyl ketone /&O DMF, toluene, 48 h 41
—_—
Z o} o
Ph Ph
o
)J\/A )‘E[ /@\ (a) DBU, THF, RT 46
M . (b) Water, 150 °C 47
6 Condensation
reaction
O
@Eﬁ — (c) TiCl,, CI(CH,),Cl, 51

various acetylated thiophene derivatives with SiCl, in EtOH
afforded the same thiophene-containing star-shaped molecule
(Table 1, entry 3-b).*® Okumoto and Shirota reported a CF;SO;H-
catalyzed trimerization reaction to synthesize a benzene core
from 4-acetylbiphenyl (Table 1, entry 3-c).** Moreover, triethyl

© 2023 The Author(s). Published by the Royal Society of Chemistry

164 °C, 30 min

orthoformate was utilized to generate C3-symmetric building
blocks from bromoacetophenone (Table 1, entry 3-d).*” Ram-
shini et al. developed a triple condensation reaction of aryl
methyl ketones catalyzed by (HeP,W;306,)/NCP under solvent-
free conditions (Table 1, entry 3-e).*® Additionally,
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ethylenediamine and trifluoroacetic acid were reported to
afford 1,3,5-triaryl benzenes from aryl methyl ketones under
mild conditions in good yields (Table 1, entry 3-f).*® On the
other hand, Kotha and the team treated thiophene-2-
carbonitrile with F;CSOz;H in dry chloroform at room temper-
ature, generating the s-triazine as the central core in 85% yield
(Table 1, entry 4).*

2.4. Alkynyl ketone

Alkynyl ketones, such as benzoylacetylene derivatives, were
trimerized by organocatalytic or thermally induced for
synthesizing the corresponding benzene core (Table 1, entry
5). Pigge et al. approached (4-nitrobenzoyl) acetylene in DMF
and toluene to deliver C3-symmetry 1,3,5-tris(4-nitrobenzoyl)
benzene in 72% yield. Furthermore, Hiaki and co-workers
explored the metal-free method by studying the reaction
mechanism; the researchers discovered that enolate is the
essential intermediate in the trimerization of alkynyl ketone
to construct 1,3,5-tribenzoylbenzene under high pressure and
hot water.****

2.5. Carbonyl compounds

Benzene as a central core was synthesized by [2+4] annulation
of a,B-unsaturated carboxylic acids, or a-cyano-f-methylenes
to obtain the C3-symmetry compounds. The a,B-unsaturated
compound was activated via DBU as the significant step in
assembling the benzene ring, which worked as Brgnsted base
and nucleophile (Table 1, entry 6-a).*®

More than that, the ability of enaminones to furnish C3-
symmetry benzenes via cyclotrimerization in excellent yield and
high regioselectivity was introduced. However, the reaction
usually works under acidic media or with additives like pyridine
in a number of cases. Recently, more environmentally friendly
cyclotrimerized enaminones used water as the solvent and
a small amount of lactic acid as a catalyst (Table 1, entry 6-
b)‘47750

The cyclotrimerization of cyclic ketones through an aldol
trimerization reaction is a powerful tool for synthesizing tris-
fused benzene rings. Aaron and co-workers studied certain
factors that can enhance cyclotrimerizations methodology. The
factor that played a substantial role in successful aldol cyclo-
trimerization is dehydration of the starting aldol dimer to o,p-
unsaturated ketone, while PB,y-unsaturated eliminates any
possibility of producing the cyclic trimer (Table 1, entry 6-c).>"*
The following Table 1 presents a summary of the above
techniques.

3. Functionalized side arms

3.1. Van Leusen oxazoles reaction

A Van Leusen oxazole reaction was utilized to synthesize star-
shaped oxazole derivatives. The trisaldehyde derivative reacted
with tosylmethyl isocyanide (TosMIC) in the presence of
potassium carbonate and MeOH to afford the oxazole-
containing star-shaped molecule. The designed trialdhyde was

formed in two ways, tribromo with #nBuli and N-
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formylpiperidine or formylation of tristhiophene derivative by
Vilsmeier-Haack reaction using POCl; in DMF (Table 2,
entry 1).5>

3.2. Wittig and related olefination

Star-shaped with alkene side arms are synthesized by an olefi-
nation in which aldehydes or ketones are reacted with phos-
phorus ylides to produce alkene. Frejd and co-workers
examined a procedure to develop star-shaped derivatives based
on amino acid (Table 2, entry 2).** To create trifunctional
alkenes, Horner-Wadsworth-Emmons olefination was used. As
a result of reacting 1,3,5-triformylbenzene with the Wittig
reaction, a 54% yielding olefination product was obtained.
Moreover, the aldol condensation is employed to form alkene in
the side arms of the star-shaped compound through a conden-
sation reaction of aldehyde and active methyl. Meier et al
Treated 2,4,6-trimethyl-1,3,5-triazine with various benzalde-
hydes in potassium hydroxide and methanol to obtain a tri-
condensation product (Table 2, entry 3).>°

3.3. Metathesis reactions

In order to get at the pyrrole-based star-shaped molecule, ring-
closing metathesis (RCM) was employed.””* Kotha et al
demonstrated three different routes for synthesized pyrrole-
based star-shaped C3-symmetric. RCM, Buchwald-Hartwig
cross-coupling reaction, and Clauson-Kaas pyrrole synthesis
were utilized as key steps. Interestingly, the authors employed
a G-I catalyst for a one-pot ring-closing metathesis RCM and
aromatization sequence (Table 2, entry 4).”®

3.4. Suzuki-Miyaura cross-coupling reactions

Kotha et al. reported a procedure for synthesizing star-shaped
molecules through trimerization and Suzuki-Miyaura (SM)
cross-coupling reactions. First, the acetyl thiophene refluxed
with ethylenediamine in TFA and nitromethane to give the tri-
merized compound. Subsequent bromination by NBS provided
the tribromo product, which utilized the SM cross-coupling
reaction to provide star-shaped derivatives. Practically note
that the tribromo compound was not formed by directly tri-
merized 2-acetyl-4-bromofuran. Instead, the compound was
obtained by brominating the corresponding aromatic
compound with NBS in DMF at room temperature (Table 2,
entry 5-a).>>*°

It has also been reported that star-shaped alpha-amino acid
derivatives can be produced by the trimerization of an acetyl
molecule, which is then accompanied by an SM cross-coupling
process. In this regard, trihalo compounds synthesized from
trimerization reactions gave star-shaped AAA derivatives for SM
cross-coupling with AAA-containing boronic acid (Table 2, entry
5'b).61'62

3.5. Heck cross-coupling reactions

Synthesized star-shaped trihalo compounds were exploited in
the Heck cross-coupling reaction to introduce a heterocycle into
the star-shaped molecule. This method has been used to

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra01336g

Open Access Article. Published on 10 May 2023. Downloaded on 12/5/2025 9:17:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 2 Reactions of said arms of C3-symmetric star-shaped small compound

View Article Online

RSC Advances

x
x
a7

w

Suzuki-Miyaura cross- NHBoc
coupling MeO,C

B(OH),
. @
ol
CO,Me | | O
NHBoc O O

MeO,C NHBoc MeO,C

CO,Bn

! Z>NHBoc
/@\ — ~ BnOC
' ' BocHN™ X |

BnO,C~ "NHBoc

Heck cross-coupling

© 2023 The Author(s). Published by the Royal Society of Chemistry

Entry Type of reaction Reaction Reaction condition Ref.
N o\
¢ | N
OHC CHO o) X
Van leusen oxazoles \©/ — TosMIC, K,CO3, MeOH, reflux 53
CHO 20
Nﬁ
RHN__CO,Me )N\HRO
| 4
OHC CHO - NHR MeoLC Mome
Wittig reaction \Q/ - CO:Me N,N,N',N'-Tetramethyl ethylenediamine, 55
CHO RHN__~ THF, 24 h
CO,Me
R
i
Condensation reaction /@2 /Nﬁ/ 7 KOH, MeOH, 3-6 days 56
TN N — S
R NN
[Isasans!
XN
R R
x z CysR Ph
S 0 Sbu/
b cr PCy;
® O a1
Metathesis reactions O — CH,Cl,, 2 h 58
)

(a) Thiophene-2-boronic acid, Pd(PPh;),, 35
THF: Toluene, Na,COj3, 90 °C

(b) Pd(PPh;),, THF, toluene, Na,COj, 90

oC 61

BocHN_ _CO,Bn

T

(a) NaHCO3, BuyNCl, Pd(OAc),, 55
DMF, 80 °C 24 h

(b) Benzoxazoe in [Pd(OAc),]/PPh;, 63
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Table 2 (Contd.)
Entry Type of reaction Reaction Reaction condition Ref.
X X =
Q. Qs 0

g O e

x )

X=Br, |

0" N
| | BocHN co BocHN  Znl
O O MeO,C O O NHBo MeO,C
O O Pd(PPh,),, DMF, 80 °C, 12 h
7 Negishi cross-coupling l 1
| CO,Me
NHBoc
OMe d@
N - Q 7 S \
J L N*%Nﬁ/‘j Cyanuric chloride, Pd(PPh;)
ill - li S Z ZSom @ N__N y ) 3)ay 4
8 Stille cross-coupling Bugsn—( ] e toluene, 110 °C, 4 days 6
)
. . Pd(PPh PPh;, Et;N, Cul

9  Sonogashira cross-coupling (PPhs),, PPhs, BN, Cul, 65

synthesize star-shaped molecules with benzoxazole, benzo-
thiazole, and 1-methyl benzimidazole groups on their edges by
palladium-catalyzed and K,CO; or Cs,CO; to produce the
desired designed heterocycle (Table 2, entry 6-b).*

By using either the Horner-Wadsworth-Emmons olefination
or the Heck cross-coupling reactions, Frejd and his team
successfully produced star-shaped amino acid analogs with
three different functions. Within the context of this investiga-
tion, a Heck cross-coupling led to the formation of a trifunc-
tional amino acid analog. The reaction of triiodobenzene with
acrylate in the presence of palladium acetate provided the
coupled product. In contrast, the hydrogenation of olefin was
carried out with a rhodium catalyst to give the corresponding
star-shaped amino acid derivative in a good yield (Table 2,
entry 6-a).>

14322 | RSC Adv, 2023, 13, 14317-14339

100°C, 3 days

3.6. Negishi cross-coupling reactions

Besides, palladium-catalyzed was employed through Negishi
cross-coupling reactions to construct star-shaped molecules,
which formed an established step to build the tris-AAA deriva-
tive. First, the 4-iodoacetophenone trimerization yielded the
trilodo derivative. The resultant trimerized synthon was then
used in a Negishi cross-coupling with palladium as a catalyst in
DMF at 80 °C, yielding a compound with a 68% yield (Table 2,
entry 7).!

3.7. Stille cross-coupling reactions

Using a Stille cross-coupling reaction between a tribromo
compound and tributylstannyl analogs, we could study
synthetic triazine-based star-shaped structures with C3-
symmetry. Using cyanuric chloride and the proper tributyltin or

© 2023 The Author(s). Published by the Royal Society of Chemistry
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trimethyltin precursor in toluene, Ko and co-workers created
star-shaped molecules with s-triazine centers and substituted
triphenylamine groups on their perimeter (Table 2, entry 8).6%

3.8. Sonogashira cross-coupling reactions

Kim and co-workers have described the production of a mole-
cule with a star-like structure and C3-symmetry by using 1,3,5-
triethynylbenzene as the central core and 2,5-diphenylox-
adiazole as the side arms. The compound 1,3,5-triethy-
nylbenzene was generated when 1,3,5-tribromobenzene was
treated with trimethylsilylacetylene and potassium carbonate.
Second, using Sonogashira cross-coupling between the chem-
ical and the bromo compound with [Pd(PPh;),Cl,] as the cata-
lyst, the required star-shaped molecule was produced with
ayield of 54% (Table 2, entry 9).*

The Sonogashira cross-coupling of bromo-intermediates was
accomplished by following the same approach. Since the
bromine predecessors were insoluble in the MeCN. A series of
tests determined that toluene is an effective solvent for carrying

R
\\ Ta, Nb, Co
R B — e
cyclotrimerizations <
74 v

o O
/L )\ Amine or DMF, Heat o
// R % cyclotnmenzatmns

o F

(o]

R’ __ DMFHeat

b cyclotrlmerlzatlons
o:&

Scheme 1 Trimerization of alkyne.

Acid catalyzed

View Article Online
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out this transition. As a consequence of this, bromo-
intermediates were put through a Sonogashira cross-coupling
reaction with 1,3,5-triethynylbenzene in the presence of
[Pd(PPh;),]/Cul as the catalyst system and (diisopropyl)amine in
toluene. This resulted in the production of coupling products
with a high rate of success.

Amir and his team have created an extraordinarily efficient
catalyst for the Sonogashira cross-coupling of aryl halides with
aromatic and aliphatic terminal alkynes. The methodology
allows the use of palladium nanoparticles immobilized on
a dendritic nano-silica-triazine polymer. The processes were
performed in water, the most environmentally friendly solvent.
Table 2 provides an overview of these different strategies.

4. Polymerization

Polymerization techniques based on the C3-symmetric star-
shaped molecules have been illustrated, including the trimeri-
zation of alkynes or aromatic nitriles in the existence of acidic
catalysts, a polycondensation reaction of monomers containing
specific functional groups, and a cross-coupling reaction con-
taining building blocks. A brief overview of the most important,
as well as common techniques, has been displayed as follows.

4.1. Polycyclotrimerizations

Polycyclotrimerizations of diyne molecules give C3-symmetric
polyphenylene with benzene ring repeated units. In this
context, polycyclotrimerization was uniquely synthesized in the
A2 monomer approach.®* Alkyne cyclotrimerization has been
developed as a viable process for manufacturing C3-symmetric
polymers. Tang and coworkers ran into cross-linking issues
during their research, the monomers were terminal diynes
connected by aromatic rings utilized. The researchers worked in
molecularly engineered monomer structures and optimized
polymerization conditions, and successfully synthesized C3-
symmetric polypropylenes with high molecular weight and
excellent solubility.”*”*

Through further investigation, the same research team re-
ported that the polycyclotrimerizations of bis(aroylacetylenes)
were started by catalysts classified as nonmetallic or

[Metal] DMF or Ru . lonothermal
TfOH, SOCI, or SiCl, 0
0]
=A= = PR — © O )J\Ar//{
0-4r-d )J\ArJ\ O)\
2004 2005 2009 2010 2013 2017 2021
Metal-free Molten PTSA MSA
O O 0

o O
///J\ AI’J‘\%

PN

R

Fig.1 C3-symmetric polymeric materials containing benzene core via cyclotrimerization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Trimerization of carbonitriles.

organocatalysts involving piperidine. The polymerization reac-
tion proceeds smoothly to produce C3-symmetric poly(-
aroylarylenes) with high DBs in high yields by an ionic
mechanism.””® Additionally, analysis of the monomer struc-
ture demonstrates that this polymerization reaction works for
diynes where triple bonds are attached to electron-withdrawing
groups. If the carbonyl bond in the aroylacetylene can be
replaced by an ester group, the monomer synthesis becomes
much more accessible. The conveniently polymerized bipro-
piolate monomer opened the synthetic route to the easy and
economical synthesis of C3 symmetric polymers. The Tangs
group investigated this possibility and showed that reflux pol-
yeyclotrimerizations of bipropiolate in DMF produce C3-
symmetric polymers with perfectly branched structures and
1,3,5-regioregularity in high yields.” The synthetic sequence for
this type of polymerization is shown in Scheme 1.

Moreover, a solvothermal method was utilized for cyclo-
trimerization of bifunctional acetyl arenes compounds to
obtain highly porous polymers. Various acids were employed to
synthesize polycyclotrimerization in solution induced,
including silicon tetrachloride and molten 4-toluene sulfonic
acid,” thionyl chloride,” and superacid-catalyzed.”

Zi-Hao Guo et al. achieved cost-effective bottom-up syntheses
of organic microporous polymer networks using molten meth-
anesulfonic acid mediated aldol triple condensation reaction.

Molten ZnCl, Acid catalyzed
NC._ _CN NC._ _CN
SAr SAr
2008 2010 2012

MW!I Molten ZnCl,

NC._ _CN
SAr

Aldehyde-amidine

polycondensation
HoN

2016

Solid phase synthesis

View Article Online

Review

This method features inexpensive starting materials, reagents,
and simple reaction procedures.”®”® Recently, ionothermal
conditions demonstrated that the solvent-free cyclo-
trimerization of methyl ketones could be driven to high
conversions using molten ZnCl, as the reaction solvent, leading
to a highly conjugated organic polymer.*® Fig. 1 shows the
development of the synthesis of C3-symmetric polymeric
materials containing benzene core via cyclotrimerization.

On the other hand, forming triazine rings required harsh
conditions. Thus, Thomas et al. synthesized highly stable
polymers by ionothermal trimerization of nitrile groups in
molten ZnCl,, which performed as a solvent and catalyst at high
temperatures ranging from 400-600 °C. Further forward, in
2010, W. Zhang and co-workers enhanced the ionothermal
method by utilizing a microwave-assisted that reduced the
reaction time. Moreover, Cooper et al. developed a microwave-
assisted by adding Brensted acid trifluoromethanesulfonic
acid (TFMS) as a polymerization catalyst. Furthermore, W.
Huang and co-workers reported a novel TFMS acid vapor-
assisted solid-phase synthetic method to construct triazine
from aromatic nitrile monomers. Also, CF;SO;H-catalyzed tri-
merization of nitriles under both room temperature and
microwave conditions was reported. This process gave signifi-
cant benefits by eliminating the undesirable ZnCl, contamina-
tion and destruction of nitrile and C-H bonds. Nevertheless,
CF3;SO;H-catalyzed trimerization of nitriles has some limita-
tions, such as a low synthesis temperature being required, an
expensive catalyst, and brutal handling of the reaction due to
the caustic and eye-irritating carcinogenic chemicals involved,
along with the ice-cold saltwater considered necessary for
neutralization, as illustrated in Scheme 2.5'-%

Nevertheless, to avoid harsh synthetic conditions and asso-
ciated limited structural diversity K. Wang et al. developed
a new strategy involving the condensation reaction of aldehydes
and amidines to construct polymer triazine-based under mild
conditions. Moreover, the phosphorus pentoxide (P,Os)-cata-
lyzed employed as direct condensation of aromatic amide
instead of aromatic nitrile to form triazine rings and likewise
reported in situ oxidation of alcohols followed by amidine-
aldehyde polycondensation, where the reaction rates were
controlled by gradually generating aldehydes by in situ slow

In situ oxidation of
alcohols followed by
amidine-aldehyde

f“” AECHO polycondensation
NH
H2N>‘: CHO
2017 2018 2018

(P,0¢)-catalyzed

o O

HoN J\ArJL NH,

Fig. 2 C3-symmetric polymeric materials containing triazine core via cyclotrimerization.
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Scheme 4 Cationic polymerization.

oxidation of alcohols to form highly crystalline polymer
triazine-based.®*®* Fig. 2 shows the development of the
synthesis of C3-symmetric polymeric materials containing
triazine core via cyclotrimerization.

Free radical polymerization is one class of addition polymeri-
zation techniques developed to synthesize C3-symmetric poly-
mer, representing the subsequent addition of free radicals to
form a polymer backbone. Modak et al. reported functionalized
C3-symmetric polymer by simple in situ radical polymerization
of 2,4,6-triallyloxy-1,3,5-triazine in an aqueous medium in the
presence of ammonium persulfate (APS) as a radical initiator
and anionic surfactant sodium dodecyl sulfate (SDS) as
a template under acidic conditions. TEM image and powder
XRD analysis showed the pores in the ordered 2D hexagonal
structure of the material. In addition, N, sorption analysis
demonstrated an excellent surface area for this C3-symmetric
polymer (Scheme 3).%°

Sina and Majid developed a free-standing conjugated C3-
symmetric polymer through a cationic polymerization reaction
in a one-pot, low-temperature, and super-acid-catalyzed
process. Bifunctional monomers with ethylene and nitrile
groups were used, catalyzed by trifluoromethanesulfonic acid

FeCls, CHCl,

Scheme 5 Oxidative polymerization.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 Oxidative co-polymerization.

o
I
o
o
I
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Scheme 7 Synthesis of C3-symmetry with aminal networks.

(CF3SO3H), which provided ethynyl polymerization and nitrile
cyclotrimerization. Even during the polymerization process, the
hard-triple bonds are transformed into stretchable double
bonds, which makes it easier to build a membrane that is both

14326 | RSC Adv, 2023, 13, 14317-14339
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electrochemical
polymerization

flexible and has increased mechano-strength. This polymer
showed extremely significant CO, removal capacity up to
3.87 mmol g ! (170.3 mg g '), and the electron richness of the
conjugated skeleton increased the basicity necessary for

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 8 Synthesis of C3-symmetry with imine or hydrazone networks.

interaction with CO, via dipole-quadrupole- and acid-base
interactions (Scheme 4).°*

4.3. Oxidative coupling polymerization

The oxidative coupling polymerization of the aromatic ring in
the presence of FeCl; has been reported to construct conjugated
C3-symmetric organic frameworks. Mu et al prepared
a simplistic method for carbazole-based oxidative coupling
polymerization using the 2,4,6-tris-aromatic-1,3,5-triazine
building block catalyzed with FeCl; in an anhydrous solvent.
The three-dimensional polymer scaffolds were highly fluores-
cent, with a BET surface area of 840 m> g in the microporous
regime.”*

Correspondingly, chemical oxidative polymerization was
employed to synthesize organic conjugated polymer containing
star-shaped triphenyltriazine with C3-symmetry. Chen and co-
workers designed and successfully synthesized poly[1,3,5-
tris(4-diphenylamino-phenyl)triazine] through functionalized
triphenylamine backbone, accompanied by FeCl;-catalyzed
through oxidative chemical polymerization. The polymer
powder exhibits a high surface area in 930 m* ¢ " and a double
Peruse distribution ranging from micropores 0.55 nm to small-
diameter mesopores 26 nm (Scheme 5).%

Moreover, oxidative co-polymerization was reported through
an electrochemical method, the research discussed the reaction
between dithienylpyrrole and tris[4-(2-thienyl)phenyl]amine in
CH;CN/CH,Cl, to grant the C3-symmetry polymer (Scheme
6)‘94,95

© 2023 The Author(s). Published by the Royal Society of Chemistry

4.4. Schiff-base polymerization

Schiff base chemistry is also applied to synthesize polymers
with C3-symmetry via an A2 + B3 approach.?***> Miillen et al
reported smart condensation reactions of triamine moieties
with various dialdehydes to generate highly cross-linked porous
aminal networks. The polymers were prepared by microwave
irradiation, one-pot, catalyst-free synthesis, and cheap and
uncomplicated monomers. The polymer networks contained up
to 50 wt% nitrogen, highly stable and insoluble in aqueous and
organic solvents, including DMSO, MeOH, acetone, DCM, and
THF (Scheme 7).°%%7

Newly, As illustrated in Scheme 8, the trialdehyde moiety was
condensed with a variety of amines, which resulted in the
formation of a number of imine- or hydrazone-linked'*'**
compounds. Through a Schiff base reaction involving 1,3,5-tris-
(4-formyl-phenyl)triazine and p-phenylenediamine or tereph-
thalic acid dihydrazide, Pitchumani et al. created an imine-
based polymer with C3-symmetry.

o

NH NH
NH, cocl
HN—<C + CIOC~<( - o o

NH, cocl HN:

Scheme 9 Synthesis of C3-symmetry with amide networks.
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Scheme 11 Synthesis of C3-symmetry triazine-based via the Friedel-Crafts reaction.
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4.5. Nucleophilic substitution reaction polyamides by triamine and triacid chloride monomers by
solution polymerization in two variable systems of solvents
(DMAC/NMP and 1,4-dioxane) at room temperature (Scheme

) 103

C3-symmetry polyamides were prepared in good yield from
triamine and triacid chloride monomers through an A3 + B3
approach. Lately, Yavuz et al. synthesized C3-symmetry
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Scheme 12 Synthesis of C3-symmetry triazine-based via the Friedel-Crafts reaction.
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Scheme 13 Synthesis of C3-symmetry via the Sonogashira coupling reaction.

In other respects, the interaction of 2,4,6-tris(4-
aminophenyl)-1,3,5-triazine and the dianhydride carried out
in m-cresol as a solvent according to the A3 + B2 strategy
resulted in the successful synthesis of C3-symmetry polyimides
in excellent yield. The resulting polymer displayed significant
chemical and thermal stability up to 450 °C. Moreover, the
three-dimensional polymer showed a BET surface area of up to
809 m? g~ ' in the microporous range, as displayed in Scheme

10'104

4.6. Friedel-Crafts polymerization

Friedel-Crafts reaction (FC) of cyanuric chloride and aromatic
building blocks using anhydrous AlICl; or methanesulfonic as
a catalyst was published. Lim and co-workers stated that
microporous polymers based on an s-triazine unit were

© 2023 The Author(s). Published by the Royal Society of Chemistry

Br
Ni(cod), w
2,2"-bipyridyl

Scheme 14 Synthesis of C3-symmetry via the Yamamoto coupling
reaction.
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Scheme 15 Synthesis of C3-symmetry via the Glaser—Hay coupling reaction.

synthesized by the FC reaction of cyanuric chloride with
aromatic compounds in the presence of aluminum chlo-
ride.’*>'¢ S. Xiong et al. developed a cost-effective approach
for constructing s-triazine-based polymeric networks with
a high BET surface area of up to 894 m* g~' that have been
under the catalysis of methanesulfonic acid (Scheme 11).*

Dai et al prepared C3-symmetry polymers triazine and
carbazole bi-functionalized via FC reaction between the
triazine-functionalized carbazole monomer and formaldehyde
dimethyl acetal in the presence of FeCl; and 1,2-dichloroethane
(DCE) (Scheme 12).%®

4.7.

Coupling polymerizations

It was possible to synthesize C3-symmetry using the Sonoga-
shira-Hagihara cross-coupling method, which was predicated
on the electron-withdrawing polymers s-triazine and benzene
and originated from trihalo and triayne or diayne monomers
using an A3 + B3 or A3 + B2 strategy, correspondingly, as shown
in Scheme 13.'*

Xiang employed the Yamamoto reaction to significantly
obtain porous organic polymers that carried out a high

hydrothermal-stability. ~Yamamoto reaction consists of
S A
o
S N \S
\ & /
SN
x
\s

Scheme 16 Synthesis of C3-symmetry via the direct arylation coupling reaction.
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Scheme 17 Synthesis of C3-symmetry via the click reaction.

a homocoupling of aryl bromides in the presence of a Ni(0)
complex. Consequently, the mentioned article operated s-
triazine and benzene C3-symmetry star-shaped polymer under
Ni-catalyzed throughout polycondensation method (Scheme
14)'110

By the same token, Glaser-Hay coupling reaction was
examined to synthesize co-polyenes through homopolycou-
plings of aryltriynes and monoyne. The coupling reaction

© 2023 The Author(s). Published by the Royal Society of Chemistry

occurs with cuprous salts in the presence of oxygen and a base,
giving soluble hyperbranched polyenes. The polymerizations
were terminated by dumping the provides a good balance into
acidified methanol before it reached the gel stage to avoid the
network's formation (Scheme 15)."**

On top of that, direct arylation polymerization was described
as a synthetic technique for another class of triazine-core
polymers. This was done in addition to the previous point. It
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was unnecessary to pre-activate the C-H bonds in the arene
monomers to carry out the coupling reaction of 2,4,6-(tri-2-
thienyl)-1,3,5-triazine with multi-brominated monomers of
varied geometries. The products obtained were obtained.
Because of this benefit, it is possible to incorporate the triazine
unit into multidimensional polymeric structures effortlessly. As
a result, this provides comonomers with a considerable amount
of synthetic control over the morphologies, porosities, and
optoelectronic characters of triazine-core materials (Scheme
16).112

4.8. Click polymerizations

Tang and co-workers studied click polymerizations by mixing
diazide and triyne monomers using the normal click tools
under CuSO,/sodium ascorbate catalyst inTHF/water mixture.
It's possible that the incompatibility between the species that
are developing and the aqueous media is what caused the
polymers to clump together and then precipitating. When
initiating the click polymerization of triyne with diazides, a non-
aqueous click of the catalyst Cu(PPh;);Br was utilized. This was
done so as to minimize the usage of an aqueous medium. The
catalyzed polymerization of diazide and triyne monomers
produced 1,4-riazin in 46% yield, and showed high solubility in
DMSO, DMF, THF, and DCM. On the other hand, 1,5-regiose-
lective click polymerization of diazide and triyne monomers
catalyzed by Cp*Ru(PPhs;),Cl produced soluble 1,5-triazine in
75% yield in as short as 30 min."*™** The two synthetic proce-
dures were displayed as shown in Scheme 17.

5. Biomedical applications

C3-symmetric compounds that are based on benzene or s-
triazine cores have high surface areas and thin structures,
which allow for surface modification with various components.
This further enables a wide range of applications, including
biomedical, pharmaceutical, gas storage, photovoltaics,
conductivity, catalysis, electrochemical sensing, and many
more. Unfortunately, and according to our best of knowledge,
there are a limited number of relevant studies in the biomedical
applications field compared to the other fields. Therefore, the
following table provides a concise summary of the most recent
developments in biomedical applications, which include drug
delivery, gene delivery, photodynamic therapy, photothermal
therapy, biosensing, and bioimaging (Table 3).

6. Conclusion and outlook

To sum up, the significant properties of C3-symmetric
compounds based on benzene or s-triazine cores have inspired
chemists to design, synthesize, and use them in numerous
applications. These consist of symmetrically porous, hetero-
atomic sites and multifunctional surfaces. Moreover, it has
high thermal and chemical stability due to its structure via
strong covalent bonds. Henceforth, synthesizing these mate-
rials requires additional effort to be simplified to achieve
effortless, cheaper, and acceptable methods. Our review article

14334 | RSC Adv, 2023, 13, 14317-14339
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will assist future researchers in developing synthetic method-
ologies. Likewise, the choice of an organic linker or precursor
can also be explored by employing our overview.
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