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Abstract Cyclic polymers have attracted more and more attentions in recent years because of their unique topological
structures and characteristic properties in both solution and bulk state. There are relatively few reports on cyclic polymers,
partly because of the more demanding synthetic procedures. In recent years, “click” reaction, especially Cu(I)-catalyzed
azide-alkyne cycloaddition (CuAAC), has been widely utilized in the synthesis of cyclic polymer materials because of its
high efficiency and low susceptibility to side reactions. In this review, we will focus on three aspects: (1) Constructions of
monocyclic polymer using CuAAC “click” chemistry; (2) Formation of complex cyclic polymer topologies through CuAAC
reactions; (3) Using CuAAC “click” reaction in the precise synthesis of molecularly defined macrocycles. We believe that the
CuAAC click reaction is playing an important role in the design and synthesis of functional cyclic polymers.
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INTRODUCTION

Cyclic polymers as one of the oldest topological polymers, have regained more and more attention on account of
the recent developments in macromolecular architecture approaches and synthetic chemistry!'=l. Studies have
revealed that, compared with their linear counterparts, cyclic polymers with no terminals demonstrate
remarkable and unique performance, including a smaller hydrodynamic volume, less chain entanglement, higher
glass transition temperature, increased rate of crystallization!® 7! and so on. Some interesting properties,
functionalities and utilities of these cyclic polymer-based materials have been investigated including the self-
assembly behaviors®®!2, and potential applications in biomedical areal'*'¢l, It was found that, due to the
topological effects, functional cyclic polymers usually show specific characteristics with respect to their linear
precursors!!'7. For example, cyclic topologies have imparted unique and improved biological properties, such as
longer circulation times and improved drug loading and releasing capacity as drug carriers!'> '®], as well as
reduced cytotoxicity and higher transfection efficiency as gene delivery agents!'® !l However, efficient
synthetic routes for high-purity cyclic polymers remain an important task within the polymer synthesis
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community.

It is well known that ring-closure and ring-expansion, which are two main synthetic strategies for cyclic
polymers, have their respective pros and cons and complement each other in the preparation of cyclic polymers
including cyclic polystyrenel?®], polyacrylate®!], polyester??], polynorbornene!®’], and complex cyclic topologies
such as thetal®¥, eight!?*], tadpole!®! and block shapesi?®). Among them, the ring-closure strategy for cyclic
polymer is popularly used due to more available monomers, high design ability of linear precursors and good
controllability of resultant polymers. The ring-closure strategy is usually conducted in highly dilute condition
and requires highly effective intramolecular or intermolecular chain end coupling reactions under mild
conditions for more output of resultant cyclic polymer. “Click” reaction is undoubtedly the best choice for
fulfilling the criteria.

The term “click” chemistry?”! was first introduced in 1999 by Sharpless et al. at the 217" American
Chemical Society annual meeting. A set of stringent criteria is necessary to define a reaction as a click reaction.
The reaction must be modular and broad in scope, must afford high to excellent reaction yield, must generate
only inoffensive byproducts that could be removed by non-chromatographic method, and must be stereospecific
(but not necessarily enantioselective). The required process characteristics include simple reaction conditions,
readily available starting materials and reagents, the use of no solvent or a benign solvent easily removed and
simple product isolation[?],

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) reaction satisfies all the stringent criteria of the
Sharpless click chemistry concept, as this reaction is simple to perform, and is modular and wide in scope, highly
efficient, high yielding, and regiospecific. Moreover, it creates no or inoffensive byproducts. Lastly, it requires
readily available alkynes/azides as starting materials and reagents such as copper catalysts, along with easily
removable or benign solvents. Since its emergence, CUAAC has become an important member of “click”
reaction family and has been widely used in polymer synthesis?’], topology construction®! and preparation of
biology-related polymer materials!'>].

Our review will focus on the recent applications of CuAAC click reaction in cyclic polymers, focusing on
three key aspects as follows:

(a) Combination of reversible deactivation radical polymerization (RDRP) and CuAAC click reaction to
construct monocyclic functional polymers;

(b) Construction of cyclic polymer-based complex topologies through CuAAC reactions;

(c) Applications of CuAAC click reaction in the precise synthesis of molecularly defined cyclic oligomers/
polymers.

COMBINATION OF RDRP AND CUAAC CLICK REACTION TO CONSTRUCT MONOCYCLIC
FUNCTIONAL POLYMERS

The combination of RDRP and click reactions (especially CuAAC click reaction) has allowed a versatile
synthetic methodology for building complex polymer architectures. RDRP, mainly including atom transfer
radical polymerization (ATRP)12%, nitroxide-mediated polymerization (NMP), and reversible addition-
fragmentation chain transfer polymerization (RAFT)?’!, is a robust technique to produce polymer chains with
controlled molecular weight, polydispersity, and chain-end functionality?®-33]. Modification of these chain ends
with appropriate chemical motifs and followed by intra (inter) molecular click coupling reactions in high dilution
condition usually produces the cyclic product in high yields?*3-3%,

Combination of RAFT and CuAAC Click Reaction

Among RDRP, RAFT polymerization is one of the most robust RDRP techniques. The main advantage of RAFT
is that it can be used for a much wider range of functional and nonfunctional monomers, and more importantly, it
can be used to polymerize monomers in various solvents even in an aqueous environment at low temperatures.
Winnik et al. prepared c-PNIPAM using RAFT-synthesized ¢, @-heterodifunctional telechelic PNIPAAM
precursors. The latter was converted to a propargyl group in a one-pot aminolysis/Michael addition sequence,
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yielding the desired a~azido-@-propargyltelechelic linear precursors /-PNIPAM. Finally, CuAAC click reaction
was used to obtain cyclic polymer c-PNIPAME®) (Scheme 1).
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Scheme 1 Synthesis of cyclic PNIPAM (Reprinted with permission from Ref. [36]; Copyright (2007) American Chemical
Society)

Pan et al prepared successfully a tadpole-shaped amphiphilic copolymer by combination of RAFT
polymerization and CuAAC click chemistry. The synthesis included two steps, preparation of linear acetylene-
terminated PS-b-PNIPAAM with a side azido group at the junction between PS and PNIPAAM; then cyclization
of the linear diblock copolymers under high dilution. A very ingenious design that they made was the addition
reaction of PS-SC(S)Ph with MAH and esterification of MAH in the polymer chains with N;CH,CH,OH. In
comparison with the linear diblock copolymer, the tadpole-shaped polymers were of lower molecular weight,
and the values of <G> (the ratio <G> of cyclic [Mn(c)] and linear [My(/)] polymers’ molecular weights measured
by GPC method was used to characterize the formation of cyclic polymers)were in the range of 0.86—0.97, which
increased with the growth of PNIPAAM chain length. The water contact angle of the linear PNIPAAM-b-cyclic
PS was higher than that of its parent linear onel3” (Scheme 2).
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Scheme 2 Preparation of tadpole-shaped copolymers (Reprinted with permission from Ref. [37]; Copyright (2008) John
Wiley & Sons Inc)

In 2015, our group described a rational design and facile synthesis of biomacrocyclic side-chain liquid
crystalline polymers bearing cholesterol mesogens with three different lengths of methylene spacers (m = 2, 6,
11) via the combination of RAFT polymerization with CuAAC (Scheme 3). Subsequently, the liquid crystalline
(LC) phase behaviors of the linear and the cyclic polymers were investigated systematically. Both linear and the
cyclic polymers formed the smectic phase and exhibited a similar layer periodicity. However, the cyclic ones
exhibited a slightly lower mesophase transition temperature, enthalpy, entropy and smaller textures compared
with their linear counterparts. Meanwhile, the smectic C (SmC) phase was preferable in the cyclic polymers with
a long methylene spacer (m = 11) compared with that in the linear onest®.
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Scheme 3 The synthetic routes towards SCLCP-containing linear and cyclic cholesteryl (Reproduced from
Ref. [38] with permission from The Royal Society of Chemistry)

In a further research, our group reported the synthesis of amphiphilic macrocycles containing polymeric
liquid crystal grafts. The combination of RAFT copolymerization with CuAAC click ring-closure reaction
successfully produced the amphiphilic LC macrocycles (Scheme 4). It was found that macrocyclic LC block
copolymer amphiphiles and their linear analogues exhibited distinct self-assembly behavior owing to their
inherent topological differences. In particular, the macrocyclic architecture would weaken the order of
cholesteryl mesogens, thereby not being able to drive the whole macromolecule to self-organize into the classic
smectic cylindrical micelles, which were usually formed by most linear LC amphiphiles1.

Combination of ATRP and CuAAC Click Reaction

The combination of ATRP and CuAAC seems to be a classic and convenient ring-closure method to achieve
cyclic polymers!® 4. ATRP can introduce necessary functional groups, such as alkynyl group, into polymers by
designing multifunctional initiators in advance, and the halogen atom at the chain end of the linear-polymer can
be easily substituted by azide group, which is essential to CUAAC. The following CuAAC carried out under high
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dilution can provide cyclic polymers in nearly quantitative. A series of monomers, including styrene,
methacrylates, acrylates, acrylamides and other functional monomers, have been successfully adopted to
construct cyclic polymers by the combination of ATRP and CuAACH 41,

. 2 vy
S
//\W1
0 ~ NC 03
)2

ACVAP, CPDBP
Toluene, 70 °C

Y
;Z
3(6
zZ
§
o0

RAFT of OEGMA

o) O
///\O m
CN~0 §
0 b
N0 = o ¢  CuB/PMDETA
nBuNH,, THF, r.t. 8: %/ Toluene, 70 °C
\
Linear PChREMA-h-POEGMA-Tr Linear PChEMA-h-POEGMA-N; Cyclic PChEMA-b-POEGMA

Scheme 4 Synthesis of cholesterol-functionalized amphiphilic liquid crystalline macrocycles (Reproduced from Ref. [39]
with permission from The Royal Society of Chemistry)

Grayson et al. creatively applied CuAAC click chemistry to cyclic polymers in 2006. They prepared
polystyrene macrocycles from ATRP precursors containing a terminal alkyne, followed by conversion of the
terminal bromide to an azide. The cyclic polystyrene was obtained by the end to end CuAAC click reaction in a
highly dilute condition (Scheme 5). The product was rigorously verified by SEC, MALDI-TOF MS, NMR and
FTIR.
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Scheme 5 The terminal azidation and “click” cyclization of polystyrene prepared via ATRP (Reprinted with permission
from Ref. [20]; Copyright (2006) American Chemical Society)
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Similarly, Monteiro et al. figured out in 2010 that the strategy based on the CuAAC methodology was not
guided by theory and relied on the very slow feeding of polymer into a highly diluted reaction mixture of solvent
and Cu catalyst. They cleverly applied the Jacobson-Stockmayer theory to the CuAAC click reaction. The same
way as the reaction done by Grayson et al. described above, they investigated the effect of /-PSTY
concentration, temperature, feeding rate, Cu(I)Br concentration and /-PSTY molecular weight in order to find out
the optimal conditions for the synthesis of the monocyclic polymers. It was found that monocyclic polymers
could be formed with high yield as long as the feeding rate was greater than or equal to the reaction rate.
According to this strategy, c-PSTY (with 51 monomer units) was produced with high purity (> 95%) at a
concentration of 1.85 x 10~ mol/L in less than 9 min at 25 °C. This was the highest concentration, the shortest
time, and the lowest temperature that anyone has used to obtain macrocycles in high purity by the CuAAC
methodology™!.

In 2008, Grayson et al. synthesized a well-defined cyclic diblock copolymers by ATRP with click coupling
to cyclize a,w-difunctional linear block copolymers (Scheme 6). And they predicted that the cyclic diblock
copolymers were also able to self-assemble in solution to yield unique aggregates with their own function, such
as encapsulating guests and becoming more robust nanoscale carriers. Exciting results of the later experiments
by other researchers proved that such prediction was correct!*4,
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Scheme 6 Polymerization and cyclization of poly(methyl acrylate)-b-poly(styrene) (Reprinted with permission from
Ref. [44]; Copyright (2008) American Chemical Society)

In 2009, Liu et al. reported a smart and alternative strategy for high-efficiency preparation of the cyclic
diblock copolymers via the combination of supramolecular self-assembly and “selective” CuAAC click reaction
(Scheme 7), taking advantage of the unimer-micelle exchange equilibrium. Within self-assembled aggregates,
reactive alkynyl and azide groups were spatially separated, and intramolecular click reactions occurred
exclusively for unimers, the concentration of which was well-known to be the critical micellization concentration
(CMC). This led to a facile preparation of cyclic diblock copolymers from linear precursors at relatively high
concentration(*?],

Cyclic polymers with functional moieties have exhibited improved or unique properties compared with their
linear precursors. Therefore, it is quite meaningful to design and fabricate cyclic topologic polymers with
multifunctional moieties and to investigate their topological effects on characteristic properties by comparing
with their linear counterparts.

In 2011, our group presented the first example of cyclic poly((4-vinylbenzyl) carbazole) (PVBCZ)
synthesized by combination of ATRP and CuAAC click reaction (Scheme 8). And its thermal properties,
fluorescence, and redox behaviors were investigated. Cyclic PVBCZ exhibited unique properties in comparison
with its linear form: a higher 7,, enhanced fluorescence with a longer fluorescence lifetime, and higher Al
Owing to its unique properties, cyclic PVBCZ might be a potential candidate for a charge injection/transport
layer for organic electronic devices*3].
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Polymers that contain an azobenzene chromophore have been extensively studied for their unique reversible
photo-isomerization properties™*~*1. Such azobenzene polymers can be potentially useful in fascinating photo-
responsive applications, such as optical data storage*, liquid crystal displays®®”, optical switchingl!l,
holographic surface relief gratings (SRGs)P?! and so on. However, there were very few reports about the cyclic
polymers with the azobenzen chromophore either in the main chain or in the side chain.

In 2010, Zhao et al. reported the first cyclic side-chain liquid crystalline polymer (c-SCLCP) with pendant
azobenzene mesogenic groups. The synthesis of ¢-SCLCP was achieved by using the combination of ATRP and
CuAAC click reaction (Scheme 9). The topological constraint of cyclic structure could greatly affect the
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arrangement and organization of mesogenic side groups. Hence, cyclic polymers exhibited a lower mesophase
transition temperature, lower enthalpy and entropy compared with the linear analogues. Moreover, they also
investigated the photo-induced anisotropy in the polymer films**.
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Scheme 9 Synthetic route to cyclic azobenzene-containing side-chain liquid crystalline polymers (Reprinted with permission
from Ref. [53]; Copyright (2010) American Chemical Society)

In 2014, our group reported that some well-defined cyclic amphiphilic random copolymers, bearing
azobenzene side chains and pendent carboxyl moieties-cyclic P(BHME,-co-AA,)s, were synthesized by
combining ATRP with CuAAC “click” reaction and selective hydrolysis of fert-butyl ester (Scheme 10). The
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Scheme 10 The synthetic route of the linear and cyclic P(BHMEn-co-AA,) (Reprinted with permission from Ref. [54];
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cyclic-P(BHME,,-co-AA,) exhibited higher 7, and faster trans-cis-trans photo-isomerization in THF than the
linear ones. Due to the cyclic topology, the self-assembled aggregates of the cyclic-P(BHME,-co-AA,) in
ethanol/THF presented smaller spherical size and slower photo-response in comparison with those of the linear
precursor. The interesting photo-induced reversible formation-disruption-recovery behavior of the self-
assemblies should have potential applications in drug delivery or controlled release areal**.

In 2012, Hawker et al. reported a general and modular approach to the synthesis of cyclic block copolymers
(cyclic PS-b-PEO) by Cu-catalyzed azide/alkyne bimolecular coupling of ¢, @-azide-functionalized PS 5 and
o,w-alkyne PEO homopolymers 3. The o, @-azide-functionalized PS was synthesized from the difunctional
initiator 4 via ATRP (Scheme 11). Compared with their linear (linear PS-6-PEQO) analogues, the cyclic BCPs
yielded phase-separated thin films with feature sizes less than 20 nm, which corresponded to a decrease of
~33%. These results demonstrated that macromolecular architecture should be considered as an important design
feature for controlling feature size in block copolymer lithography, especially in the important sub-20 nm
scalel™3,

N/,
ine,
ar Verélls I
Ve, =

NS

Ty,
)
/\Br 7”\(/(*/} &ory,
HO/\é/O\/}OH /\( ()/\ lha’llg
m=1 9 Polystyrene pac,,]g

2 Polyethylene oxide
0 O

O O =
( N
/\()Aé/ )\/k(] § %@ Ester-linkages
1) St(ATRP) N; : |
Br 0/\/ N = 4
")N N, CuAAC bimolecular coupling N/ k /)/[

Cyclic PS-5-PEO

1) St(ATRP)
- 0& 2) NaN, )%
0.
. CuNps Q)%gv\/ Jsﬂo N /’
Br _
\%O\/)‘OH \[QO\/)\()/\ Linear PS-5-PEO

KOH

Scheme 11 The synthetic route of the linear and cyclic PS-b-PEO (Reprinted with permission from Ref. [55]; Copyright
(2012) American Chemical Society) (The online version is colorful.)

CONSTRUCTION OF CYCLIC POLYMER-BASED COMPLEX TOPOLOGIES THROUGH CUAAC
REACTIONS

“Click” chemistry, like the CuAAC reaction’->%, offers a toolbox for synthesis of many multi-component cyclic
polymers with complicated architectures, such as f-graph, jgraph, &graph®” and @shape (fused-)
polymers?* 381, Spiro- and bridged-polymers®® ¢ have been constructed via the combination of CuAAC with
electrostatic self-assembly and covalent fixation (ESA-CF). Tadpole-shaped> ¢! 621, sun-shaped!®*, bicyclic
polymers(®¥, tricyclic polymers and more!® ®) were also fabricated from tandem ATRP and CuAAC. For the
development of cyclic-based topological polymers, CuUAAC “click” reaction was usually utilized for both the
ring closure reaction to afford monocyclic polymers and chemical connections between monocyclic polymer
chains and other motifs. The following section will elaborate on three aspects:

(1) Building complicated topologies via intramolecular CuAAC cyclization;

(2) “Click” fragments together: build complex cyclic polymers by connecting either monocyclic building
blocks or functional building blocks together using different strategies, such as CuAAC, clip and so on;

(3) Using some novel methods, such as “insert-folding method” to form complex cyclic topologies.
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Building Complicated Topologies via Intramolecular CuAAC Cyclization (Which Is Based on the Artful
Design of the Linear Precursor)

In 2008, 2009 and 2011, Pan’s group described a series of complicated topology construction, including figure-
of-eight-shaped, miktocycle eight-shaped and &shaped polymers. All of them were prepared by combination of
ATRP, ring-opening polymerization (ROP) and CuAAC click chemistry. Generally, these strategies were made
up of two parts: (i) Ingenious design and construction of a linear tetrafunctional key initiator; (ii) Intramolecular
cyclization of the tetrafunctional linear precursor via CuAAC click reaction to produce the cyclic polymer with
corresponding topology!?: 6671 (Scheme 12).
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Scheme 12 The synthesis of figure-of-eight-shaped, miktocycle eight-shaped and &-shaped polymers (Reprinted with
permission from Ref. [40]; Copyright (2008) John Wiley & Sons Inc) (Reprinted with permission from Ref. [66]; Copyright
(2009) John Wiley & Sons Inc) (Reprinted with permission from Ref. [67]; Copyright (2011) John Wiley & Sons Inc) (The
online version is colorful.)

In 2009, Liu et al. reported a proof-of-concept example of the synthesis of quatrefoil-shaped star-cyclic
polystyrene (star-cyclic PS) containing polyhedral oligomeric silsesquioxane (POSS) core via combination of
ATRP and click reactions (Scheme 13). Star-linear PS (star-linear PS-N3) with 8-arms bearing eight terminal
azide was prepared by ATRP of styrene using a POSS-based octafunctional initiator, followed by a subsequent
azidation reaction. Under bimolecular CuAAC click conditions, difunctional linker propargyl ether was slowly
added into the extremely diluted solution of star-linear PS-Nj, leading to highly efficient construction of
quatrefoil-shaped star-cyclic PS bearing an inorganic POSS core. DSC results revealed that the star-cyclic PS
possessed higher 7, than the star-linear PS. Due to the presence of the POSS core, the star-cyclic PS could also
be considered as organic/inorganic hybrid nanocomposites!®®].
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“Click” Fragments Together: Building Complex Cyclic Polymer by Connecting Either Monocyclic Building
Blocks or Functional Parts Together Using Different Strategy

Protocols of combining several monocyclic building blocks together

In 2009, Liu et al. synthesized macrocyclic polystyrene-terminated PS star polymers via a core-cross-linking
approach. A tadpole-shaped macrocyclic PS-linear-PS copolymer was synthesized at first via click chemistry
and ATRP. ATRP initiated chain-ends of the tadpole-shaped copolymers were linked together via ATRP
polymerization with divinylbenzene to form a core-cross-linked macrocyclic star polymer (Scheme 14). The
number of arms attached to the macrocyclic star polymer was measured with NMR, and the absolute molecular
weight was determined by gel permeation chromatography (GPC) with multi angle laser light scattering detector.
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Scheme 14 Synthesis of macrocychc star polymer (Reprinted with permission from Ref. [69]; Copyright (2009) American
Chemical Society) (The online version is colorful.)
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These macrocyclic star polymers were featured by a highly cross-linked core and many radiating arms. The
shorter tadpole-shaped precursors caused core-cross-linked star polymers with higher molecular weight and
several arm numbers. The macrocycle-terminated core-cross-linked star polymers showed two glass transition
temperatures, one arising from the linear branches and the other from the macrocycles!®.

From 2010 to 2012, Monteiro’s group has published several papers with elucidation of the conception of
“small to big, easy to complex”. All the building blocks and the linker used in those papers are summarized in
Scheme 15, and specifically introduced here.

In 2010, they first reported the use of the enhanced rate of CuAAC cross-coupling reactions in the presence
of CuBr/PMDETA catalyst and toluene to create complex architectures from functional polymeric cyclic
building blocks. They were able to make various topologies, such as paddle-like, 3-miktoarm stars, figure-8, and
3-arm stars, in very high purity (> 80%) and with high coupling efficiency (> 90%) at 25 °C and in a time as
short as 1.5 h. This work opened a methodology to synthesize a wide range of cyclic structures in high yield with
a wide range of chemical functionally®! (Scheme 15).

Second, in 2011, they demonstrated the synthesis of a variety of miktoarms stars from a cyclic polymer
¢-PSTY and [-P'BA. These structures were produced using the combination of ATRP and CuAAC with high
coupling efficiency. All the /-P'BA arms on the structures were de-protected to the hydrophilic PAA using TFA,
producing amphiphilic macrocyclic structures. They also found that the self-assembly of these structures resulted
in the formation of micelles close to their equilibrium structures!®? (Scheme 15).

Third, in 2012, they demonstrated the rapid and highly efficient one-pot synthesis of mikto 3-arm AB, star
at 25 °C, using two copper catalyzed “click”-type reactions (CuAAC and nitroxide radical coupling NRC). By
modulating activity of the copper catalyst, the rates of NRC and CuAAC could be significantly changed. Under
these conditions, both the NRC and CuAAC reactions were similar. Well-defined linear and cyclic building
blocks, consisting of linear polystyrene, cyclic polystyrene, poly(zert-butyl acrylate) and PEG, were combined to
form a wide variety of chemically different AB, stars!®! (Scheme 15).
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Scheme 15 Summary of the building blocks, linkers and the complex topologies reported by Monteiro’s group from 2010 to
2012 (Reproduced from Ref. [25] with permission from The Royal Society of Chemistry) (Reprinted with permission from
Ref. [62]; Copyright (2011) John Wiley & Sons Inc) (Reprinted with permission from Ref. [70]; Copyright (2012) American
Chemical Society) (Reprinted with permission from Ref. [65]; Copyright (2012) American Chemical Society) (The online
version is colorful.)

Finally, in 2012, they constructed monodisperse ABC miktoarm stars with a similar strategy to the one
described in their third paper mentioned above. Therefore, this synthetic methodology allowed such architectures
to be used in a variety of applications (e.g., temperature, salt, and acid stable micelles for drug and vaccine
delivery), some of which are not be reported yet"! (Scheme 15).

Tezuka et al. developed an efficient process called “electrostatic self-assembly and covalent fixation”
(ESA-CF) and applied it to achieve an efficient one-step formation of well-defined polymers comprising mono-
or multi-cyclic polymer in 200024, Just as its name implied, it consisted of two steps: (1) telechelic poly(THF)s
with cyclic ammonium salt group and pluricarboxylate counter anions turned into the smallest assembly in dilute
solvent in the charge of cations and anions balance; (2) covalent fixation by ring opening of the cyclic
ammonium salt group by the carboxylate counter anion produced a variety of unconventional polymer
architectures comprising mono- and multi-cyclic polymer units. In the past 15 years, his group constructed a
variety of unusual macromolecular containing cyclic polymer units. Here, some of them, related to tandem
CuAAC click reaction conjunct with ESA-CF process, are discussed.

In 2011, they reported the constructions of programmed folding of polymers such as doubly fused tricyclic
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and triply fused tetracyclic polymer topologies by tandem CuAAC click reaction and an olefin metathesis
condensation in conjunction with ESA-CF process. The topologies have been fully characterized by NMR, SEC,
and MALDI-TOF techniques!’" (Scheme16).
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Scheme 16 Summary of the complex topologies reported by Tezuka’s group from 2011 to 2016 (Reprinted with permission
from Ref. [60]; Copyright (2013) John Wiley & Sons Inc) (Reprinted with permission from Ref. [71]; Copyright (2011)
American Chemical Society) (Reprinted with permission from Ref. [57]; Copyright (2013) American Chemical Society)
(Reprinted with permission from Ref. [3]; Copyright (2014) American Chemical Society) (Reprinted with permission from
Ref. [72]; Copyright (2016) American Chemical Society) (The online version is colorful.)

In 2013, they illustrated the constructions of doubly fused tricyclic, S and jgraph polymer topologiest®”.
The key polymer precursors, an asymmetric three-armed star and an H-shaped telechelic polymer precursor with
cyclic ammonium salt groups at the chain ends, were obtained through CuAAC using a polymer precursor with
cyclic ammonium salt end groups and an additional alkyne group at the center. The CuAAC click reaction with
complementary precursors with azide end groups was conducted to give the star-shaped and the H-shaped
telechelic polymer precursor keeping cyclic ammonium salt groups intact during the reaction. The subsequent
ESA-CF process with designated dicarboxylate counter anions containing additional alkene or alkyne group
could afford the kyklo-telechelic precursors, having either a tadpole form with an alkene and an alkyne group at
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the top-head or the tail-end positions, and a manacle/theta isomeric mixture with two alkene groups at the
opposite position, respectively. A further CuAAC click coupling of the former with a linear telechelic precursor
having azide group, followed by clip folding process produced a doubly fused tricyclic polymers with S-graph
topology. Moreover, the convergent clip folding of the latter isomeric mixture precursors could produce a sole
form of a doubly fused tricyclic polymer with jgraph topology®”! (Scheme16).

In 2014, a dicyclic, eight-shaped and a tricyclic, trefoil-shaped poly(THF), both having an alkyne group at
the core position, were introduced as versatile core-clickable kyklo-telechelic precursors. The eight-shaped
prepolymer was prepared by an ESA-CF process using an assembly, composed of two units of linear poly(THF)
with N-phenylpyrrolidinium salt groups carrying one unit of a tetrafunctional carboxylate with an alkyne group
as a counter anion. Alternatively, the trefoil-shaped prepolymer was prepared through a CuAAC click process
using a cyclic poly(THF) precursor with an azide group which was also obtained by the ESA-CF technique, with
a tripropargylated pentaerythritol derivative followed by esterification with 4-pentynoic acid to introduce again
an alkyne group. The subsequent CuAAC click coupling reaction of II and III with a linear telechelic poly(THF)
with azide groups afforded novel tetra- and hexacyclic bridged-spiro hybrid polymer topologies, i.e., double-
eight and double-trefoil constructionst®! (Scheme16).

Recently, they constructed a variety of tricyclic polymer topologies with a mixture of a dicyclic (theta- or
eight-shaped) and a simple ring unit and moreover, unprecedented tetracyclic topologies including double-theta
and another composed of three elemental dicyclic units of theta-, eight- and manacle-forms, through effective
CuAAC click-linking of complementarily reactive kyklo-telechelic precursors. These products were then fully
characterized using 'H-NMR, MALDI-TOF mass, FTIR, and SEC techniques!’?! (Scheme16).

Protocols of building complex cyclic topologies using monocycles and functional parts

From 2014 to 2015, Cheng et al. demonstrated fabrications of cyclic polymers with functional group of POSS or
fullerene. Two series of novel “nano-diamond-ring-like” giant surfactants, based on hydrophilic POSS and Cso
tethered with a cyclic polystyrene (CPS) tail, were synthesized using successive ATRP, CuAAC and the thiol-
ene “click” reactions. Starting from a specifically designed initiator, trifunctional linear polystyrene (LPS)
precursor bearing vinyl, bromo, and alkyne groups, was prepared by ATRP. Upon subsequent azidation of LPS,
CuAAC click reaction was employed to afford vinyl-functionalized CPS ring in high yield and purity (Vinyl-
CPS). The vinyl group was then subjected to thiol-ene reaction to introduce an azide group onto the CPS,
providing an azide functionalized CPS (CPS-N3) as a “clickable” cyclic building block to construct giant
molecules. And the “diamonds”, such as hydrophilic POSS or Ce, were installed on the “ring” (cyclic building
block) via CuAAC click reaction”’! (Scheme 17). The sequential “click” strategy was used to further expand the
scope of synthetically available giant molecules by precisely constructing new giant surfactants based on POSS
tethered cyclic polymers. Every “click” reaction played a unique “role”. For example, strain-promoted azide-
alkyne cycloaddition (SPAAC) was used for bimolecular homobifunctional ring closure to afford VPOSS-cPS
and VPOSS-cPS-alkyne; CuAAC was used for POSS-polymer conjugation to obtain VPOSS-cPS-ACPOSS, and
thiol-Michael/thiol-ene reactions was used for POSS surface functionalization to get APOSS-cPS, VPOSS-cPS-
FPOSS and APOSS-cPS-FPOSS (Scheme 18). This work not only offered a new method in macrocycle-based
topological polymer chemistry but also allowed the rational design and precise synthesis of a wide range of
POSS-based giant surfactants with complex shapes and architectures, which provided a systematic study of their
structure-property relationships!”! .

In 2015, our group successfully synthesized thiol-functionalized monocyclic and fused-bicyclic polymers
via a combination of ATRP and CuAAC cyclization reaction. Using these cyclic polymers as building blocks,
several tadpole- and spiro-shaped topological polymers were facilely constructed via a modular approach
(Scheme 19). Taking advantage of the versatile thiol chemistry, this work offered a modular methodology for the
facile and precise construction of cyclic-based topological polymers with thiol-functionalized cyclic polymers as
building blocks”1.
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Cyclic-brush polymer is a new cyclic polymeric topology which combines cyclic with brush architectures.
In 2015, our group reported a modular construction of cyclic-brush polymer using Suzuki coupling reaction for a
post-polymerization modification. A cyclic polymer precursor, cyclic PBrS (c-PBrS), was synthesized by
combining ATRP and CuAAC click ring closure. The post-polymerization modifications of c-PBrS to cyclic
poly[(4-methoxyphenyl)styrene] (c-PMOPS) and cyclic-brush polymer (c-PS-g-PS) were successfully achieved
with high efficiency, as illustrated in Scheme 201%. This study provided a promising protocol for efficient
preparation of cyclic-brush polymers or other complex topological cyclic-based polymers.

As a further investigation, our group reported a novel synthetic strategy for preparation of cyclic-brush
polymers with controlled grafting density. The cyclic polystyrene (c-PS) precursor was synthesized using the
general methods of activators generated by electron transfer for atom transfer radical polymerization (AGET-
ATRP) and CuAAC. The benzylic hydrogen atoms of c-PS were substituted with bromine to afford a tertiary
bromide ATRP macroinitiator (c-PSBr). Macro-RAFT agents with azole (c-PSN) or ethyoxyl (¢-PSO) as the Z
group were synthesized from ¢-PSBr. Using the as-prepared ATRP macroinitiator or macro-RAFT agents, a
series of cyclic-brush polymers, including c-PS-g-PS, ¢-PS-g-PNIPAM, c¢-PS-g-PMMA, ¢-PS-g-PMA and c-PS-
g-PVAc, were successfully prepared”’”! (Scheme 21). This work provided a novel strategy for preparation of
cyclic-brush polymers by controlled radical polymerization, including ATRP, RAFT and so on, which could
eventually enrich the topological architecture and benefit the study on cyclic polymers.
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Scheme 19 (a) Synthetic route to the thiol-functionalized macrocycle building blocks via ATRP; (b) CuAAC and synthetic
route to the macrocycle-based topological polymers from the building blocks via thiol chemistry (Reproduced from Ref. [75]
with permission from The Royal Society of Chemistry)
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(Reproduced from Ref. [76] with permission from The Royal Society of Chemistry)
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Using Some Novel Methods, Such as Precise “Insert-folding” Protocols to Form Complex Cyclic Topologies
In 2001, Lutz et al. introduced a versatile strategy of precise “insert-folding” to form complex cyclic topologies.
First, well-defined polymers were synthesized by ATRP of styrene. The controlled addition of discrete amounts
of protect-modified maleimide at precise time during the synthesis enabled the formation of polystyrene chains
with positionable reactive alkyne functions. Then intramolecular reaction between these functional groups
subsequently led to the formation of different types of covalently folded polymer chains by CuAAC or Glaser
coupling. For example, tadpole (P-shaped), pseudo cyclic (Q-shaped), bicyclic (8-shaped) and knotted (o~
shaped) macromolecular were prepared in a relatively straight forward manner’®! (Scheme 22).

N
O™ 20 Oe™=0 N_o O ™=2Q N_o 0: Opr
N N 0§\/ N Br0§(
v 1 N [ \TS_ZT;/N N ',‘l-* r ﬁ 1 ~ U~ T—Z}i}f N I \/ﬁ 1 ~ I~ Jr/J\ N
¢ O OO & DO LA -
0 07q 0 g} o
| —/ /
[ J | | [ | [ |
<. - g 1
Pl: M, = 4500 g'mol ' P3: M. = 4500 g-mol " Pa: M. = 8300 I P5: M, =2450 g-mol
P2: M, = 5900 g'mol”! o gme nmSEmo P6: M, = 3400 g-mol !

P7: M, = 4100 g-mol !

,,_,,]T,,_,,ANR Tll- N, N, - Tﬁ m N, —r..ln._f—«, —.Iﬂ,—
| | | |

T
— /— ’ﬂ\\ 'x
. (D 5\
P-shape Q-shape 8-shape o-shape

Scheme 22 Covalent folding of linear synthetic polymer chains (Reprinted by permission from Macmillan Publishers Ltd:
Ref. [78], Copyright (2011))

APPLICATIONS OF CUAAC CLICK REACTION TO PRECISE SYNTHESIS OF MOLECULARLY
DEFINED CYCLIC OLIGOMERS/POLYMERS

It is known that the property and the function of the polymers depend on their molecular weight, topology and
sequence distribution. Therefore, the precision synthesis of a polymer with molecularly-defined chain length
(i.e., monodisperse molecular weight), monomer unit sequence and topologies is a prerequisite. Nature provides
perfect examples for producing such precisely-defined polymers, such as DNA, proteins, and peptides, which are
well known to have definite chain length, functional sequence, and topology. Although the synthesis of
molecularly-defined polymer is a high challenge, great efforts have been made. Generally speaking, there are
two approaches to achieve the objective. The first one is the stepwise chain-growth approach from solid”8! or
liquid®?! phase substrate, or without substrate but using highly effective coupling reaction and equivalent
feeding!®~*7). This approach is proposed and developed for effective synthesis of polypeptides!’® 8% 831 The other
one is “geometrical approach or iterative exponential growth (IEG)”8-1191 which starts with the monomer with
the two ends orthogonally protected. Selective de-protection of one end from the monomer produces two mono-
protected intermediates, which react mutually to give the dimer of the monomer, and the oligomer or polymer
with definite chain length. Through this approach, the chain growth proceeds with a geometric progression, i.e.,
yields the sequence of length 2" for n repeat cycles. IEG strategy has shown its enormous potential in the
scalable synthesis of molecularly-defined macromolecules. Here, we introduce some applications of this
“geometrical approach or iterative exponential growth (IEG)” with CuAAC click reaction in cyclic polymeric
construction.

In 2009, Hawker et al. reported an efficient strategy for the synthesis and characterization of a series of
molecularly defined ethylene glycol based oligomers and their associated macrocycles that significantly
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enhanced structural diversity for these materials. By combining protection-deprotection and CuAAC exponential
chain-growth strategies, orazide-w-alkyne-functionalized oligo(ethylene glycol) derivatives were prepared
(degree of polymerization DP = 2", with n = 0-3), and CuAAC intramolecular cyclization was used to give a
series of novel, molecularly defined macrocycles with 1-8 triazole units in the cyclic backbone!!%! (Scheme 23).
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oligomers (n = 2, 4, and 8) and synthesis of molecularly defined a-azide-w-alkyne reactive oligomers 14—17 and
corresponding macrocycles 18—21 (Reprinted with permission from Ref. [105]; Copyright (2009) John Wiley & Sons Inc)
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In 2016, our group reported that a series of molecularly-defined macrocycles with main-chain azobenzene-
containing oligomers (sixth generation) were prepared, based on click chemistry and a stepwise chain-growth
strategy (Scheme 24). The cyclic topology and chain-length effects on the properties/functions of the cyclic
oligomers were investigated in detail by comparison with the linear analogues. This work undoubtedly illustrated
an example for demonstrating the dependence of properties/functions on both cyclic topology and chain-length,
allowing in-depth insight into the structure-property relationship. Therefore, the modular strategy was extended
to various molecularly-defined macrocycles with a wide variety of functions!!!'!],

0 0
B
R cl)l'\/'sB r *,,JL o \©/ HAAZo N‘@’OMJOL c1)l(\45 g
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K,co3 DMF Et;N
Br-TEG-OH / Az0-TEG-OH
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Z0
l KxCO3 / O‘/*if ¢

0 N
N“N—@—WO\/EM - QAN 14085 Da
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G
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|| /@ D) ?  (TEG)
W
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Scheme 24 Synthetic routes of monomer TMS-Azo-TEG-N3 by stepwise chain-growth approach using molecularly-defined
linear and cyclic oligomers (Reproduced from Ref. [111] with permission from The Royal Society of Chemistry) (The online
version is colorful.)

SUMMARY AND PERSPECTIVES

CuAAC click reaction has been developed and become a robust and versatile synthesis technique for preparation
of cyclic polymers. And it is also considered as one of the most versatile organic reactions useful to “click”
fragments together as molecular LEGO’s to form complex molecular architectures. Especially for the research
on cyclic polymer, CuAAC is an unbreakable bridge between structures and properties.
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