'l) Check for updates

Chinese Journal
of Chemistry
o E 1k % - An International Journal

Accepted Article

Title: Activated Internal Alkyne-Based Polymerization

Authors: Baixue Li, Jia Wang, Benzhao He, Anjun Qin,* and Ben Zhong Tang*
This manuscript has been accepted and appears as an Accepted Article online.
This work may now be cited as: Chin. J. Chem. 2022, 40, 10.1002/cjoc.202200073.

The final Version of Record (VoR) of it with formal page numbers will soon be
published online in Early View: http://dx.doi.org/10.1002/cjoc.202200073.

ISSN 1001-604X ¢ CN 31-1547/06

WILEY-VCH SIOC CCS e manuscrprenal oo


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcjoc.202200073&domain=pdf&date_stamp=2022-05-04

il e For submission: https://mc.manuscriptcentral.com/cjoc
‘ I‘ of Chemistry ) R o N ) Review
& [ {L £ An Inernationd Joumal For published articles: https://onlinelibrary.wiley.co m/journal /16147065

Cite this paper: Chin.J. Chem. 2022, 40, XXX—XXX. DOI: 10.1002/cjoc.202200XXX

Activated Internal Alkyne-Based Polymerization

Baixue Li,*? Jia Wang,*Benzhao He,? Anjun Qin,*?and Ben Zhong Tang*ab-

aState Key Laboratory of Luminescent Materials and Devices, Guangdong Provincial Key Laboratory of Luminescence from Molecular Ag-

gregates, Center for Aggregation Induced Emission, AIE Institute, South China University of Technology, Guangzhou 510640, China

b School of Science and Engineering, Shenzhen Institute of Aggregate Science and Technology, The Chinese University of Hong Kong, Shen-
ien, Guangdong 518172, China

¢ Hong Kong Branch of Chinese National Engineering Research Center for Tissue Restoration and Reconstruction, The Hong Kong University
‘Science and Technology, Clear Water Bay, Kowloon, Hong Kong, China

d Center for Advanced Materials Research, Advanced Institute of Natural Sciences, Beijing Normal University at Zhuhai, Zhuhai 519085,

Crina

Comprehensive Summary

As an emerging and efficient polymerization methodology, activated internal alkyne-based polymerization has been considered as a powerful tool for
the construction of polymers with diverse architectures andversatile functions. This review focuses on the recentprogressesin the polymerization
using mono-activated, di-activated, in-situ generated, ring-strained ethynyl groups as substrates, coupling with post-modification on premade polymers
containing activated internal ethynyl groups. Representative examples are used to illustrate the fundamental design strategy, the development of
polymerization and post-functionalization, along withthe properties and potential applications of the prepared polymers. Moreover, the challenges
and perspectivesinterms of new-type active alkynes, green polymerization methodology, tailored regio-/stereoselectivity modulation, and potentially
expanded application inthis area are alsodiscussed.
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1. Introduction

‘kynes, a general term for compounds with carbon-carbon triple
bonds, are another building block in synthetic polymer che mistry

ayond alkene and arene substances.[*3! Although the alkyne-
basedpolymerizations are rarely described in the textbooks, plenty

/ polymers with diverse structures and versatile functionalities can
be synthesized and derived fromalkyne monomers, attractingavid
attention from different academic research communities such as
. ©lymer chemistry, biochemistry, materials science and so on.*4
Nevertheless, alkyne-based polymerizations are still limited in ap-

ications and confront challenges to some extent, owing to the
poor reactivity of the ethynyl groups. Thus, much effort has been
devotedto improve the reactivity of alkynesbyadjacently connect-
iv g electron-withdrawing groups, which is colloquially termed as
the activated alkynes. Featuring with superior reactivity and exten-
sive variation, activated alkyne-based polymerizations have been

idely used to construct functional polymers with desired struc-
tures and are regarded as reliable and powerful means in the
.oolboxof chemists.[1518]

Activatedinternal alkynes not onlyinherit the unique character-
i< tics of activated analoguesbutalso enable the polymeric materi-
als with structuralenrichmentand application expansion. Over the
past decade, polymer chemists and material scientists have com-

.ined efforts to develop the conspicuous polymerization and post-
polymerization modification based on activated internal alkynes
«1d to explore the functionalities and a pplications of the resultant
materials. The prosperity of activated internal alkyne-based
puiyinerizations always call for the inspiration and devotionin view
of our fundamental comprehension about this realm. Herein, we
= tempt to overview the evolution of activated internal alkyne-
oased polymerization and post-functionalization strategies. There-
into, the representative examples in each category are introduced

detail, whilst guiding the readers to the important advances and
key developments. Moreover, the challenges and perspectives in
this area are also briefly discussed.

2. Polymerization of Mono-Activated Internalalkynes

2.1. Metathesis polymerization

Polyacetylene (PA) is a Nobel Prize-winning conductive polymer.
Replacement of a hydrogen in polyene backbone cannot only help
tackle the notorious intractability andinstabilitybut also generate
new substituted PA derivatives with latent properties.[1920] An im-
pressive example of the polymerization of disubstituted activated
acetylene was contributed by Tang and coworkers in 2002.121 The
disubstituted propiolates were effectively polymerized by the das-
sicMo-and Rh-based catalysts for the synthesis of polypropiolates
with high weight-average molecular weights (Mw, up to 353600)
(Scheme 1a). The electronicand stericinteractions ofthe propiolic
carbonyloxy group with the polyene double bond endowed poly-
mers withthermal stability. Some polypropiolates with spedal lig-
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uid crystallinity and luminescence behavior are promising candi-
dates forthe polarized light materialsin the construction of optical
display system. To further prove the versatility of this propiolate
system, Tang and coworkers also prepared the helical poly(alky
phenylpropiolate)s bearing stereogenic pendants, whose optical
activity could be tuned by external stimuli to some extents (Scheme
1b).22

Scheme 1 Synthesis of polyacetylenes by metathesis polymerizations.
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2.2, Azide-activated internal alkyne polycycloaddition

Transition metal-catalyzed azide-alkyne click polymerization has
been widely used for the preparation of polytriazoles (PTAs) with
topological architectures and advanced functions.23lHowever, the
residue metallic residues are detrimental to the optoelectronic
property and biocompatibility of the products. The most effective
wayto circumvent this issue is to develop metal-free click polymer-
ization.[1516] |Inspired by the polymerization reactions using active
aroylacetylene,?4Qin, Tang and coworkers further establishedan
efficient metal-free polycycloaddition of diazides and carbony-ac-
tivated internal alkynes, from which soluble and thermally stable
1,4,5-trisubstituted PTAs with high regioregularity (up to 74%) and
My (up to 16400) were furnishedin satisfactoryyields (up to 99%)
(Scheme 2a). Thanks to the benzoyltriazole units, the polymers pos-
sessed high refractive indices and could generate 3D photopattems,
making them promising in microelectronic device applications.®
In addition, Moszner, Schubert and coworkers adopted neat
polymerization of analogous internal alkynes and multifunctional
azidesto generate multiple hard materials with a maximum E-mod-
ulus of 2.5 GPa. Given the good mechanical performance and ab-
sence of catalyst residue, these polymers open a great prospect for
biology and medicine applications.[26]

To avoid the harsh synthetic conditions for the internal aroy
lacetylene, ester-activated internal alkynes have been designed
and used to react with azide monomers (Scheme 2b).27-29 For ex-
ample, Li, Tang and coworkers developed a metal-free phenylpropi-
olate-azide polycycloaddition, which was performed s moothly at
150 °C in N,N-dimethylformamide (DMF), and regioregular
poly(phenyltriazolylcarboxylate)s with high My (up to 28500) were
produced inhighyields (upto 98%)in 4 h.The tetraphenylethene
(TPE)-containing polyester exhibited unique aggregation-induced
emission (AIE) characteristic,?% which could be applied in the areas
of explosive detection and fluorescent pattern.28l To make the
polymerization process more environment-friendly, they further
established a solvent- and catalyst-free butynoate-azide polycor
cloaddition ina regioselective fashion, generatingsoluble poly(me-
thyltriazolylcarboxylate)s with high My (up to 16700) in highyields
(up to 90%). In addition, poly(1,2,3-triazolium)s were also prepared
and explored their application in cell-imaging.B! With these effi-
cient cycloaddition polymerization toolsin hand, TPE- and femo-
cene-based hyperbranched PTAs with versatile properties such as
AIE feature, electrochemical activity, and thermal stability, have
been easilysynthesizedand applied in nitroaromatic detection and
fabrication of fluorescent pattern and nanostructured magnetoc
eramics (Scheme 2c), etc.[32:34]

To further complement and expand the multiplicity of triazole-
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Scheme 2 Synthesis of linear and hyperbranched polytriazoles by azide-activated internal alkyne polycycloadditions.
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vased materials, Fokin and coworkers re ported a novel step-growth
~lick polymerization of a-azido-w-iodoalkyne monomerinthe pres-
ence of Cu(l) catalyst and amine ligand (Scheme 2d). This iodoal-
k'ne exhibited enhanced reactivity toward azide during polymeri-
cation, furnishing structurally diverse poly(5-iodo-1,2,3-triazole)
with high My, (up to 49200) and good solubility. Taking advantage
of the iodine unit at 5-position of the triazole ring, the resultant
polymer couldbe further functionalized to ge nerate plentiful PTAs
with individual properties through metal-catalyzed coupling reac-
.ons.Bs]

Recently, facilely post-functionalizable poly(formyl-1,2,3-tria-
zole)s were reported by Qin, Tang and coworkers using an efficient
metal-free polycycloaddition with aldehyde-activated intemal
diynes as monomers (Scheme 2e). Plenty of soluble and thermally
stable formyl-PTAs with high My, (up to 54600) were produced in
nigh yields (up to 93%) and a regiospecific manner (up to 71%) at
150 °Cin dimethylsulfoxide (DMSO) after 2 h. Notably, bearing high
reactivity of the aldehyde groups, the resultant polymers could
sarve as a fluorescent probe for selective detection of hydrazine

1d function as a valuable platform for further functionalization of
PTAs with distinct thermal and optical properties.B1 Using this ele-
~1nt azide-alkyne polymerization technique, a series of hyper
branched formyl-PTAs with satisfactory Mw (up to 26400, Mw, maLs

' to 660200) were preparedin moderate yields (up to 84%) by Qin,
Tangandcoworkers (Scheme 2f). Owing to the excellent function-
olerance, triphenylamine and binaphthyl moieties could be
facilely incorporated into the polymers to endow them with fluo-
re scence and circulardichroism properties, respectively. Thanks to
ie large amount of activated ethynyl and aldehyde units on their
peripheriesand in the internal branch chains, the resultant poly
n ers can undergo efficient single-/double-stage post-functionaliza-
~on via azide-alkyne cycloaddition and Knoevenagel condensation
reactions. In particular, quadruple-modal information encryption
ad storage with enhanced security and density were achieved
.ased on the extraordinary fluorescence responses to hydrazine
and hydrochloricacd ofthe hyperbranched polymers.37]

2.3.Thiol-yne polymerization

Sulfur-containing polymers that featured numerous fascinating
 operties such as thermal stability, high refractivity, metal coordi-
nation ability, remarkable dielectrical and electrochemical proper-
ties have beenfound great potential applications as optical and op-
toelectronic materials.3841 As a result, the synthesis and property
of sulfur-containing polymers have drawn increasing attentions
from the academic and industrial communities. A precursive at-
tempt to prepare poly(enonsulfide)s with good mechanical and
thermal performance by nudeophilicaddition polymerization ofac-
tivated dipropynones with aromatic dithiols was reported by Bass
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and coworkersin 1987 (Scheme 3a).#2l Interestingly, the stereoreg-
ularity of polymers could be fine-tuned via the reaction solvent and
base catalyst. Coincidentally, Dixand coworkers explored a similar
polyaddition reaction between dithiothreitol and bis(acetylene ke-
tone) in the presence of triethylamine, and poly(enone-sulfide)
with 60% Z-isomer and moderate molecular weight was yielded,
which might be used as a curing system for paint, coating or adhe-
sive.l3!

In orderto foster the polymerization between activated intemal
alkyne and thiol as an efficient tool for the construction of func-
tional polymers, itisnecessary to expand the scope of active alkyne
monomers, such asester-activated internalalkynes (Scheme 3b). In
1995, Endo and coworkers reported a n-BusP-catalyzed polyaddi-
tion of bis(propiolate)s with dithiols, and polymers bearing B-alkyl-
mercaptoenoate moieties with high number-average molecular
weights (Mn, up to 26400) were obtained in excellentyields (up to
95%). Notably, some polymers exhibited good film-forming ability
and high refractive indices, offering them promising applicationin
the realm of optical materals.l44 Recently, butynoates and phe-
nylpropiolates have been used to react with dithiol substrates un-
der catalyst-free conditions. This thiol-yne click polymerizations
were readily performedin DMF at 60 °C, furnishing poly(B-thioacry-
late)s with satisfying Mw (up to 50300) and stereoregularity (Z iso-
merup to 84%)in highyields (upto 91%) after 24 h. Integration of
good optical transparency, high refractive indices with low chro-
matic dispersions, and AIE feature within the resultant poly(B-thio-
acrylate)s are therefore antidpated to be brand-new functional
polymers for high-tech applications.5!

Scheme 3 Synthesis of poly(vinyl sulfide)s bythiol-yne polymerizations.
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2.4. Amino-yne polymerization
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Alongside the developments of azide-alkyne polycydoaddition
and thiol-yne polymerization, advances were being made in the
realm of amino-yne polymerization. As early as 1986, Bass and
coworkers exploited the addition polymerization of activated acet-
ylenicketones and aromatic diamines in m-cresol, furnishing ther-
mally stable poly(enamine-ketone)s with superior mechanical and
film-forming propertyinZ-isomeric configuration caused by the in-
tramolecularhydrogenbondinteraction (Scheme 4a).146l
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Scheme 4 Synthesis of nitrogen-containing polymer by amino-yne polymerizations.
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In the following year, theyreported a cyclopolycondensationof ar-  polymerization of propiolic acids, benzylamines, organoboronic ac-
maticdipropynones and hydrazines as a facile route to polypyra-  ids, andformaldehyde (Scheme 4e). Thanks to the high reactivity of
zoles with various molecular weights and thermal stabilites  activated alkyne monomer, the polymerization propagated
_cheme 4b).l7 smoothly under mild condition at 45 °Cin dichloroethane, affording
Notonlycarbonyl activating internal alkynes but also ester-acti-  soluble and thermally stable poly(propargylamine)s with high M
v ted ones can be utilized as monomers for polyhydroamination ~ (up to 13900) in high yields (up to 94%). The attractive refractive
zaction. In 2016, Qin, Tang and coworkers reported an effective  indices and low dispersion coefficient ofthe products might enable
Cu(l)-catalyzed amino-yne click polymerization towards nitrogen-  them to find applications inthe field of optical display. Additionally,
sntaining polymers (Scheme 4c).48 Under the catalysis of Cud,  with TPE and tertiary amine moieties embedded in the polymer
the ester-activated internal alkynes and diamines could be pol-  skeletons, these poly(propargylamine)s displayed unique AIE fea-
,nerized in a regiospecific and stereoselective manner at 140 °C,  ture andcitricacid-triggered fluorescence enhancement, which are
and sole Markovnikov additive polyenamines with high Z-isomeric ~ applicable in luminescent materials.5%
..... —rmations (up to 94%) and high molecular weights (M up to During the surveying literatures on activated internal alkyne-
13500) could be facilelysynthesized in satisfied yields (up to 97%) based polymerization, we accidentallyfound that the acetylene ac-
2 ter2h.Furthermore, the resultant polymers enjoyed highvisible  ids could also be used to construct heterocyclic conjugated poly-
.ighttransparencyandstrongUV-light shielding efficiency, making  mers. For example, in 2020, Cai, Zhang and coworkers reported a
them applicable in advanced photonic areas. Taking advantage of  facile multicomponent polymerization of alkynecarboxylic add,
i*; high efficiency, thisamino-yne dick polymerization has attracted  heterocyclic diazole and dialdehydes, and fused heterocyclic poly
researchers' attentionfromvarious fields, such as surfaceimmobi-  mers containingimidazo[2,1-b]thiazole units with relatively high
lization and modification, drug delivery, synthesis of hydrogel and M, (up to 11000) were furnished in moderate yields (Scheme 4f).
r acromolecular materials.Itis worth notingthatthe polymeri-  Bearingthe specialheterocycle section, the resultant polymers ex-
<ation described above were concerned with the incorporation of  hibited good solubility, salient optical activity, and low energy
activated internal ethynyl moieties into the polymeric main chain.  bands, demonstrating their potential application in photoelectric
~tually, ethynyl units could also be used to decorate polymer  field.52
backbone asthe attached pendants. In 2019, Hu, Tangand cowork-
ers utilized the multicomponent tandem polymerizations of pro-
piolamide, aromatic terminal alkynes, and commerdally available Haloalkynes that have electron-withdrawing halogen substitu-
diamines, and a series of poly(indolone)s with complex structure, ~ ents in conjugation with ethynyl groups are anothertype of attrac-
and high My, (up to 30400) were generated in highyields (up to  tive activated alkynes. This subsectionintends to illustrate the ver-
97%). The unique chemical structures of poly(indolone)s enable  satility and potential of haloalkyne-based polymerization, which
them to be highly selective chemosensors toward trifluoro-  can be roughlysummarized into three categories accordingto the
methanesulfonic acid detection in a fluorescence tum-on manner  type of halogenspecies. The first categoryis mainly based on chlo-
(Scheme 4d).B0Subsequently, they designed a carboxylicacidacti- ~ roalkyne. As described above, PAis anarchetypal conjugated poly-
vated alkyne for an efficient catalyst-free four-component mer, and its chlorine substituted derivatives with better thermal
and structuralstability show potential applications in gas

2.5. Haloalkyne-based polymerization
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Scheme 5 Synthesis of polyacetylenes by haloalkyne-based polymerizations.
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permission, electronic devices, fluorescence materials and so on.l5>
54 However, the polymerization of chlorine substituted acetylene
monomers is difficult. Although classical transition metal catalysts
0i Mo, W, Nb, and Tatogether with co-catalysts suchas PhsSnand
B:14Sn have been explored. Nevertheless, their tolerance to mois-
~re and polargroups is dissatisfactoryin some cases, which limits
their further development and practical applications distinctly
(Scheme 5a).15561 This situation changed in 2014, Sanda and
coworkers reported that pd-based complexes could catalyze the
polymerization ofacetylene monomers bearing polar grou ps.[62! Af-
tar this pioneering work, a series of studies concerning the
polymerization of 1-chloro-2-phenylacetylene monomers by Pd-
- )sed catalytic systems were reported, and plentiful poly(1-chloro-
2-phenylacetylene)s with various structures and diversiform prop-
erties like lyotropic liquid crystallinity, chirality, and unique emis-
on behaviors were yielded. On account of the appealing merits,
these PAs are promising candidates for fluorescent sensors and
~ ‘obesto chemicals and external stimuli, as well as chiral transfer
and circularly polarized luminescence materials (Scheme 5b).163-70]
The second category is chiefly concerned with bromoalkynes.
One example is that alkynyl bromides and sulfonamides could be
1erized in the presence of CuS0O4-5H;0, 1,10-phenanthroline,

and K,COz at 65 °C in DMSO, generating poly(ynesulfonamide)s
with stable Cs,-N bonds and high My (up to 22000) in high vields

(up to 95%). Hu, Tang and coworkers adopted the numerous eth-
nynyl groups inthe resultant polymers to reacted with Co,(CO)g for
the preparation of organometallics, which then underwent pyroly-
sis to fabricate magnetic ceramics with high magnetization and low
coercivity (Scheme 6a).’Y Furthermore, an efficient transition
metal-free polymerization of bromoalkynesand phenols was devel-
oped byQin, Tang and coworker. Soluble and thermally stable pol-
ymers with high My, (up to 47600) were readily obtained in high
yields (up to95%) at 110°Cafter1h. The AlE-active TPE-containing
polymer could be usedto fabricate a 2D fluorescent photopattem.
The remaining bromovinyl groups in polymer backbone could fur-
ther react with thiophenol derivative to endow the product with
higher refractive index (Scheme 6b).’21Furthermore, Qin, Tangand
coworkers developed an interesting polymerization of water and
bromoalkynes and isocyanides, which propagated smoothly at 90
°Cin DMSOin the presence of CsF, and functional polyamides with
high My (up to 41700) and high fraction of Z-isomeric units (up to
80%) were generated in high yields (up to 98%). Thanks to their
containingaromatic units, heteroatoms and bromoethylene groups
as well as TPE motifs, the resulted polymers showed multiple func-
tions, such as high refractive indices and aggregation-enhanced
emission (AEE) characteristics. With abundant highly reactive bro-
moacrylamide groups in main chains, these polyamides could be
post-modified through Sonogashira couplingand substitution reac-
tion forfurther expansion of their functions (Scheme 6c¢).[73!

Scheme 6 Syntheticillustration of haloalkyne-based polymerizations.
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2016, Lam, Tang and coworkers established an efficient Kl-medi-
ated homo-polycouplingof bis(iodoalkyne)s at 120 °Cin DMF, gen-
erating three thermally stable polydiynes with high My (up to
20100) in satisfactoryyields (upto 91%). By incorporating TPE units
into the polymer main chain, a fluorescent pattern with high reso-
lution could be generated readily. Moreover, some polymers pos-
sessed good solubility and could be fabricated into a tough thin
films with super and UV-tunable refractive indices between 1.77
and 2.11in a wide range of 400-900 wavelengths, indicative of a
bright prospect for opticalapplication (Scheme 6d).74

In addition, haloalkynes were also appliedinthe construction of
.unctional polysulfonates. In 2021, Han, Lam, Tang and coworkers
daveloped a catalyst-free spontaneous polymerization at room
temperatureinairwith 100% atom economyforthe in-situ prepa-
ration of photoresponsive polysulfonates with high My (up to
7/900) in high yields (upto 94%). The halogen atoms embedded in
the polymer skeleton not only rendered the polysulfonates with
' ‘gh and tunable refractive indices, but also enabled them to un-
dergo post-functionalization for further function enrichment. Re-
~ arkably, the resulting polysulfonatescould also show \isible pho-
todegradation and photoadd generation properties, offering them
with wide application in various kinds of fields, such as photopat-
“rning, and broad-spectrum antibacterial agents (Scheme 6e).[73!

Polymerization of Di-Activated Internal Alkynes

3.1.Thiol-yne polymerization

When the triple bond isin neighboring connection with two elec-
tron-withdrawing groups, the di-activated internal alkynes will be
very electron-deficient and active for nucleophilicaddition and cy-
<.oaddition reactions. Durmaz and coworkers established an ex-
tramelyfast polymerization of di-activated internal alkynes and thi-
ols in the presence of an organobase of 1,5,7-triazabicy
c'o[4.4.0]dec-5-ene (TBD).’6781 A series of polythioethers (PTEs)
+ .th high My, (up to 47400) were obtained in high yields (up to 99%)
just for 1 min. Furthermore, different activated alkynes were
adopted to polymerize with 1,6-hexanedithiol, and the results
demonstrated that dialkyl acetylenedicarboxylates (DAADs) were
much more active than alkyl propiolates (Mw up to 8900, yield up
tc 91%) and methyl phenyl propiolates (Mw up to 1200). Moreower,

= "TEs with thiols as the ending groups could react with N-phe-
nylmaleimide in the presence of triethylamine at room temperature
via thiol-ene click reaction with high post-modification ratio (up to
" J0%). Meanwhile, the ester groups at the side chain of PTEs could
hydrolyze in the presence of an excess of trifluoroacetic add
(“cheme7a).’¢1 Later, Durmazand coworkers used another

cheme 7 Synthesis of sulfur-containing polymers by thiol-yne polymeri-

zetions.
R1
b o
) 0 O-R'
TBD, CHCI
H * HS—RZ_SH — S\RZ/Si\
R1— 1 min n
(0]
|
R1
CFs
b) ° oF ; TBD S\R1/S~]\
>_— —RI—SH ————>
= 3 + HS—R'—SH CHCl, o n

A

commercially available di-activated alkyne monomer (i.e. 4,4,4-tri-
fluoro-2-butynoate) to polymerize with various dithiols at room
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temperatureinthe presence of TBD (Scheme 7b)."*1 The polymeri-
zation performed very rapidly, and CFs-substituted PTEs with high
molecular weights (M up to 21100) were obtained after 1 min. Be-
cause of their contained lots of CF3groups, the polymers showed
hydrophobic property with the contact angles ranging from 82 to
95°.

3.2.Isocyanide-based multicomponent polymerization (MCP)

MCP enjoys unique high efficiency, atom economy, simple reac-
tion andisolation procedure, etc., is one of the most powerful syn-
thetic methodologiesfor the rapid pre paration of complex and mul-
titudinous polymers. Isocyanide and alkyne are both promising
monomers forthe development of effident MCPs because of their
rich chemical property and potential unsaturated product struc-
tures. Active DAAD can be easily attacked by isocyanides to give
zwitterionic intermediates, which are readily trapped by carbon
electrophiles to generate polyheterocycles. Shi, Dong and
coworkers developed a catalyst-free MCP of DAADs, diisocyanides
and dialdehydes to afford fully substituted polyfurans with high My
(up to 76400) in high yields (up to 91%). Surprisingly, one of poly
mers bearing dimethylbenzene moieties demonstrated the charac-
teristics of black materials (Scheme 8a).[8.821 The MCP mechanism
probablygoes throughinfollowingsteps:isocyanide attacks the tri-
ple bond of DAAD to generate the zwitterionicintermediate; then,
the electronegative olefinic carbon of the intermediate nudeophil-
ically adds to the carbonyl carbon of the aldehyde group, mean-
while the oxygenatomof the carbonyl group attacks the positively
charged carbon of the intermediate to produce the dihydro-
furanone derivative, which subsequently experiences a [1,5]-hydro-
gen shift to generate furan unit. Shi, Dong and coworkers also es-
tablished another MCP of DAADs, diisocyanides and bis(2-bromo-
acetyl)biphenyls or 1,4-dibromo-2,3-butanedione to construct pol-
yiminofurans containing bromomethyl groups with high M, (up to
24300) in high yields (upto 90%) (Scheme 8b).[8384The polyfurans
showed good degradability after UV lightirradiation, which wasat-
tributed to the lots of UV-sensitive furanrings inthe polymer main
chains. Some of the polymers displayed AEE behaviors and could be
good candidates for bioimaging and therapy of specific cells. Re-
cently, Qin and coworkers explored a catalyst-free MCP of DAADs,
diisocyanides and diisocyanates to prepare soluble and themally
stable poly(maleimide)s with high My, (up to 29000) in satisfactory
yields (upto 85%) (Scheme 8c).B5I The resultant polymers displayed
excellent film-formingability, and their thin films possessed high re-
fractiveindices (upto 1.71at632.8 nm).

With the features of prominent mechanical, photoelectric oxida-
tive, and thermal properties, heterocyclic s piropolymers are draw-
ing increasing attention. Shi, Dong and coworkers prepared a kind
of heterocyclic spiropolymers with 1,6-dioxospiro[4,4]nonane-3,8
dieneas structural units, high My (up to 59000) in good yields (up
to 88%) through the efficiently catalyst-free one-pot multicompo-
nent spiropolymerization (MCSP) of DAADs, diisocyanides and
green monomer of CO2 (Scheme 8d).181Cai, Dong, Kim and cowork-
ers established another catalyst-free one-pot MCSP of DAADs, diiso-
cyanides and benzoyl isothiocyanate toward spiropolymers contain-
ing 4,7-bis[alkyl(aryl)imino]-2-phenyl-3-oxa-6-thia-1-azaspiro-
[4.4]lnona-1,8-diene moieties with high Mw (up to 34400) in good
yields (up to 89%) (Scheme 8e).1871 Particularly, part of the spiropol-
ymers showed the unique clusterization-triggered emission prop-
erty, and exhibited bright fluorescence in cancer cellsbyinteracting
strongly with the MDM2 protein, which could be used to distinguish
cancer and normal cells. Notably, addition of spiropolymers to
HepG2 cellsfacilitated a significant increase inintracellular reactive
oxygen species to trigger apoptosisin cancer cells

Chin. J. Chem. 202, 39, XXX—XXX



Scheme 8 Synthesis of heterocyclic polymers by multicomponent polymerizations.
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byreleasingandactivatingthe MDM2-bound p53, while displaying
good biocompatible and non-toxic in normal cells. Recently, Shi,

ong and coworkers explored a catalyst-free MCSP of DAADs, diiso-
cyanides and halogenated quinones and preapred bis-spiropoly

ers with high My, (up to 29200) in good yields (up to 88%) (Scheme
8f).[881 It’s worth noting that the bis-spiropolymers containing furan
rings in the main chain showed obvious photodegradation with
Phodamine B as a visible light photosensitizer, indicative of great
potential to be applied in pesticides.

2 3. Multicomponent tandem polymerization (MCTP)

With the compelling superioritiesof MCPs and tandem polymer-
_ations, it is attractive to combine them and develop effident
MCTPs forthe preparation of macromoleculeswith advanced struc-
tr res and unique properties. Toward this line, Lam, Tang and
oworkers developed a catalyst-free MCTP of dimethyl acetylenedi-
carboxylate and amines (Scheme 9a).89 Poly(aminomaleimide)s
ith five-membered heterocycle and satisfactory M, (up to 17800)
were preparedinhighyields (upto 99%). The polymerizations pro-
~eded in two steps, including amino-yne click reaction and ring-
closing reaction. When two different diamine monomers were used
.. —.ch step, sequence-controlled polymers would be obtained.
The resultant poly(aminomaleimide)s showed unusual nontradi-
ti ynal intrinsic luminescent (NTIL) properties, good biocompatibil-
.ty and could act as a visualizing agent to target lysosome for cell
imaging. To further enrich the variety of sequence-controlled poly
r ers, Hu, Tang and coworkers established a metal-free MCTP of di-
activated internal alkynes, aromatic diamines, and formaldehyde
(Scheme 9b).%01 By altering the order of monomer addition,
rHly(tetrahydropyrimidine)s with high My, (up to 69800) were syn-
thesized in highyields (up to 99%). Interestingly, thesequential reg-
u'arity of tetrahydropyrimidines and dihydropyrrolones in the pol-
ssnerbackbone couldbe adjusted by controllingthe reactiontem-
perature and monomer loading ratio. All the polymers without typ-
ical luminophores in their structures showed NTIL properties.
Moreover, multifunctional aromatic amines were employed to re-
placearomaticdiaminesinthe MCTP to produce Al E-active hyper-
branched poly(tetrahydropyrimidine)s with high My, (up to 30000)
in high yields (upto 98%).911n addition, the flexibility of the MCTP
has also allowed for the efficient formation of complicated nt-con-
jugated poly(heterocycle)s with tunable properties.[92:95]

Scheme 9 Synthesis of nitrogen-containing polymer by multicomponent
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4. Polymerization of in-situ Generated Activated Intemal
Alkynes
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To further maximize the structural diversity, reaction efficiency,
and step-economy of polymerization methodology, the MCTPs of
in-situ generated activated alkynes have been extensively studied
toward diversely functional polymers. Forexample, Lam, Tang and
coworkers developed a MCTP of alkyne, aroyl chloride, and ethyl 2-
mercaptoacetate at room temperature (Scheme 10a).°61 The MCTP
mecha nism probably performs in three steps: first, the Sonogashira
coupling reaction between ethynyl groups and carbonyl chlorides
to generate activated alkynesin-situ; secondly, the hydrothiolation
reaction of electrondefident alkynone intermediates; finally, the
cyclocondensation process to yield the thiophene rings with water
as byproduct. The conjugated poly(arylene thiophenylene)s with
high My (up to 156000) were facilely preparedin highyields (up to
96%). Interestingly, the polymer thin film showed high refractive
index, which could be further modulated by UV irradiation. The thi-
ophene-containing conjugated polymer endowed with AEE behaw
iorcouldbe used todetect Ru(lll)ion and to generate well-resolved
fluorescent photopattern.

Next, the general applicability of MCTP to aliphatic and aromatic
thiols was explored. Hu, Tangand coworkers developed a MCTP of
alkyne, aroyl chloride, and aliphatic/aromatic thiols by combining
the Sonogashira coupling and hydrothiolation processes (Scheme
10b).¢71 Different monomer strategies suchas “A2+ By + C1”, “A; +
B1+ G”, or “A1 + B2+ G” were employed to generate sulfur-rich
conjugated polymers with tunable polymer backbones, high Mi, (up
to 59100), and high and controllable refractive indicesin high yields
(up to 98%). Later, the rapid access to the luminescent merocya-
nine-based polymers was reported by Hu, Tang and coworkers
through a MCTP of alkyne, aroyl chloride, and Fischer’s base
(Scheme 10c).%81 The conjugated poly(diene merocyanine)s were
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Scheme 10 General illustration of in-situ generated activated internal alkyne-based polymerizations.
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ohtained with satisfactory My, (up to 10900) in good yields (up to
5.%). Afterwards, Lam, Tangand coworkers extended the concept
of MCTP by using diynes, diaroyl chlorides and primary amines to
_‘epare nitrogen-containing conjugated polymers with high M (up
to 46100), and highregio-/stereoregularities (Z-isomer up to 100%)
in high yields (upto 99%) (Scheme 10d).99 Interestingly, when sec-
oindary amines were used in this MCTP, exclusively generating
products with E-isomers of as high as 91% (Scheme 10e).[1%0 The
reason of high stereoregularity was that the products could fom
an intramolecular hydrogen bond between the hydrogen of -NH-
= 1d oxygen atom of carbonyl group. In addition, amino ester salts
could alsobeusedinthis MCTP, and the resultant polymers inher-
ited the chiroptical activities from the amine precursors (Scheme
© f).[01 |n addition, Hu, Tang and coworkers used hydrazines in-
stead of amines to explore a MCTP with diynes and diaroyl chlo-
rijdes. Nitrogenous heterocyclic polypyrazoles with high M (up to
30700) were prepared in excellent yields (up to 97%) (Scheme
10g).[1921 With the compelling advantages of good processability,
high light transparency and refractivity, and unique luminescence,

be foreseen that these polypyrazoles show potential in the

construction of conjugated semiconductors.

5. Polymerization of Ring-Strained Alkynes

Ring-strained alkynes are another viable activated altematives
besides the ones connecting with electron-withdrawing groups. In
view of their high activity, theyhave been widely utilized in azide-
alkyne polycycloaddition and ring-opening metathesis polymeriza-
tion.In2017,Zhang and coworkers developed a stoichiometricim-
balance-promoted step polymerization using sym-dibenzo-1,5-cy
clooctadiene-3,7-diyne and diazides as monomers without any cat-
alystorchemicalstimulus (Scheme 11a). Polymers with varied iso-
merstructures and high My (up to 407300) were preparedatam-
bient conditions. Meanwhile, in this kinetically controlled polymer-
ization, cyclicoligomers could also be formed with a weight content
above 30%.11031 To enrich the family of ring-strained alkynes, Qin
and coworkers designed benzyne monomers with highly strained
six-membered carbon ringcomposing oftwo carbon-carbon double
bond andone carbon-carbontriple bond,

Scheme 11 Schematicrepresentation of ring-strained alkyne based polymerizations.
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Scheme 12 Post-modification and functionality of polymersincluding activatedinternal alkynes.
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~1d established a new benzyne-azide polycycloaddition (Scheme
11b). Dibenzynes, which generatedin-situfrom their precursors in
the presence of CsF, and diazides could be polymerized at 75 °Cin
:etonitrile/tetrahydrofuran, and soluble polybenzotriazoles with
different regioregularities and high My (up to 13000) were pro-
< 1ced in moderate yields (up to 75%) after 10 h. Combination of
good light refractivity and AIE/AEE features, the generated ben-
zotriazoles might potentially be useful in photic and biological
fi2lds.l2041 To develop the regioselective polycycloaddition of ring-
strained alkyne and azide, Michinobu and coworkers synthesized
octadehydrodibenzo[12]annulene and applied it to polymerize
“ith azides with the regiochemistry of the product being perfectly
controlled (Scheme 11c). Heating the annulene and 2,7-diazidoflu-
‘ene at85°Cin DMF fortwo days furnished the PTA with M (up
to 13800) in highyield (up to 79%).12051 Taking advantage of the
n etal-free feature, this strain-promoted alkyne-azide polycydoad-
ition has been widelyusedin the synthesis of functional polymers
fortissue engineering and therapeutic drug release.[106-109]
Besides the ring-closing polymerization, the ring-opening one
was alsoestablished. For example, Tamm and coworker and Nuck-
'I's and coworker independently exploited the tungsten- and mo-
lvodenum-based complexescoupling with diversified ligands to ef-
_._ tly catalyze the ring-opening metathesis polymerization of
strained cyclic alkynes, generating peculiar carbon materials with
a :etylene linkages along the polymeric backbone (Schemes 11d
und 1le).[110-114]

“. Post-Functionalization of Polymers Containing Acti-
vated Internal Alkynes

Post-modification of polymers is a compensatory technique to
synthesize polymers with desirable functions and advanced struc-
+ res owingto the absence of strategies to directly obtain from
monomers. Durmazand coworkers synthesized a kind of polyesters
bearing di-activatedinternal alkynes in the main chains via esterifi-
cationreaction of acetylene dicarboxylicacids and diols as precur-
sors forpost-reaction. First, Diels-Alder cycloaddition reaction was
used to modify the polyester with dienes compound at 60-100 °C
for16 h,and the graft ratiowas up to 84% (Scheme 12a).[1151 Then,
the efficient 1,3-dipolar cycloaddition reaction was adopted to
modify the polyesters with azides at 25-40 °C, and the graft ratio
was up to 100% (Scheme 12b).[1261 | n addition, the oxanorbomadi-
ene functional polymer was proven to undergo sequential 1,3-dipo-
larcycloaddition/retro-Diels-Alder reactions under mild conditions

to release furan, and the total graft ratios varied between 75 to 79%.

Moreover, thiol-yne and amino-yne click reactions were also used

Chin. J. Chem. 2022, 40, XXX— XXX

to modifythe polyesters (Schemes 12cand 12d).!71Under the ca-
talysis of 1,4-diazabicyclo[2.2.2]octane, the efficiency of thiol-yne
click reaction was 90% in 2 min, furnishing only mono-addition
product with the E/Zratio of 60/40. Whereas, when TBD was used,
the double thiol addition products were gained with the graft ratios
of up to 100%. Furthermore, when secondary a mines were used to
react withthe polyesters without any catalyst, only E-isomers were
obtained with 100% grafting ratio. While when primary amines
were used as reactants, the graft ratio and fraction of E-isomers
were up to 92% and 94%, respectively. In the context of green car-
bon scientific development for achieving “dual carbon” goal,

Qin, Tang and coworkers also contributed in this area. They es-
tablished an efficient MCP of CO,, diynes, and alkyl dihalides to
yield polyesters bearing activated internal alkynes.[118-120] Notably,
when adding the fourth component of aminesintothe MCP, a four-
component tandem polymerization was developed, and distinctly
different stereoregularities of resultant poly(aminoacrylate)s were
realized. Utilizingthe primaryamines produced polymers with 100%
Z-isomers, whereas the secondary aminesgenerated products with
E-isomers up to 95% (Schemes 12e and 12f).l1211 By taking ad-
vantage of above MCTP, theyalso prepared multi-functional hyper-
branched polymers and explored the applications in polyprodrug
amphiphiles, white light-emitting devices and artificial light-har-
vesting system, etc.l!22l Moreover, Qin, Ling, Tang and coworkers
also studied the degradation process of the CO,-based linear and
cross-linked unsaturated polyesters, which could be easily visual-
ized by gradually increased luminescent intensity of the reaction
mixtures.[123] |t is interesting to note that the polyesters were suc-
cessfullydegraded by benzamidine into diols and high-value-added
pyrimidone at 110°C, orimidazolone at60°Corin the presence of
n-BusP atroomtemperature (Schemes 12g and 12h). Moreover, the
pyrimidone derivatives could be adopted in bioimaging and inhibit-
ing bacteria, whereasthe imidazolone derivatives could be used as
a sensitive probe to detect Au(lll) ion from electronic waste and in-
situgenerated bioamine fromfood spoilage.

7. Conclusions and Perspectives

© 2022 SI0C, CAS, Shanghai, & WILEY-VCH GmbH

In this review, we briefly summarize the recent advances in the
polymerizations of mono-activated, di-activated acetylenes, in-situ
generated and ring-strained alkynes. Meanwhile, the post-func-
tionalization of polymers containing activated ethynyl groups were
also reviewed. The functional polymers, as well as their versatile
properties and diverse applications are also briefly described. Alt-
hough remarkable progresses have been made in activated intemal
alkyne-based polymerizations, there remain numerous challenges
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and vast opportunities in this area, providing the impetus for fur-
ther research. First, the key for activated internal alkyne-based
polymerizations to proceed lies in the expansion of new activated
monomers and modes. Secondly, onaccount ofthe endless pursuit
of green carbonscience, the step chasing highly efficient polymeri-
zations of green monomer involved and catalyst-free systems
should never be ceased. In addition, achieve ments in selective ma-
nipulation of product stereochemistry should be made to open new
insight on structure-reactivity relationship, and to broaden the ap-
plications of polymer materials. Finally, as for these well-developed
r »lymerizations and corresponding functional polymers with in-
.omparable advantages, unremitting efforts are necessary for the
davelopment of their widespread applications in biological and op-
toelectronicfields. Itis envisioned that future developments of fun-
damentalresearchesand practical applicationsin activated intemal

kyne-based polymer chemistry will ultimately bring benefits to
the society.
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