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Double click reaction strategies, which are a combination of different type of click reactions, allow the

preparation of polymers with various topologies and the post-functionalization of polymers, which

cannot be easily achieved by using only one click reaction. The most studied click reaction

combinations may be listed as the Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC)–Diels–Alder,

and the CuAAC–nitroxide radical coupling reactions for polymer–polymer conjugation and the

CuAAC–Diels–Alder, or the CuAAC–thiol-ene reactions for post-modification of polymers.
Introduction

Contemporary synthetic polymer chemistry aims to enable the

design and synthesis of macromolecules with not only precise

molecular weight and narrow molecular weight distributions but
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also well-defined topology and chemical composition. Recent

advancements in synthetic strategies allow a fair degree of

control over the placement and distribution of functional groups

along the macromolecular backbone. Living polymerization

techniques such as anionic, cationic and ring opening metathesis

(ROMP), and controlled radical polymerizations (CRP) may

provide polymers with the above mentioned well-defined prop-

erties to a certain extent.1–5 Challenges in employing these

polymerization techniques alone manifest themselves when

topologically as well as compositionally intricate macromolec-

ular constructs are targeted. The combination of the living and
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Scheme 1 Cu(I) catalyzed azide–alkyne cycloaddition (CuAAC)

reaction.
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the controlled radical polymerization techniques with highly

efficient ‘click’ chemistry based conjugation methodologies

expands the toolbox of polymer chemists to realize various

complex macromolecular architectures.

The ‘click’ chemistry concept introduced by Sharpless and co-

workers in 2001 comprises of chemical reactions displaying high

stereo- and regio-selectivity with excellent yields under mild

reaction conditions. Furthermore, the product of such reactions

should be obtainable via simple purification protocols, as

a logical expectation from highly efficient reactions. Addition-

ally, these reactions are tolerant to a wide range of functional

groups and can be carried out in a wide range of solvents.6

Therefore, in recent years the ‘click’ chemistry concept has found

widespread application in the synthesis of various polymeric

materials.7 The click chemistry concept has led to a ‘‘paradigm

shift’’ toward modular construction approach in the preparative

polymer chemistry as noted by Barner-Kowollik and Inglis8

Undoubtedly, the application of click chemistry concept has

afforded various macromolecular structures that would other-

wise not be achievable easily.8 Recently, Barner-Kowollik et al.

evaluated the requirements for click reactions in the light of

synthetic polymer chemistry.9 Additional criteria such as the

utilization of equimolar amounts of building blocks, a simple

large-scale purification process, apart from the expected high

yields of products in a reasonable time scale under simple reac-

tion conditions were proposed.9 It must be noted that the

introduction of the ‘clickable’ functional groups into the poly-

meric building blocks should be achievable in a few simple steps

otherwise it defeats the overall philosophy of click chemistry.

To date, the most widely utilized ‘click’ reactions in polymer

chemistry may be classified as the Cu(I) catalyzed azide–alkyne

cycloaddition (CuAAC), the Diels–Alder cycloaddition, the

thiol-ene (or thiol-yne), and the nitroxide radical coupling

(NRC) reactions. The paragraphs below intend to briefly famil-

iarize the readers with the basic functional groups involved in

these reactions. Subsequent sections will highlight the utilization
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of a combination of these click reactions to yield various

macromolecular constructs.

The CuAAC reaction is a Huisgen-type 1,3-dipolar (3 + 2)

cycloaddition reaction that proceeds at room temperature under

benign reaction conditions.10 Here, (3 + 2) notation describes the

number of atoms in the two components involved in the 1,3-

dipolar cycloaddition. Huisgen type reactions are exergonic

processes, which combine two (e.g. azide and alkyne) unsatu-

rated reactants and provide heterocycles e.g. a mixture of 1,4-

and 1,5-disubstituted-1,2,3-triazole. However the CuAAC click

reaction is highly regioselective and gives only 1,4-disubstituted-

1,2,3-triazole (Scheme 1).

The CuAAC click reaction was the first one to be adapted

widely to the field of polymer chemistry,11 because of the toler-

ance and stability of the functional groups involved with

a variety of CRP systems, in addition to the other advantages of

click reactions such as high yields under mild conditions.7 The

CRP systems, e.g. metal catalyzed controlled radical polymeri-

zation often called atom transfer radical polymerization

(ATRP), nitroxide-mediated free radical polymerization (NMP)

and the reversible addition fragmentation chain transfer (RAFT)

polymerization enable the synthesis of various types of polymers

with controlled molecular weight, narrow molecular weight

distribution and appropriate site-specific branching points and

functionalities. Among them, ATRP shares a number of

important features with CuAAC including robustness, versatility
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and excellent tolerance towards many functional groups. Most

importantly, polymers obtained via ATRP incorporate halogen

end-group at chain terminus, which can be converted efficiently

to an azide group using classic organic reactions.7 Here, it should

also be mentioned that CuAAC and ATRP use the similar

catalytic conditions without detriment to one another and thus

can be proceeded to construct various polymeric architectures in

a one-pot fashion.12 Furthermore, a wide variety of functional

groups including various ‘clickable’ moieties can also be incor-

porated into the polymer chain ends by utilization of appropri-

ately functionalized initiators.

The Diels–Alder reaction is a [4 + 2] cycloaddition reaction

between a conjugated diene (a 4p-electron system) and a dien-

ophile (a 2p-electron system) to yield a 6-membered ring

(Scheme 2).13 The most commonly encountered diene/dienophile

couples that are extensively employed in synthetic polymer

chemistry are the anthracene/maleimide, furan/maleimide and

butadiene/electron deficient dithioesters. The temperature range

at which the cycloaddition and cycloreversion reaction takes

place can be tuned by the selection of an appropriate diene-

dienophile combination. The anthracene-maleimide cycloaddi-

tion reactions are usually conducted at high temperature, such as

110 �C.14 In the case of the furan/maleimide combination, the

cycloaddition can be achieved at lower temperatures but the

obtained adduct is not thermally stable over 100 �C, thus limiting

its utilization towards the synthesis of polymers with complex

architecture. However, the utilization of the furan–maleimide

combination enables the design of thermoreversible macromo-

lecular structures.15

Another attractive alternative cycloaddition occurs with diene

and dithioesters in a hetero Diels–Alder process, which can be

carried out at relatively lower temperatures of 50 �C for buta-

diene or ambient temperature for cyclopentadiene.16 The

dithioester end-functionality may be introduced into the polymer

backbone via the RAFT process.17 The obtained adducts are not
Scheme 2 Illustrative diene-dienophile pairs utilized in the Diels–Alder

[4 + 2] reactions.

This journal is ª The Royal Society of Chemistry 2012
thermally stable over 80 �C for cyclopentadiene/dithioester, thus

limiting the applicability of the resulting polymers at high

temperatures. However, the same instability conversely enables

the design of macromolecular structures with reversible ther-

moresponsive properties.18 Similar to the CuAAC process, some

of the above noted Diels–Alder and hetero Diels–Alder systems

fulfil the polymer conjugation click criteria.19

A thiol-ene or thiol-yne reaction involves the free radical

addition of thiol to alkene or alkyne via thermal or photo-

chemical process resulting in thioether product with high degree

of anti-Markovnikov selectivity (Scheme 3).20,21 In a thiol-yne

reaction each alkyne reacts first with a thiol to result in a vinyl

sulfide followed by a subsequent reaction of the vinyl sulfide with

another thiol to yield the 1,2-disubstituted thioether adduct.20,21

It has recently been noted that radical thiol-ene reactions are

more efficient in the ligation of small organic molecules to the

polymer than the polymer–polymer conjugation.22 Another

commonly used thiol-ene reaction is the Michael addition of

thiols to acrylate or maleimide yielding the thioether-ester or

-imide functionalized adducts, respectively.

The NRC click reaction proceeds between a halide- and

a 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-terminated

polymers in the presence of CuBr and ligand at elevated

temperature based on the ATRP mechanism (Scheme 4).23

Huang and coworkers first applied the NRC click reaction

together with CuAAC click reaction towards the preparation of

linear ABC type triblock terpolymers.23b Later, this strategy was

carried out under the single electron transfer controlled radical

polymerization (SET-CRP)24 conditions. In this process, an

equimolar Cu(0) transferred an electron to a halogen-terminated

polymer to provide a macroradical and Cu(I) at ambient

temperature by SET-CRP mechanism, which is efficiently trap-

ped by TEMPO-terminated polymer. A wide variety of polymers

with different topologies has been prepared using the NRC click

reaction strategy.25

The theme of the present review is to highlight the rapidly

emerging concept of the utilization of ‘double click reactions’

towards the design and synthesis of novel polymeric materials.

The terminology ‘double click reactions’ in this review is strictly

limited to strategies based on the utilization of two chemically

and mechanistically different click reactions. Polymer conjuga-

tions and post-functionalization of the polymers that utilize only
Scheme 3 Commonly used thiol-ene and thiol-yne reactions.

Polym. Chem., 2012, 3, 825–835 | 827
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Scheme 4 Nitroxide radical coupling (NRC) reaction.
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one type of the click reactions successively are not considered.

The double click reaction strategy for the macromolecular

conjugation is classified in this review based on their macromo-

lecular architectures: linear and non-linear structures. Addi-

tionally, the post-functionalization of polymers with small

organic molecules via the ‘double click reaction’ based strategy is

also discussed in the last section of this review.
Linear polymers

Hizal, Tunca and co-workers utilized the combination of

CuAAC and Diels–Alder ‘click’ reaction to synthesize linear

ABC triblock copolymers in a one pot reaction.26 The strategy

benefits from the orthogonal nature of the azide-alkyne and

anthracene-maleimide cycloaddition. A hetero-telechelic poly-

styrene (PS), containing an anthracene and an azide functional

group at the chain termini (anthracene-PS-N3) was utilized as the

middle block. Treatment of this polymer with a furan protected-

maleimide-terminated poly(methyl methacrylate) (PMMA-MI),

and an alkyne-terminated-poly(ethylene glycol) (PEG-alkyne) or

-poly(3-caprolactone) (PCL-alkyne) provided the triblock

copolymers, PMMA-b-PS-b-PEG and PMMA-b-PS-b-PCL,

respectively, in a modular and efficient manner (Fig. 1).

In particular, PMMA-MI (Mn¼ 2600 g mol�1,Mw/Mn¼ 1.21)

and anthracene-PS-N3 (Mn ¼ 6100 g mol�1,Mw/Mn ¼ 1.09) were

reacted with a PEG-alkyne (Mn ¼ 3000 g mol�1, Mw/Mn ¼ 1.03)

or a PCL-alkyne (Mn ¼ 4000 g mol�1, Mw/Mn ¼ 1.06) in a one-

pot fashion to yield the corresponding linear triblock copoly-

mers. The reactions were carried out in the presence of CuBr/N,

N,N0,N0 0,N0 0-pentamethyldiethylenetriamine (PMDETA) in N,

N-dimethyl formamide (DMF) at 120 �C for 48 h. Gel perme-

ation chromatography (GPC) indicated a clear shift to the higher

molecular weight region without any noticeable low molecular

weight tail, thus indicating that pure triblock copolymers were

obtained. 1H NMR analysis also confirmed the incorporation of
Fig. 1 Synthesis of ABC type linear terpolymers via CuAAC–Diels–

Alder click reactions combination using a one-pot technique.

828 | Polym. Chem., 2012, 3, 825–835
all individual polymeric blocks into the corresponding triblock

copolymers and the double click reaction efficiency was deduced

to be in the range of 89–91%.

Huang and co-workers disclosed an alternative approach

towards the one-pot synthesis of linear ABC triblock copolymers

by using a combination of CuAACand atom transferNRC ‘click’

reactions. They utilized a hetero-telechelic PS containing a a-

alkyne- and au-bromine end group as themiddle block. Reaction

of the alkyne-PS-Br polymer with TEMPO-terminated polymers

(TEMPO-PEG or TEMPO-PCL) and an azide-terminated poly

(tert-butyl acrylate) (PtBA-N3) in the presence of CuBr/

PMDETA at elevated temperatures, furnished well-defined linear

ABC triblock copolymers (Fig. 2).23b In the NRC reaction, under

the ATRP conditions, a bromide-terminated polymer reacts with

CuBr to produce the corresponding macroradical, which is effi-

ciently capped with a TEMPO-terminated polymer.23b In partic-

ular, alkyne-PS-Br (Mn ¼ 7300–10600 g mol�1, Mw/Mn ¼ 1.10–

1.08) and with PtBA-N3 (Mn ¼ 3000–5300 g mol�1, Mw/Mn ¼
1.13–1.10), both synthesized via ATRP, were clicked with

TEMPO-PEG (Mn¼ 3600–4000 gmol�1,Mw/Mn¼ 1.20–1.05) or

-PCL (Mn,NMR ¼ 4400 g mol�1) to yield linear triblock terpoly-

mers in a one-pot fashion by using a CuBr/PMDETA catalyst

system in DMF at 90 �C for 24 h. The corresponding triblock

terpolymers, PtBA-b-PS-b-PEG and PtBA-b-PS-b-PCL, were

obtained with coupling efficiencies as high as 86%.

Barner-Kowollik and co-workers recently applied a diverse

radical coupling strategy, namely, the nitrone-mediated radical

coupling (NMRC), for the homoconjugation of a,u-bromo

functional poly(isobornyl acrylate)s (Mn,GPC ¼ 7800 g mol�1,

Mw/Mn ¼ 1.25) obtained via ATRP.27 Homoconjugation of the

polymers in the presence of a trimethylsilyl protected alkyne-

functionalized nitrone, followed by the removal of the silyl

protecting group was used to obtain a multi-segment polymer

containing pendant alkyne moieties. Post-modification of thus

obtained polymers was done with 3-mercaptopropionic acid

under UV irradiation via the free radical mediated thiol-yne

‘click’ reaction.
Non-linear polymers

Non-linear polymers synthesized using the double click reaction

based strategies, discussed in this review are subdivided
Fig. 2 Synthesis of ABC type linear terpolymers via combining

CuAAC–NRC click reactions in a one-pot technique.

This journal is ª The Royal Society of Chemistry 2012
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according to their macromolecular topologies into star, graft, H-

shaped, dendrimers and dendronized polymers, and cyclic

polymers.
Star polymers

Star polymers are branched macromolecules where all the poly-

mer chains as the arm segments are linked to a central unit,

referred to as the core. While several methods for their efficient

synthesis are available, efficient methods towards their function-

alization were quite limited. In recent years click reactions have

been exploited towards the post-functionalization of such star

polymers. Utilization of double click reaction based strategies has

also led to facile multifunctionalization of these constructs.

Tunca and co-workers employed the concept of double click

reaction to synthesize a three-arm star block copolymer in a one-

pot reaction. A trialkyne-functional linking agent, 1,1,1-tris[4-(2-

propynyloxy)phenyl]-ethane, was combined with the hetero-

bifunctional polymer, anthracene-PS-N3 (Mn,GPC ¼ 5200 g

mol�1; Mw/Mn ¼ 1.12) and either PMMA-MI (Mn,GPC ¼ 2500 g

mol�1;Mw/Mn ¼ 1.19) or PEG-MI (Mn,GPC ¼ 3200 g mol�1,Mw/

Mn¼ 1.03) in the presence of CuBr/PMDETA at 120 �C in DMF

for 48 h to furnish the corresponding star block copolymers

(Fig. 3).28 The efficiencies for the star block copolymer formation

were calculated to be 82–88% via peak splitting analysis on GPC

traces.
Fig. 3 Synthetic strategy for the preparation of a three-arm star block

copolymer via CuAAC and Diels–Alder in a one-pot fashion.

This journal is ª The Royal Society of Chemistry 2012
The CuAAC–Diels–Alder double click reaction strategy was

further extended to produce multiarm core-crosslinked star

polymers containing triblock terpolymer arms.29 The (alkyne-

PS)m-poly(divinyl benzene) (DVB) multiarm star polymer

(number of arms¼ 23–25) was obtained viaATRP of DVB using

a-silyl-alkyne-PS as a linear macroinitiator in the presence of

a CuBr/PMDETA catalyst at 110 �C (Fig. 4). Subsequently the

silyl protecting groups on the alkynes were removed using tetra-

butyl ammonium fluoride (TBAF). Thus obtained (alkyne-PS)m-

polyDVB multiarm star polymer was sequentially clicked with

a linear hetero bifunctional polymer, anthracene-PMMA-N3,

(Mn,GPC ¼ 4100 g mol�1, Mw/Mn ¼ 1.23) and either a PtBA-MI

(Mn,GPC¼ 4100 gmol�1,Mw/Mn¼ 1.14) or a PEG-MI (Mn,GPC¼
550 g mol�1, Mw/Mn ¼ 1.09) polymer to yield the corresponding

(PtBA)k-(PMMA)n-(PS)m-polyDVB and (PEG)p-(PMMA)n-

(PS)m-polyDVB multiarm star terpolymers. The CuAAC and

Diels–Alder click reaction efficiencies were calculated to be over

95% using the NMR and UV data, respectively.

The sequential CuAAC andDiels–Alder click reaction strategy

was also exploited in the synthesis of multi-miktoarm star block

copolymers via the ‘arm-first’ approach (Fig. 5).30 The multiarm

core-crosslinked star PS with both alkyne and anthracene moie-

ties at the periphery, (alkyne-PS)n–polyDVB–(PS-anthracene)n,

was obtained viaATRP ofDVB concurrently initiated with linear

a-silyl protected alkyne- and a-anthracene-terminated PS mac-

roinitiators (Mn,GPC ¼ 5400 g mol�1,Mw/Mn ¼ 1.10). Sequential

CuAAC and Diels–Alder reactions of the multifunctional
Fig. 4 Preparation of core-crosslinked multiarm star terpolymers using

sequential CuAAC–Diels–Alder click reactions.

Polym. Chem., 2012, 3, 825–835 | 829
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Fig. 5 Sequential CuAAC and Diels–Alder click reaction strategy for

the synthesis of multi-miktoarm star block copolymers via the ‘arm-first’

approach. Fig. 6 Sequential thiol-ene, ROP and CuAAC for the synthesis of PS-

PCL-PEG miktoarm star polymer.

Fig. 7 Synthesis of a heterograft terpolymer via a combination of

CuAAC–Diels–Alder click reactions using a one-pot technique.
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core-crosslinked star polymer with PtBA-N3 (Mn,NMR ¼ 5100 g

mol�1) and PMMA-MI (Mn,GPC ¼ 3900 g mol�1,Mw/Mn ¼ 1.17)

resulted in formation of the target multi-miktoarm star block

copolymer, (PtBA)m-(PS)n-polyDVB-(PS)n-(PMMA)k, with

narrow molecular weight distribution. Molecular weights up to

400000 g mol�1 were measured for these constructs by triple-

detectionGPC.Analysis of the final star block copolymers byUV

spectroscopy revealed that the efficiency of conjugation via the

Diels–Alder click reaction was over 95%.

More recently, Yagci and co-workers reported a combination

of the thiol-ene and CuAAC reactions for the preparation of

a ABC miktoarm star polymer.31 For this purpose, a thiol

terminated-PS (Mn,GPC ¼ 3530 g mol�1, Mw/Mn ¼ 1.08) was

reacted with the 1-(allyloxy)-3-azidopropan-2-ol core under UV

irradiation via thiol-ene click reaction. Thereafter, ROP of 3-CL

was initiated from this macroinitiator to yield a diblock copol-

ymer containing an azide functional group at the junction of the

two blocks. A PEG-alkyne (Mn ¼ 2000 g mol�1) was clicked via

the CuAAC reaction onto the azide functionality to furnish the

ABC miktoarm star polymer (Fig. 6).

Graft copolymers

The first example of the synthesis of hetero-graft copolymers via

‘graft-to’ method using the double click reaction was reported by

Tunca and co-workers in 2008.32 A hetero-graft terpolymer was

obtained using the CuAAC and Diels–Alder reactions in a one-

pot technique. A random copolymer of St and p-chloromethyl-

styrene was prepared via NMP. Subsequent attachment of the

anthracene functionality to the preformed copolymer was carried
830 | Polym. Chem., 2012, 3, 825–835
out by the o-etherification procedure followed by conversion of

the remaining -CH2Cl into azide functionality.33 Thereafter,

a PMMA-MI (Mn,GPC ¼ 3350 g mol�1, Mw/Mn ¼ 1.22) and

a PEG-alkyne (Mn ¼ 2000 g mol�1) were efficiently introduced

onto the PS polymer bearing the pendant anthryl and azide

moieties to yield a PS(-g-PMMA)-g-PEG heterograft terpolymer

(Fig. 7).

A similar strategy was employed to obtain polynorbornene-

based hetero-graft copolymers via the combination of ROMP,

and sequential CuAAC and Diels–Alder reaction. Poly(ONB-g-

PMMA)-b-poly(ONB-g-PCL) and poly(ONB-g-PtBA)-b-poly

(ONB-g-PCL) block brush graft terpolymers were made by

sequential CuAAC and Diels–Alder click reactions of PCL-

alkyne (Mn,NMR ¼ 2800 g mol�1) and PMMA-MI (Mn,NMR ¼
3300 g mol�1) or PtBA-MI (Mn,NMR ¼ 2300 g mol�1) respectively

with a well-defined ROMP generated polyoxanorbornene
This journal is ª The Royal Society of Chemistry 2012
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Fig. 9 Preparation of H-shaped quintopolymer using a combination of

CuAAC–Diels–Alder click reactions in a one-pot technique.
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(PONB) block (Mn,GPC ¼ 7300 g mol�1, Mw/Mn ¼ 1.06) con-

taining azide and anthryl pendant groups.34 In a related work,

the sequential CuAAC and Diels Alder click reactions were

successfully employed towards the synthesis of graft terpolymers

consisting of a PONB main chain and the PS-b-PMMA (or

b-PEG, or b-PtBA) copolymer grafts.35

The double polymer click reactions (CuAAC and Diels–Alder)

were also applied to produce regular graft copolymers (Fig. 8).36

In this study, graft copolymers with regular graft points con-

taining PS backbone and PMMA, PtBA, or PEG side chains

were simply achieved by a sequential double polymer click

reactions.36 The linear PS containing both alkyne and anthracene

groups at a-end and azide unit at u-end (Mn,NMR ¼ 3850 g

mol�1) at was produced via ATRP of St. Subsequently, the

CuAAC click coupling of this PS to create the linear multiblock

PS chain with pendant anthracene sites per PS block (Mn,GPC ¼
42400 g mol�1, Mw/Mn ¼ 1.40), followed by Diels–Alder click

reaction with the PMMA-MI (Mn,NMR ¼ 3300 g mol�1), PtBA-

MI (Mn,NMR ¼ 2300 g mol�1), or PEG-MI (Mn,NMR ¼ 750 g

mol�1) yielded final PS-g-PMMA, PS-g-PtBA or PS-g-PEG

copolymers with regular grafts, respectively. The decrease in the

concentration of the anthracene unit due to the Diels–Alder click

reaction at 368 nm was found to yield efficiencies over 92% via

UV spectroscopy as a function of time.
H-shaped polymers

H-shaped polymers possess two polymeric side arms attached to

the each end of a polymer backbone. An H-shaped polymer

containing pentablocks (H-shaped quintopolymer) with different

chemical compositions was obtained by employing the CuAAC

and Diels–Alder reaction in a one-pot technique (Fig. 9).37

Herein the H-shaped quintopolymer consists of PEG-PMMA

and PCL-PS blocks as side chains and PtBA as a main chain. For

the preparation of H-shaped quintopolymer, the diblock copol-

ymers PEG-b-PMMA (Mn,NMR ¼ 8100 g mol�1) and PCL-b-PS

(Mn,NMR ¼ 12800 g mol�1) copolymers with maleimide and

alkyne functional groups at their block junctions were synthe-

sized. These diblock copolymers were simultaneously subjected

to click reactions with a linear anthracene-PtBA-N3 (Mn,NMR ¼
8700 g mol�1) using CuBr/PMDETA as a catalyst in DMF at

120 �C for 48 h. The double click reaction efficiency was deduced
Fig. 8 Synthesis of regular graft copolymers via sequential CuAAC–

Diels–Alder click reactions.

This journal is ª The Royal Society of Chemistry 2012
to be 88% by comparing the 1H NMR spectra of the precursor

macromolecules and the final H-shaped quintopolymer.
Dendrimers and dendronized polymers

Dendrimers are well-defined, monodisperse, highly branched

three-dimensional macromolecular structures. Until recently,

synthesis of these molecularly precise branched macromolecules

has remained a challenging task due to the low reaction yields

and tedious purification steps involved. In the past few years,

several reports have shown that the utilization of ‘click’ reactions

provides an efficient and ‘green’ route towards construction of

dendrimers.38a,b Employing the combination of double click

reactions not only enables the facile and rapid synthesis of den-

drimers but also allows one to introduce diversity at the

branching points within these macromolecules.

Kakkar and co-workers highlighted the benefits of using the

double click reaction based strategy in their design and synthesis

of a novel thermally cleavable dendrimer.38c Using the divergent

approach for dendrimer construction, the authors utilized the

CuAAC and furan-maleimide Diels–Alder reactions sequentially

to grow subsequent higher generations (Fig. 10). A bisfuran-

azide containing molecule was first reacted with a tris-alkyne

core unit using the CuAAC reaction to yield a G1 dendrimer.

This was followed by the Diels–Alder reaction with
Fig. 10 Preparation of a divergent dendrimer structure using the

sequential CuAAC–Diels–Alder (furan–maleimide) reactions.
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Fig. 12 Combination of CuAAC and furan–maleimide Diels–Alder

click reactions for the preparation of linear dendronized polymers.
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a bis-maleimide-alkyne linker to provide the G2 dendrimer.

Iterative sequences of these click reactions provided the higher

generations dendrimers. These dendrimers are thermosensitive

since the furan-maleimide cycloadduct based junctions are

cleaved upon heating via the retro-Diels–Alder cycloreversion

reaction.

A combination of double click reaction strategy employing

both thiol-ene and CuAAC was employed by Hawker and co-

workers to accomplish the synthesis of a 6th generation den-

drimer in a single day.39 The synthetic strategy facilitates the

preparation of higher generation dendrimers via iterative utili-

zation of orthogonally ‘clickable’ monomers containing a thiol-

bisazide (SH-(N3)2) and an alkyne-bisalkene (yne-(ene)2) unit

(Fig. 11). The efficiency of the double click reaction based

protocol enabled the authors to obtain a sixth generation den-

drimer in a single day.

Recently, ‘orthogonally’ functionalizable polyester-based

dendrons were reported by Sanyal and co-workers.40 The surface

of these dendrons were appended with alkyne groups that can

undergo efficient CuAAC reaction while their focal point con-

sisted of a reactive maleimide group that was amenable to facile

conjugation with thiol containing molecules via the nucleophilic

thiol-ene ‘click’ reaction. These dendrons were reacted with

PEG-N3 to obtain water soluble multi-arm polymers containing

thiol reactive maleimide unit at their core.

Xiong and Xu reported the synthesis of dendritic polymers

with PCL on the periphery using the CuAAC and Diels–Alder

click reactions in a one-pot technique.41 A tetra-alkyne func-

tional core, 9-azidomethyl anthracene and maleimide containing

mono- and bis-arm PCL polymers in the presence of CuBr/

PMDETA in DMF was stirred at room temperature for 12 h,

followed by heating at 110 �C for another 12 h. The sequential

CuAAC and Diels–Alder reactions yielded the final dendritic

polymeric structure.

The first example of a main chain thermoreversible dendron-

ized polymer was recently reported by McElhanon and co-

workers.42 The authors applied the combination of CuAAC and

furan-maleimide Diels–Alder reactions for the synthesis of linear

dendronized polymers (Fig. 12). Three generations of Frechet

type poly(aryl ether) dendrons containing an azide moeity at

their focal point were reacted with a bisfuran-bisalkyne func-

tional group bearing monomer. Dendronized macromonomers

thus obtained were reacted with bismaleimide in CHCl3 at 50
�C

to yield the thermoreversible linear dendronized polymers.

Recently, the authors reported an elegant extension of this work
Fig. 11 Combination of double click reaction strategy: iterative thiol–

ene and CuAAC for the synthesis of a 6th generation dendrimer.

832 | Polym. Chem., 2012, 3, 825–835
to synthesize thermally labile dendronized linear AB step-poly-

mers.43 Dendritic AB monomers prepared via the CuAAC reac-

tion were polymerized using a single-component Diels–Alder

cycloaddition reaction to afford the main chain thermoreversible

polymer.
Cyclic polymers

Notably, the click reaction based strategies have clearly

advanced the synthesis of cyclic polymers. Cyclic homopolymers

and diblock copolymers have been synthesized using the CuAAC

reactions.44a Previously, cyclic diblock copolymers were obtained

by using an alkyne-azide terminated diblock copolymer

precursor that was synthesized via sequential polymerization of

monomers using ATRP.44b Recently, Tunca and co-workers

reported a modular synthesis of cyclic block copolymers via the

sequential use of CuAAC and Diels–Alder reactions.45 The block

copolymers, PS-b-PtBA (Mn,GPC¼ 7400 g mol�1,Mw/Mn¼ 1.14)

and PS-b-PCL (Mn,GPC ¼ 11200 g mol�1,Mw/Mn ¼ 1.05) with a-

anthracene and u-maleimide functional groups were prepared

using the highly efficient CuAAC click reaction (Fig. 13).

Subsequently, cyclic homo- and block copolymers were obtained

from their corresponding linear precursors via the Diels–Alder

‘click’ reaction by refluxing in toluene under dilute conditions.

The efficiency of the cyclization reactions was determined from
This journal is ª The Royal Society of Chemistry 2012
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Fig. 13 Preparation of cyclic block copolymers via sequential CuAAC

and Diels–Alder click reactions.
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the GPC peak splitting method using the Gaussian function and

was found to be in the range of 77–85%. The double click reac-

tion based methodology employed in this work provides an

efficient and modular route to obtain cyclic block copolymers

with various chemical compositions.
Post-functionalization of polymers

Chaikof and co-workers first demonstrated the orthogonality of

sequential Diels–Alder and CuAAC click reactions for the

immobilization of carbohydrates and proteins onto glass

surfaces.46 An a-alkyne-u-cyclopentadiene-PEG linker was

immobilized onto a maleimide functionalized glass slide via an

aqueous Diels–Alder click reaction. In the subsequent step, thus

obtained alkyne terminated surface was then successfully clicked

with both azide-containing biotin and lactose via aqueous

CuAAC at low temperature. This study demonstrated that use of

sequential CuAAC and Diels–Alder reactions provide an effec-

tive strategy for the immobilization of a wide range of func-

tionally complex structures onto solid surfaces.

Utilization of the combination of the CuAAC and the

hydrazone formation click reactions as a tool for modular mul-

tifunctionalization of copolymers was reported by Yang and

Weck.47 The ROMP generated polynorbornene based random

copolymers containing either azide, aldehyde or ketone pendant

groups on each repeating units were reacted with molecules

containing alkyne and amine groups. Yagci and co-workers used

double click reaction strategy combining CuAAC and Diels–

Alder cycloaddition reactions in the preparation of macro-

photoinitiators containing thioxanthone moieties as side

chains.48 In this study a NMP generated PS chain with azide

pendant moieties (Mn ¼ 2300 g mol�1) was functionalized via N-

propargyl-7-oxanorbornene linker and anthracene-thioxanthone

compound using a one-pot CuAAC–Diels–Alder click reactions

catalyzed by CuBr/PMDETA in DMF at 120 �C for 36 h. The

resulting polymer acts as a photoinitiator due to its thioxanthone

chromophoric groups for the polymerization of mono and

multifunctional monomers.

A combination of thermal thiol-ene and CuAAC click reac-

tions for the a,u-functionalization of linear PS was reported by

Hawker and coworkers.49 They also tested the orthogonality of

thermal thiol-ene with the CuAAC reaction using a telechelic

alkene-PS-N3 (Mn,GPC ¼ 6000 g mol�1, Mw/Mn ¼ 1.08), thio-

glycolic acid and propargyl alcohol. The two possible synthetic

pathways: initial thermal thiol-ene followed by CuAAC and vice
This journal is ª The Royal Society of Chemistry 2012
versa, showed analogous efficiencies and compatibility with

quantitative functionalization of both chain ends.

Haddleton and co-workers prepared macromonomers con-

taining two clickable groups (alkyne pendant groups and mono

alkene end-functional group), which were subsequently func-

tionalized with thiols and sugar azides using sequential thiol-ene

(using dimethylphenylphosphine in acetone at ambient temper-

ature) and CuAAC click reactions (catalyzed by CuBr/bipyr-

idine/triethylamine in DMSO at 60 �C) to yield functionalized

glycopolymers in a convenient manner.50

Barner-Kowollik and co-workers reported the functionaliza-

tion of cross-linked PDVB microspheres containing vinyl groups

on their surface using a combination of thiol-ene and CuAAC

click reactions.51 The double bonds on the microsphere surface

were converted into azide groups using 1-azido-undecane-11-

thiol through thermal thiol-ene reaction. In a second step, alkyne

terminated poly(hydroxy ethyl methacrylate) (Mn ¼ 21000 g

mol�1, Mw/Mn ¼ 1.77) was grafted to the azide modified surface

via the CuAAC reaction.

A novel post-functionalization method based on the CuAAC,

followed by an addition reaction between electron-rich alkynes

(donor) and tetracyanoethylene (TCNE, acceptor) was devel-

oped by Michinobu and coworkers.52 Thus, donor–acceptor

chromophores are efficiently introduced into the poly(4-azido-

methylstyrene) using the CuAAC click reaction, in remarkably

high yields. The importance of the reaction order was explained

by steric reasons. It was found that the alkyne-TCNE click

reaction proceeds even in sterically hindered environments.

Hvilsted and co-workers introduced a second generation of L-

lycine and cholestryl groups onto the linear heterotelechelic PCL

containing alkyne and alkene terminal groups (Mn ¼ 4200 g

mol�1, Mw/Mn ¼ 1.11) using the sequential CuAAC and UV

generated thiol-ene click reactions.53

Sumerlin and co-workers applied a combination of the thiol-

ene and Diels–Alder click reactions towards the functionaliza-

tion of a linear polymer.54 The thiocarbonylthio end-groups of

a RAFT generated poly(N-isopropylacrylamide) (PNIPAM)

(Mn ¼ 3450 g mol�1, Mw/Mn ¼ 1.12) were converted to thiols,

and subsequent reaction with an excess of a bismaleimide

compound yielded the mono-maleimide terminated PNIPAM

under thermal thiol-ene click reaction. Thus obtained maleimide-

terminated polymer was further clicked with 9-anthracene

methanol through the Diels–Alder reaction.
Conclusions and future perspective

In recent years, double click reaction based strategies have

emerged as a powerful methodology that affords polymers with

diverse topology and composition, which cannot be prepared by

using only one type of click reaction. Needless to say, the strategy

also reduces the number of steps and reaction time. More

importantly, the double click reaction strategy inspires and

invokes the synthesis of novel polymeric material.

To date, only a few click reaction combinations, the CuAAC–

Diels–Alder and the CuAAC–NRC reactions have been exten-

sively adapted to the double click reaction strategy for polymer–

polymer conjugation. Alternative double click reactions, the

NMRC–thiol–yne and the CuAAC–tetracyanoethylene combi-

nations have only been used in the post-modification of the
Polym. Chem., 2012, 3, 825–835 | 833
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polymers via small organic molecules. Due to the easy avail-

ability of the clickable groups required for the CuAAC, Diels–

Alder and NRC reactions, it is obvious why these three click

reactions are so widely adapted to the polymer conjugation. The

azide, alkyne, anthracene, and maleimide clickable groups can be

easily incorporated into the polymer backbone via functional

initiators, monomers, and post-polymerization modification

methods using LRP techniques, particularly with ATRP. A

TEMPO group can be introduced into the polymer chain via

functional initiator using the living ROP technique, or post-

functionalization of the polymer.

In the near future, different click reactions combinations other

than the CuAAC–Diels–Alder and the CuAAC–NRC may

emerge for polymer conjugation, leading to various macromo-

lecular architectures. Moreover, it should be noted that a variety

of click reaction combinations containing more than two

different click reactions may be of interest for polymer–polymer

conjugation and/or the post-modification of the polymers. From

this point of view Tunca and co-workers recently applied a triple

click reaction concept, a combination of the CuAAC, Diels–

Alder and NRC reactions, to the synthesis of linear tetrablock

quaterpolymer.55

Finally, one can expect that more challenging polymeric

architectures will be obtained in a simple manner by utilizing

diverse combinations available from the vast toolbox of click

reaction.

However, it should be noted here that each click reaction has

its own disadvantages, such as the use of Cu(I) catalyst in the

CuAAC, the elevated temperatures in the Diels–Alder, the

limitations for polymer–polymer conjugation in the thiol-ene (or

thiol-yne), and the limited applicability of polymer precursors in

the NRC reactions. In addition to these disadvantages of each

click reaction, the selective introduction of the clickable func-

tional groups into the various polymer precursors in multiple

complex steps, the deviation from equimolar amounts of poly-

mer building blocks, the low yields of products, the unreasonably

longer reaction times, and the complicated purification processes

are the most encountered challenges of the double click reaction

strategy.
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