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SYNTHESIS OF VARIOUS POLYMERIC STRUCTURES USING THE
QUADRUPLE CLICK REACTIONS

SUMMARY

Living/Controlled radical polymerization (L/CRP) iamong the most rapidly
developing areas of chemistry and polymer scielideas always been desirable to
prepare, by a free radical mechanism, well-defibbatk and graft copolymers,

gradient and periodic copolymers, stars, combsyeorés, end-functional polymers
and many other materials under mild conditions frararger range of monomers
than available for ionic living polymerizations. iSlemergent ability to prepare long
desired materials is the main reason for the eigioef academic and industrial
research on L/CRP. Controlled/living radical polyimation techniques such as
nitroxide mediated polymerization (NMP), atom tr@nsradical polymerization

(ATRP) or reversible addition-fragmentation tramsf®lymerization (RAFT) are

powerful methods for macromolecular engineering. welger, challenges in

employing these polymerization techniques alone if@sin themselves when

topologically as well as compositionally intricabeacromolecular constructs are
targeted.

In 2001, Sharpless et al. described a new conceptanducting organic reactions,
which was based upon the premise that organic egistshould take advantage of
the long history of development and progress duthmy 20th century and focus
attention on highly selective, simple orthogonahcteons that do not yield side
products and that give heteroatom-linked molecsimstems with high efficiency
under a variety of mild conditions. Several effitieeactions, which are capable of
producing a wide catalogue of functional synthetialecules and organic materials
have been grouped accordingly under the term akactions. Characteristics of
modular click reactions include a) high yields whlg-products (if any) that are
removable by nonchromatographic processes, b) gspegaificity and
stereospecificity, c) insensitivity to oxygen or tera d) mild, solventless (or
agueous) reaction conditions, e) orthogonality watiner common organic synthesis
reactions, and f) amenability to a wide variety @adily available starting
compounds. The most popular click reactions arectipper catalyzed azide—alkyne
cycloaddition (CuAAC), Diels—Alder cycloaddition,hibl-ene, thiol-yne, and
nitroxide radical coupling (NRC) reactions.

The demands for the construction of complex macteoubar structures by robust,
efficient, and orthogonal click chemistries prontpflymer chemists to search for
alternative routes, such as a combination of gkections with different natures.

The goals of this thesis are extending the trigiekaeaction strategy (CuAAC-
Diels-Alder-NRC) toward the thiol-ene click reactidor the preparation of linear
multiblock polymers, heterograft brush copolymemsiktoarm star polymers via
quadruple click reaction combinations, using quptirelick reaction strategy for the
preparation of a variety of different well-definedacromolecular constructs and
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well-defined more complex macromolecular architezguefficiently in a modular
fashion, construction of complex macromoleculaudtires via the combination of
click reactions and living polymerization technigue and  conjugation of
biomolecules with various polymer structures ineasy mode in consequence of the
raising necessity of bio- and nanotechnologies.

For these purposes, the ATRP, ROP and ROMP gedevegéi-defined polymer
precursors employed in quadruple click reactionsabse of their compatibility
toward clickable functional groups, azide, alkyaathracene, maleimide, TEMPO,
and bromide etc. In the first study, linear cyséeiarminated multiblock copolymers;
cysteine-P$-PCL-b-PMMA-b-PEG and cysteine-PIBPCL-b-PIBA-b-PEG
quaterpolymers were prepared through sequentiargpke click reaction strategy.

In the second work graft copolymers: mercaptoethphenyl functionalized poly
(oxanorborneneimide) and phenyl functionalized patponate copolymers were
successfully prepared by using quadruple clicktreas; Diels-Alder, CUAAC, NRC
and thiol-ene (through radical or nucleophilic memism) click reactions.

Thirdly, as a new synthetic route, sequential/ooe-guadruple click reactions
involving Diels—Alder, CUAAC, NRC and thiol-ene qaing for the preparation of
heterograft brush copolymers; 1-propanethiol fuorailized andN-acetyl-L-cysteine
methyl-ester functionalized poly(ONgPMMA-co-ONB-g-PEG-€0-ONB-g-PCL)o
were employed by using the grafting onto approach.

Finally, N-acetyl-L-cysteine methyl-ester functionalized &taarm star terpolymer
was synthesized via quadruple click reactions; Adtler, CUAAC, NRC and thiol-
ene click reactions.

The structures of all monomers, initiators, polynpeecursors and final polymers
were confirmed exactly using GP® NMR, UV and FT-IR analyses.
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DORTLU CLICK REAKS YONLARI LECE TL POL MERLER N
SENTEZ

OZET

Ya ayan/kontrolli radikal polimerlene (L/CRP) yontemleri kimya ve polimer
biliminin h zla gelien alanlar ndan birisidir. Serbest radikal mekarg@gmile iyi-
tan ml blok ve a kopolimerleri, gradyan ve periyodik kopolimerlgrid z, f rca ve

a polimerler, u¢c fonksiyonlu polimerler gibi cok ¢ materyallerin, iyonik
ya ayan polimerlemeye gore daha genimonomer catlili iyle ve daha |ml
reaksiyon koullar nda sentezlenmesi her zaman gereksinim duaybi@ Ozellik
olmu tur. Boylece bu gereksinim, yayan/kontrolli radikal polimerizasyonunun
(L/CRP) akademik ve endustriyel alanlarda ardmas na neden olmtur. Atom
transfer radikal polimerlenesi (ATRP), nitroksit ortaml radikal polimerlaesi
(NMP), tersinir eklenme-ayrma zincir transfer ipoérle mesi (RAFT) gibi
ya ayan/kontrolli radikal polimerlene (L/CRP) yontemleri makromolekuler
muhendislik alan nda ¢ok gucli metodlar olam.

L/CRP metotlar icinde, monomer secimi ve fonksiglgrup tolerans , c¢éli deney
ko ullar altnda polimerleebilme gibi 06zellikleri ile iyi-tanml polimer
malzemelerinin eldesine izin veren RAFT s kca terlilmi tir.

Monomerden kolayl kla polimer elde etmeyi mumkutak bir di er L/CRP tiri ise
ATRP olmutur. ATRP’nin temeli, radikal olwmu ve polimerizasyonun olan
radikal Uzerinden vyurimesidir. Radikal polimerizasy birka¢ monomerden
yuzlerce monomere kadar polimerieeyi gercekletirebildi i gibi, su ortam nda
emulsiyon ya da siUspansiyon polimerizasyonunu dankiia klar. ATRP’de
kullan lan geci metallerinin halojenli bilakleri, redoks reaksiyonu ile indirgenip-
yukseltgenerek, tersinir bir mekanizmay meydanaige te bu tersinir mekanizma
ile polimer zincirleri neredeyse ayn anda meydgeterek, duik polidispersiteli
polimerlerin eldesini sdar. Di er bir sentez tur0 ROP ise, makromolekuler
malzemelerin sentezinde genib6lcide uygulanarak, halkal monomerlerin
ac Imas yla lineer polimerlere domaesini salayan esiz bir polimerleme tarudur.

Bu 0Ozelliklerine ramen L/CRP yontemleri, tek blar na kullan Id nda, karmak
topoloji ve kompozisyona sahip makromolekiler yapr sentezinde yetersiz
kalm tr.

2001 yInda Sharpless ve caha arkaddar organik reaksiyonlar yurtutmek igin
yeni bir kavram ortaya atmard r. Bu yeni kavram n temelinde, organik sergenl,
20. yuzy | boyunca olan butin gehelerden yararlanmas ve yuksek secicilikte,
basit ortogonal reaksiyonlara odaklanmas yer atathk Bu reaksiyonlar | ml
reaksiyon koullar nda, yan drtnler olmaks z n, yuksek verimletdroatoma ba
molekiler sistemler oldaurabilmelidir. Geni yelpazede, fonksiyonel sentetik
molekulleri ve organik maddeleri Uretebilen birkagtkili reaksiyon “Click”
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reaksiyonlar kavram altnda gruplandr Itr. Moduler click reaksiyonlar u
Ozelliklere sahip olmal d r:

Yuksek verimli olmas ; eer yan urinler var ise, bu trtinlerin kromatografik
olmayan yontemlerle uzakfer labilir olmas .

Regiosecici ve stereosegici olmas .

Oksijen ve suya karhassas olmamas .

Il ml, ¢bzlicusiz (veya sulu) reaksiyon kdlar nda gerceklesbiliyor olmas .

Di er bilinen organik sentez reaksiyonlar ile uyurolabilmesi.

Cok ceitli ve kolay elde edilebilen ¢ k bile iklerine kar yatk n olabilmesi.

En yaygn kullanlan click reaksiyonlar, bakr &htli azid-alkin siklokat Ima
(CuAAC) reaksiyonu, Diels-Alder siklokat Ima reaksnu, tiyol-en ve tiyol-in
reaksiyonlar ve nitroksit radikal kenetlenme rewéslar d r.

Sa lam, etkin ve ortogonal click kimyas ile karma makromolekiler yap lar n
eldesine yonelik talepler, polimer kimyaclarn rKka yap lardaki click

reaksiyonlar n n kombinasyonu gibi alternatif araya yoneltmitir. Bu aray lardan

yola ¢ karak bu tez camas n n amac a daki gibi 6zetlenebilir:

Uclui click reaksiyon stratejisini (CUAAC-Diels-Ald&IRC) tiyol-en click
reaksiyonunu da dahil ederek dortlu click reaksikombinasyonuna dou
geni letmek ve bu kombinasyonu lineer ¢coklu blok politegyr hetero-a

f rca kopolimerleri ve farkl kollu yld z polimeerinin sentezinde kullanmak.
Dortli click reaksiyon yontemini kullanarak ¢ farkl | kta iyi-tan ml
makromolekuler yap lar moduler ve etkin bir biciensentezlemek.

Dortli click reaksiyon yontemini kullanarak iyi-taml, daha karmak
makromolekuler yap lar sentezlemek.

Click reaksiyonlar ve yayan polimerleme tekniklerini birlikte kullanarak
karma k makromolekiler yap lar, séeam, etkin ve ortogonal click kimyas
ile elde etmek.

Biyo- ve nanoteknolojilerin artan gereksinimleri doltusunda, catli
polimerlerin biyomolekdller ile kolay bicimde bnmalar n salamak.

Yukar da bahsedilen amaclarla, dortli click reaéslgr nda kullan Imak Uzere,
ATRP, ROP ve ROMP reaksiyonlar gercekikderek, iyi-tan ml, éncl polimerler
sentezlenmtir. Bu polimelerin en 6énemli 6zellikleri, azid,kah, antrasen, maleimid,
TEMPO ve brom gibi click reaksiyonu verebilen foiyksel gruplara kar uyumlu
olmalardr.

Ik cal ma, sistein u¢ gruplu, lineer ¢oklu blok kopolinegrlolan sistein-P®-PCL-
b-PMMA-b-PEG ve sistein-P8-PCL-b-PtBA-b-PEG dortli blok kopolimerlerinin,
dortli click reaksiyon yontemleriyle sentezlenmasidBu yodntemlerde click
reksiyonlar ard s ra gerceklgilmi tir

kinci cal mada, model a kopolimerleri olan merkaptoetanol-fenil fonksiyon
poli(oksanorbornenimid) ve fenil fonksiyonlu polik@nat kopolimerleri dortli click
reaksiyon yontemi (Diels-Alder, CUAAC, NRC ve tiyeh) kullan larak baar | bir
bicimde sentezlenmerdir. Bu yontemde tiyol-en reaksiyonu, hem ratlikam de
nikleofilik mekanizma tzerinden gercekiglmi tir.
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Uctlincii olarak, dortlii click reaksiyonlar (Dielseilr, CUAAC, NRC ve tiyol-en)
kullan larak iki farkl hetero-a fr¢a kopolimerleri sentezlenntir. Bu reaksiyonlar
bazen ard sra bazen ise tek ad mda gercidlieni tir. Sonucta 1-propantiyol
fonksiyonlu ve N-asetil-L-sistein metil esteri fonksiyonlu poli(ONBBPMMA-co-
ONB-g-PEG€0-ONB-g-PCL),o kopolimerleri “Uzerine alama” yakla myla
sentezlenmitir.

Son olarak, N-asetil-L-sistein  metil esteri fonksiyonlu G¢ farkkollu yld z
terpolimeri dortli click reaksiyonlar (Diels-AlderCUAAC, NRC ve tiyol-en)
kullan larak sentezlenntir. Oncelikle, bir dizi organik reaksiyon gercekKiglerek,
dort farkl fonksiyonel gruba sahip cok fonsiyorgakirdek bileik elde edilmitir.
Bu cekirdek bileik ilk olarak s ras yla Diels-Alder, tiyol-en ve s@larak tek ad mda
CUAAC-NRC reaksiyonlar na tabi tutulmiur.

Elde edilen monomerler, 6ncl biller, balang ¢ polimerleri ve sonug polimerler
'H NMR, UV, FT-IR ve GPC kullan larak analiz edilrtir.
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1. INTRODUCTION

Emerging technologies, such as bio- and nanoteobred, have increasingly
demanded novel well-defined polymers, which raise hecessity to be able to
conjugate polymers and/or biomolecules (or smallegwdes) with various polymer
blocks in an easy modg]. One of the major aims of contemporary synthetic
polymer chemistry is to achieve well-defined macotenular architectures (linear
and nonlinear topologies), such as precise confrobmposition, molecular weight,
polydispersity, and endfunctionality to fulfill theequirements of emerging
technologies[2-7]. Living polymerization techniques, e.g., ionic yrolkerizations,
living/ controlled radical polymerizations (L/CRPSjng opening polymerization
(ROP), and ring opening metathesis polymerizatR®NIP) may provide polymers
with the above mentioned well-defined properties aocertain extent8-25.
Challenges in employing these polymerization teghes alone manifest themselves
when topologically as well as compositionally inie macromolecular constructs
are targeted25]. A combination of the living polymerization techinies with highly
efficient click chemistry-based conjugation methlodees expands the vast toolbox

of polymer chemists to obtain a wide range of waeifined polymer structurgd].

The click reaction defined by Sharpless and co-exsln 2001 should display high
stereo- and regioselectivity, high yield under miklaction conditions, simple
recovery of the main product, a capability of warkiin a wide range of solvents,
and tolerance of a wide range of functional gro{88. The most popular click
reactions are the copper catalyzed azide—alkyneagdition (CUAAC), Diels-Alder

cycloaddition, thiol-ene, thiol-yne, and nitroxidadical coupling (NRC) reactions
[1].

Hence, the click chemistry concept has been adaptadvide variety of applications
[27-34 particularly in materials science and has posdidyto a “paradigm shift”

[35], toward a modular construction approach in thegraive polymer chemistry
introduced by Barner—Kowollik and Inglis. This i®dause the application of the

click chemistry concept has afforded the prepanatid a related macromolecular



structure that would have otherwise not been aelley and opened up a
particularly rapid, efficient, and mild reactiorute to a related polymer, and inspired
or invoked the preparation of a specific functionadterial[35]. Notably, Barner-
Kowollik et al. recently reported the basic reqments for click reactions directly
related to synthetic polymer chemistry in additimn the original definitions by
Sharples$36]. These additional requirements include equimataounts of building
blocks, a simple large-scale purifi cation procésgh yields, reasonable time scale,
and simple reaction conditiong36]. Nevertheless, of these requirements,
equimolarity results as a key criterion for a poynalick reaction. Without it, one of
the most challenging reactions in polymer synthe®sy., polymer—polymer
conjugation, is simply impossible and at this pdime¢ largest distinction between
efficient and click reactions may be mafig6. However, there is a general
agreement regarding some exceptions, e.g., if plsilarge-scale purification (e.qg.,
selective precipitation) is reasonable, an excds®ne building block may be
preferred in a polymer click reaction. Moreover,entselective precipitation can be
easily applied to remove one compound from the yebdhixture, it is reasonable
that one may use an excess of one compound toeshtre reaction time. It is

obvious that a high yield means a lower amounhefunreacted building blogk].

The most prominent modular ligation reactions wydeldaptable to polymer
chemistry include the CuAAC, Diels—Alder, NRC, ahtbl-ene reactionfl, 27-34

In the studies of Hizal and Tunca et al., a comtmneaof click reactions for efficient
synthesis of a various variety of polymer strucsuteas been reported such as linear
block copolymer, star block copolymer, miktoarmr gialymer, multiarm star block
copolymer, graft copolymer, and cyclic block copobr [25, 30, 37-4p The
orthogonality of the CuAAC-Diels-AldgB7] and CuAAC-Diels-Alder-NRJ47-49
reaction combinations have been proven by coupdihthe living polymerization
generated polymer blocks with different functiohei. More recently, CuAAC-
Diels-Alder-NRC reaction combination has been edéehto the synthesis of a
ROMP-based heterograft brush copolyrf)]. Furthermore, they demonstrated the
successful postfunctionalization of poly(oxanortesra imide) (PONB) with two
types of double bonds using sequential orthogoeattions, nucleophilic thiol-ene
coupling via Michael addition and radical thiol-eclek reactiong51].

The objectives of the thesis are summarized afotloeving points:



Extending the triple click reaction strategy (CuAAXels-Alder-NRC)
towards the thiol-ene click reaction for the prep@an of linear multiblock
polymers, heterograft brush copolymers, miktoarmar spolymers via
guadruple click reaction combinations.

Using quadruple click reaction strategy for theparation of a variety of
different well-defined macromolecular constructsicegntly in a modular

fashion.

Using quadruple click reaction strategy for theparation of well-defined

more complex macromolecular architectures.

Construction of complex macromolecular structuresdbust, efficient, and
orthogonal click chemistries via the combinatiorclxék reactions and living

polymerization techniques.

Conjugation of biomolecules with various polymesituctures in an easy

mode in consequence of the raising necessity efand nanotechnologies.

For these purposes, the ATRP, ROP and ROMP gedevet#-defined polymer
precursors employed in quadruple click reactionsabse of their compatibility
toward clickable functional groups, azide, alkyaathracene, maleimide, TEMPO,
and bromide etc. In the first study, linear cysteierminated multiblock copolymers;
cysteine-P$-PCL-b-PMMA-b-PEG and cysteine-PiPCL-b-PtBA-b-PEG
quaterpolymers were prepared through sequentiargpke click reaction strategy as

outlined in Figure 1.1.
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Figure 1.1 : Synthetic pathway for the preparation of linearteyge-terminated
multiblock polymers using quadruple click reactionthiol-ene,
CuAAC, Diels—Alder, and NRC.

In the second work graft copolymers: mercaptoethphenyl functionalized poly

(oxanorborneneimide) and phenyl functionalized patponate copolymers were
successfully prepared by using quadruple clicktreas; Diels-Alder, CUAAC, NRC

and thiol-ene (through radical or nucleophilic mamaksm) click reactions (Figure
1.2).
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Figure 1.2 : Synthetic pathway for the preparation of functiored
poly(oxanorbornene imide) and functionalized potpcaate via
guadruple click reactions: thiol-ene, CUAAC, Dielder, and NRC.

Thirdly, as a new synthetic route, sequential/ooke-guadruple click reactions
involving Diels—Alder, CUAAC, NRC and thiol-ene qaing for the preparation of
heterograft brush copolymers; 1-propanethiol fuoralized andN-acetyl-L-cysteine
methyl-ester functionalized poly(ONPMMA-co-ONB-g-PEG-€c0-ONB-g-PCL);o
were employed by using the grafting onto approacbudlined in Figure 1.3.
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Figure 1.3 : Synthetic pathway for the preparation of 1-prophaieétfunctionalized
and N-acetyl-L-cysteine methyl-ester functionalized gQiNB-g-
PMMA-co-ONB-g-PEG-¢0-ONB-g-PCL);o heterograft brush

copolymers via quadruple click reactions: thiol-e@2IAAC, Diels—
Alder, and NRC.

Finally, N-acetyl-L-cysteine methyl-ester functionalized &toarm star terpolymer
was synthesized via quadruple click reactions; 9fdtder, CUAAC, NRC and thiol-
ene click reactions. Synthetic pathway is summdremethe Figure 1.4.
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ester functionalized 3-miktoarm star terpolymer gaadruple click
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2. THEORETICAL PART

2.1Living/Controlled Radical Polymerization (L/CRP)

Living polymerization was first defined by Szwai achain growth process without
chain breaking reactions (transfer and terminati®@®. Such a polymerization
provides end-group control and enables the syrghesiblock copolymers by
sequential monomer addition. However, it does retessarily provide polymers
with molecular weight control and narrow molecublaight distribution. Additional
preconditions to achieve these goals include tmairtitiator should be consumed at
early stages of polymerization and that the exchangtween species of various
reactivities should be at least as fast as propag&3-57.

Living/Controlled radical polymerization (L/CRP) iamong the most rapidly
developing areas of chemistry and polymer scigfa@63. It has always been
desirable to prepare, by a free radical mechaniseil-defined block and graft
copolymers, gradient and periodic copolymers, sta@mbs, networks, end-
functional polymers and many other materials undéd conditions from a larger
range of monomers than available for ionic livinglyonerizations. This emergent
ability to prepare long desired materials is theimr@ason for the explosion of

academic and industrial research on L/GB®.

Controlled/living radical polymerization techniqu§s8-60, 63 such as nitroxide
mediated polymerization (NMHLY], atom transfer radical polymerization (ATRP)
[22, 64, 6% or reversible addition-fragmentation transfer patyization (RAFT)66]
are powerful methods for macromolecular engineeriigure 2.1, below, illustrates
some of the main possible structures which can repgred by copolymerization

(also including macromonomers).



Figure 2.1 :Examples of controlled topology and composition WCRP
copolymerization.

Metal-catalyzed L/CRP, mediated by Cu, Ru, Ni, &edmetal complexes, is one of
the most efficient methods to produce polymersha field of L/CRP. Among
aforementioned systems, copper-catalyzed LRP ijuootion with organic halide
initiator and amine ligand, often called atom tfansadical polymerization (ATRP),

received more interest. (2.1) represents the gemaehanism of ATRP.

k .
R-X + MMY/Ligand ——= R + X-M.Y/Ligand
kdeact N
@ ke 2.1)

kp

R-R/RU&R™
The name atom transfer radical polymerization cofma® the atom transfer step,
which is the key elementary reaction responsibletifie uniform growth of the
polymeric chains. ATRP, which is the most versatilethod of the controlled radical
polymerization system, uses a wide variety of moa@ncatalysts, solvents, and
reaction temperature. ATRP was developed by desjgaiproper catalyst (transition
metal compound and ligands), using an initiatohvéh appropriate structure, and
adjusting the polymerization conditions, such ttieg molecular weights increased
linearly with conversion and the polydispersitiesr& typical of a living process.
This allowed for an unprecedented control over thain topology (star, graft,
branched), the composition (block, gradient, al&ny, statistical), and the end

functionality for a large range of radically polyrneable monomers.
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2.2 Ring-Opening Polymerization (ROP)

Ring-opening polymerization (ROP) is an importaotymerization technique, along
with other step and chain polymerization technigues production of polymers.
Studies of ROP have been active areas of industnidlacademic researfi’-69.
This polymerization technique has provided a numifecommercially important
materials Cyclic monomers that have been polymerized via-dpgning encompass
a variety of structures, such as alkanes, alkesw@apounds containing heteroatoms
in the ring: oxygen [ethers, acetals, esters (feedp lactides, and carbonates), and
anhydrides], sulfur (polysulfur, sulfi des and mlifi des), nitrogen [amines, amides
(lactames), imidesN-carboxyanhydrides and 1,3-oxaza derivatives], phoris
(phosphates, phosphonates, phosphites, phosphmkegtoosphazenes), or silicon

(siloxanes, silaethers, carbosilanes and sildii€F)

Polylactones are important biodegradable and bipedimle environmentally
friendly polyesters widely used for many applicasoand more particularly for
biomedical applications . Currently, tin(ll) bis-€hylhexanoate), also referred as tin
octoate, is the most widely used catalyst for tl@PRof lactones. This popularity
stems from its acceptance by the American FoodDand Administration (FDA) for
the formulation of polymer coatings in contact witdod. Moreover, tin(ll) bis-(2-
ethylhexanoate) is less sensitivity towards wated ather protic impurities than
aluminum alkoxides, which facilitates its use i tlaboratory and in industfy1].
The mechanism of the tin(ll) bis-(2-ethylhexanoatediated ROP of lactones
remained a matter of controversy for many yeard, many different mechanisms
were proposed. Indeed, tin(ll) bis-(2-ethylhexarda not made up of alkoxides but
of carboxylates, known as poor initiators for th®@fRof lactones. In 1998, Penczek
and coworkers made a major contribution in thisdfi@hey reported that, if the
polymerization is carried out in THF at 80 °C, thex(ll) bis-(2-ethylhexanoate) is
convertedin situ into a new tin alkoxide by the reaction with eitten alcohol,
purposely added in the reaction medium, or with @timer protic impurity present in
the polymerization mediurfv2]. Tin alkoxides formedn situ are the real initiators
of the polymerization, which takes place accordimg usual insertion—coordination

mechanism shown in (2.2).
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Moreover, Pratt and coworkers reported the firsé w§ a thiourea-containing
bifunctional organocatalyst, 1-(3,5-bis(trifluorothg)phenyl)-3-(2-(dimethylamino)
cyclohexylthiouredl), for ROP of lactide (2.3)/3].
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They also showed that both the hydrogen-bond dog#tiiourea and hydrogen-bond
accepting amine are necessary for high activithaatide ROP, but that the thiourea

and amine need not be incorporated into a singliecnte catalysf74].

2.3 Ring-Opening Metathesis Polymerization (ROMP)

Ring-opening metathesis polymerization (ROMP) ishain growth polymerization
process where a mixture of cyclic olefins is cote@rto a polymeric material. The
word metathesis comes from the Greek meta (chaampgk)ithemi (place). In olefin
chemistry, it refers to the pair-wise exchange wbssituents on a carbon-carbon
double bond[75. The mechanism of the polymerization is based d¢efino
metathesis, a unique metal-mediated carbon—carboblel bond exchange process.

As a result, any unsaturation associated with tlemamer is conserved as it is

12



converted to polymer. This is an important feattrat distinguishes ROMP from
typical olefin addition polymerizations (e.g. ethge  polyethylene).

Chauvinproposed a general mechanism for ROMP in 1AL Initiation begins

with coordination of a transition metal alkylidec@mplex to a cyclic olefin (2.4).

Initiation: ,/"\,l
LHM:\ N r/"‘\\ coordination '-\_,‘ [2'-2] '- /‘7'\“’ R
| | ———- )
R = L, Mﬁ LnM:L LM= /
metal R
alkylidene metai.’acycfobutane
Propagation: — N
(/*_ ~, Ik_; s P R mi__) TN R (24)
] — | )| - A b,
LHM—" z:\.\ LmM= = L/ — LF,M# g:_n,iz
R
Termination:
s \L N .
! | ]
s + fo - L-M=X <+ \ / ;
L"M# ‘m+ " Y:‘m: %?112

The investigations of Grubbs and Schrock led todbeelopment of well-defined
transition metal alkylidenes for ROMP that rapidiytrivaled any other initiator or
initiation system, particularly those consistingasf often serendipitous mixture of

transition metal salts, alcohols and tin alky1g].

Most common ROMP polymers are derived from norboedstype monomers. The
norbornene structure has recently been used exédydo introduce a variety of

functional groups into polymef{g8].

2.4 Click Chemistry

Contemporary synthetic polymer chemistry aims tabds the design and synthesis
of macromolecules with not only precise moleculaight and narrow molecular
weight distributions but also well-defined topolognd chemical composition.
Furthermore, emerging technologies, such as bia maanotechnologies, have
increasingly demanded novel well-defined polymersich raise the necessity to be
able to conjugate polymers and/or biomoleculess(oall molecules) with various
polymer blocks in an easy mode. Living polymeriaatiechniques such as anionic,
cationic polymerizations, living/controlled radicpblymerizations (L/CRPS), ring
opening polymerization (ROP) and ring opening nietsis polymerization (ROMP)
may provide polymers with the above mentioned wefined properties to a certain
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extent[8-24]. Moreover, challenges in employing these polynaian techniques
alone manifest themselves when topologically ad aglcompositionally intricate
macromolecular constructs are targeted. A comlmnadf the living polymerization
techniques with highly efficient click chemistrydsal conjugation methodologies
expands the vast toolbox of polymer chemists taiaka wide range of well-defined

polymer structuregl, 25.

The click reaction defined by Sharpless and co-exsln 2001 should display high
stereo- and regioselectivity, high yield under miegaction conditions, simple
recovery of the main product, a capability of warkiin a wide range of solvents,
and tolerance of a wide range of functional gro{®§. The reaction must be
modular, wide in scope, give very high yields, gateonly inoffensive by-products
that can be removed by non-chromatographic methanis,be stereospecific. The
required process characteristics include simpleti@a conditions, readily available
starting materials and reagents, the use of naesbler a solvent that is benign or
easily removed, and simple product isolatj@f]. The most popular click reactions
are the copper catalyzed azide—alkyne cycloaddit{@uAAC), Diels—Alder

cycloaddition, thiol-ene, thiol-yne, and nitroxidadical coupling (NRC) reactions.

2.5 Copper(l) Catalyzed Azide-Alkyne Cycloaddition (CuAAC)

The CuAAC process has emerged as the premier egashglick chemistry, a term
coined in 2001 by Sharpless to describe a set earsperfect’ bond-forming
reactions useful for rapid assembly of moleculethwilesired functiorf26]. Click
transformations are easy to perform, give risén&rtintended products in very high
yields with little or no byproducts, work well undenany conditions, and are
unaffected by the nature of the groups being caedei each other. The potential
of organic azides as highly energetic, yet vergdate functional groups in organic
synthesis was highlighted in the originalpublicafiand their dipolar cycloadditions
with olefins and alkynes were placed among thetiaa fulfilling the click criteria.
However, the inherently low reaction rate of theezalkyne cycloaddition did not
make it very useful in the click context, and itstgntial was not revealed until the
discovery of the reliable and broadly useful cageyoy copper (1)80].

The kinetic stability of alkynes and azides is dile responsible for their slow

cycloaddition, which generally requires elevatechpgeratures and long reaction
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times[81-88. Good regioselectivity in the uncatalyzed Huisgygre cycloaddition is
observed for coupling reactions involving highlg&fron-deficient terminal alkynes
[88-92 but reactions with other alkynes usually afforctures of the 1,4- and 1,5-
regioisomers (2.981, 82, 83

(2.5)

The CuAAC reaction is a modified Huisgen 1,3-dipdla+2) cycloaddition of an
azide and alkyne catalyzed by copper (I) to yield4atriazole product under benign
reaction condition§93, 94. Here, (3 + 2) notation describes the number aiatin
the two components involved in the 1,3-dipolar ogddition[1]. Only following the
recent discovery of the advantages of Cu(l)-cawdyalkyne—azide coupling,
reported independently by the Sharplf&3 and Meldal[94] groups, did the main
benefits of this cycloaddition become clear. Cw@}alysis dramatically improves
regioselectivity to afford the 1,4-regioisomer exgilely and increases the reaction
rate up to 10times[95] eliminating the need for elevated temperature8)(Zhis
high-yielding reaction tolerates a variety of fuoofl groups and affords the 1,2,3-
triazole product with minimal work-up and purificat an ideal click reactiof88,
93, 94.

o+ o— 5
=N ’_R' b+‘ i '
NZN-N NzN-N-R N=N-nN-R L
R—=—[Cu,l,] R—==—ICu,L,] Rp—="=(Cu,L,] F [Culy

Among the CRP systems, ATRP shares a number ofrtamideatures with CUAAC
including robustness, versatility and excellenetahce towards many functional
groups. Most importantly, polymers obtained via ATkcorporate halogen end-
group at chain terminus, which can be convertediefftly to an azide group using
classic organic reactiofi2s, 27-31, 33, 34, 96-98Here, it should also be mentioned
that CUAAC and ATRP use the similar catalytic coiodis without detriment to one

another and thus can be proceeded to construciugapolymeric architectures in a
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one-pot fashion[25, 99-102 Furthermore, a wide variety of functional groups
including various ‘clickable’ moieties can also bworporated into the polymer

chain ends by utilization of appropriately functdired initiatorq25].

2.5.1 Catalysts and ligands

To date, copper stands out as the only metal forghable, facile, and regiospecific
catalysis of the azide—alkyne cycloaddition. Indeeith the exception of ruthenium
[103, other metals known to catalyze various transfdiona of alkynes have not so
far yielded effective catalysts for the conversainazides and terminal alkynes to
1,4-triazoles[104]. Different copper(l) sources can be utilized ie tteaction, as
recently summarized in necessarily partial fashignMeldal and Torngg105.
Copper(l) salts (iodide, bromide, chloride, acétared coordination complexes such
as [Cu(MeCN)JPFs and [Cu(MeCNjOTf have commonly been employed.
Copper(ll) salts and coordination complexes arecoatpetent catalysts, and reports
describing Cu(ll)-catalyzed cycloadditiofi6-108 are not accuratd.04).

When the cycloaddition is performed in organic sokg using copper(l) halides as
catalysts, the reaction is plagued by the formatibnxidative coupling byproducts
2-5 unless the alkyne is bound to a solid sup@r{Z.7)[94, 104. When the alkyne
is dissolved and the azide is immobilized on th&meonly traces of the desired
triazole product are formed. Therefore, when cofperatalyst is used directly,
whether by itself or in conjunction with amine Iigs, exclusion of oxygen may be
required. In contrast, performing the reactionha presence of mild oxidants allows
the capture of the triazolyl copper intermediatesl asolation of the products
derivatized at the 5-position in synthetically usegfields[104, 109, 11D

Ph_ Ney
N
)/‘\, \ o i
oph PH f;l-\ /i
N3y OPh
@ 4 PhO™ (2.7)
& Cul (200 mol%) o
i /lL ("Pr,)EIN, 50 equiv. /ﬁ)l\
=Ny —— RenR FGFG—O
Z FGFG—O THF, 25 °C -

6 7
(b)
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Ascorbate, a mild reductant, was introduced by Faknd co-workerd93] as a
convenient and practical alternative to oxygen-freeditions. Its combination with a
copper(ll) salt, such as the readily available astdble copper(ll) sulfate
pentahydrate or copper(ll) acetate, has been quiaktepted as the method of
choice for preparative synthesis of 1,2,3-triazoles

Many other copper complexes involving ligands hbeen reported as catalysts or
mediators of the CUAAC reaction (2.8). It would &ecurate to say that finding a
copper(l) catalyst that is not active is more difft than improving those that
catalyze the reaction. Many reported reactiongparormed under widely differing
conditions, making quantitative comparisons of digaperformance difficult.
Nevertheless, it may be useful to organize them fsbft” and “hard” classes by
virtue of the properties of their donor centfi84, 11]. Cu(l) is a “borderline soft”
Lewis acid[117], and therefore can partner a wide variety of ptdéin effective
ligands[104].

=

R

N N =N Nz

N, 1 N 2 YayY Xy

W ® A4

Nepz3
K ~ /R i
N\/‘Q/ R \/k-/ Q @ ’Il ’(N\A
7 N N*"N
Z N H NaO5S SO,Na RO.C ’\/\,COQH
NN £ : 2 2 (2.8)
R R
(@) R = CHaCHoCHoOH (THPTA) A—H
(a) R=benzyl (TBTA) 1) g _ GH,CH,CO,H ::; S

(b) R = tert-butyl (TTTA) () RT = CH,CH,OH

RZ, R® = tert-butyl
(d) R1 = CHoCH,0504™
R2, RS = fert-butyl (BTTES)

2.5.2 Biological applications

The CuAAC process performs well in most common ffatwy solvents and usually
does not require protection from oxygen and wdtelteed, as noted above, aqueous
solvents are commonly used and, in many cased} restleaner isolated products.
The reaction is therefore an ideal tool for the tlsgris of libraries for initial
screening and also focused sets of compounds ractste—activity profiling. The
lack of byproducts and high conversions often petesting of CUAAC reaction
mixtures without further purification. When neceaysatraces of copper can be
removed by solid-phase extraction utilizing a mstavenging resin or by simple
filtration through a plug of silica g¢104).
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The heterocycles function of 1,2,3-triazoles aglriopking units that can mimic the
atom placement and electronic properties of a @gepbond without the same
susceptibility to hydrolytic cleavage (288, 113-11%

l.O.l

mimicked by ;N: \.
JL _R2 — ,K/N\ 2
RIVON R'NTR
X ) (2.9)
] 24 .
R’ to R* distance: R! to R? distance:
39A 50A

Perhaps due in part to their ability to mimic certaspects of a peptide bond, many
known 1,2,3-triazoles possess varied biologicaliygt including anti-HIV activity
[116, 117, selective 3 adrenergic receptor inhibitiof118§, anti-bacterial activity
[119, potentanti-histamine activity{120-123, and morg88, 123-12p (2.10) shows

an example, in which a novel family of potent HIVptotease inhibitors was
discovered using the CUAAC reactifio4, 127.
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Nevertheless, recently the strain promoted azidtgnal cycloaddition (SPAAC) has
gained increasing importance mainly due to its hfet¢a naturgdl]. The SPAAC, as

a less frequently used click reaction, proceedsutljin the cycloaddition of an azide
with an alkyne at ambient temperature without usingppper catalygi, 128, 129
The ring strain of the cyclooctyne derivative i thriving force of this click
reaction. The SPAAC has increasingly caught then&itin of polymer chemists in
terms of polymer—polymer conjugation and post-fioralization of the polymerd,
130-133. Furthermore, it is noticed that the SPAAC andI®idlder reactions are
important bioorthogonal click reactions due to theetal free nature and have been

proven to be effective reactions for biological egagions[1].

2.6 Diels-Alder Reaction

Diels-Alder reaction is named for Otto Diels andrKélder, who received the 1950

Nobel Prize for discovering this useful transforimaf134-134. The discovery of
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this reaction, has had a significant impact on raagdtic and synthetic organic
chemistry. This reaction is one of the most poweidols used in the synthesis of
important organic molecules. The DA reaction, showits general form in (2.11),
involves a straightforward [4+2] cycloaddition réan between an electron-rich
diene (furan and its derivatives, 1,3-cyclopentaeliand its derivatives etc.) and an
electron-poor dienophile (maleic acid and its darixes, vinyl ketone etc.) to form a
stable cyclohexene addy&B7, 138.

2 r\ 2 ' V
F) H _—> .- new single bonds (2 11)
IR ‘
4 ' .

3 ’A
4

diene dienophile .
 new double bond

In addition to the potential of forming carbon-cambbond, when diene and/or
dienophile have a heteroatom, the cycloadditioncaied a hetero-Diels-Alder
reaction and this reaction is widely used syntlaflifdo prepare six-membered rings
[139. The Diels-Alder reaction can be intermoleculairdgramolecular and can be
carried out under a variety of experimental coods$i. Moreover, an interesting
feature of DA reactions is thermally reversibilitfretro-Diels-Alder). The

decomposition reaction of the cyclic system cancbetrolled by an appropriate

temperatur¢l4q, thus regenerating the starting reactants.

A great variety of conjugated dienes and dienophden be used for constructing
simple and complex molecules. The two double barfdsonjugated dienes must
have acisoid geometry. Atransoid diene would give an energitically unfavorable
six-membered ring having taans double bond (2.12). Cyclic dienes are generally
more reactive than the open chain dienes. Therefecteffects of the substituents in
the diene influence the rate of cycloaddition. Elmt-donating groups (like -OR, -
NR,, etc.) in the dienes accelerate the reaction alghtron-withdrawing substituted
dienophiles (normal electron-demand Diels-Alder ctiem), whereas electron
withdrawing groups (like -CN, -CO, -COOR, -Mtc.) in the diene accelerate the
cycloaddition with dienophiles having electron-dimg groups (inverse electron-
demand Diels-Alder reaction). Diels-Alder reactionkich are insensitive to the
substituent effects in the diene and/or dienopdmiéeclassified as neutfdl41-144.
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2.6.1 Stereochemistry of Diels-Alder reaction

There are stereochemical and electronic requiresnientthe DA reaction to occur
smoothly. First, the diene must be in apisconformation instead of antesns

conformation to allow maximum overlap of the orlstparticipating in the reaction

(2.12)[145.
S =C1—Q
Z kX (2.12)

s-trans S-Cis

The “s” in s¢is and strans refers to “sigma”, and these labels describe the
arrangement of the double bonds around the cesiyala bond of a diene. Dienes
often exist primarily in the lower energytrsns conformation, but the two
conformations are in equilibrium with each otheheTseis conformation is able to
react in the DA reaction and the equilibrium pasitishifts towards the ds
conformer to replenish it. Over time, all thé&ransconformer is converted to theis
conformer as the reaction proceeds. Dienes sucltya®pentadiene that are
permanently “locked” in the sis conformation are more reactive than those that are
not[145.

Since the reaction proceeds in a concerted fagh@nbonds are being formed and
broken at the same time), substituents thatiagren the dienophile will also basin
the product, and substituents that &ans in the dienophile will berans in the
product (2.13]141, 145-149

% g
( . ‘OCH,4 < TOCH, + enantiomer
% H,CO ‘OCH,
0

) X (2.13)
( ) ¢OCH3 OCH,
N OCH, OCH,

o 0

A unigue type of stereoselectivity is observed IA Eeactions when the diene is

cyclic. In the reaction of maleic anhydride withclypentadiene, for example, the

20



endo isomer is formed (the substituents from the dierleppoint to the larger
bridge) rather than thexoisomer (the substituents from the dienophile paivay
from the larger bridge) (2.14)45.

_b. /
0]
O
0

"Endo"
substituents toward
larger brigde

(2.14)
T O
| — A
O

Y/

(9} "Exo"
substituents toward
o smaller brigde

The preference foende-stereochemistry is “observed” in most DA reactiohise
fact that the more hinderedndo product is formed puzzled scientists until
Woodward, Hoffmann, and Fukui used molecular ofbiteeory to explain that
overlap of thep orbitals on the substituents on the dienophile pitirbitals on the

diene is favorable, helping to bring the two molesuogethef145, 147, 14B

Hoffmann and Fukui shared the 1981 Nobel Prizehengstry for their molecular
orbital explanation of this and other organic read. In the illustration below,
notice the favorable overlap (matching light or kdéwbes) of the diene and the

substituent on the dienophile in the formationheféndoproduct (2.15]145:
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no overlap of

substituent orbitals
ﬁg - dicne =3 ﬁg
Favorable [
overlap <f— dienophile ——3p

\ (2.15)

substituent substituent

on alkene on alkene
Favored gives Not favored gives
endo product exo product

Oftentimes, even though tlemdoproduct is formed initially, aexoisomer will be
isolated from a DA reaction. This occurs becauseeitoisomer, having less steric
strain than theendq is more stable, and because the DA reactiontenakversible
under the reaction conditions. In a reversible tieacthe product is formed, reverts
to starting material, and forms again many timeforeebeing isolated. The more
stable the product, the less likely it will be tevert to the starting material. The
isolation of anexo product from a DA reaction is an example of an ingat
concept: thermodynamies kinetic control of product composition. The firstrined
product in a reaction is called the kinetic produttthe reaction is not reversible
under the conditions used, the kinetic product bdlisolated. However, if the first
formed product is not the most stable product &edr¢action is reversible under the
conditions used, then the most stable productedathe thermodynamic product,
will often be isolated145.

2.6.2 Catalysis of Diels-Alder reactions by Lewiscds

A classical method to enhance regioselectivity asdal on the use of Lewis acid
catalysts (SnG) ZnCh, AICI3;, and derivatives of AlGlsuch as (CH-AICI and
(CzHs)LAICH [138, 150. Upon complexation of such species to the dierepkie
normal demand Diels-Alder reaction is promoted sitite energy gap between the
lowest unoccupied molecular orbital (LUMO) of thémbphile and the highest
occupied molecular orbital (HOMO) of the diene &luced, thus decreasing the
activation energy required to achieve the cyclo@midi Moreover, as this
stabilization is greater for the endo transitiomtest as a result of beneficial
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enhancement of secondary orbital overlap that Ebtainable in an exo mode of
reaction, the use of Lewis acids favors an increéaao of endo:exo products. More
valuable synthetically, however, is the fact thawis acids can often reverse the
regiochemical course of a Diels-Alder addition geeerate products that would not
otherwise be observed in a simple, thermally indumsaction138, 145, 151-153
An early and elegant example of this concept is/idexd by the total synthesis of
tetrodotoxin (2.16 ) by Kishi et .38, 154, 15p

r cl
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HN77— N OH
H2N '\ 0

HO Me

(2.16)

tetrodotoxin

The solvent also has an important effect on the o&dDA reactions. The traditional
solvents were nonpolar organic solvents such asaio hydrocarbons. However,
water and other polar solvents, such as ethyleymolghnd formamide, accelerate a
number of DA reactionfl56-159. The accelerating effect of water is attributed to
“enforced hydrophobic interactiondl57. That is, the strong hydrogenbonding
network in water tends to exclude nonpolar soluaesl forces them together,
resulting in higher effective concentratiqagy).

2.6.3 Diels-Alder cycloaddition in click chemistry

To date, a number of complex macromolecular archites with different
topologies such as block, graft, star, and cycdtipatymers have been synthesized
using the DA click reaction. Apart from the benigragent-free reaction conditions,
additional advantage of the DA cycloaddition inywoér chemistry that has been
long realized is its thermoreversible nature. Shimesponsive polymeric materials
can be designed by utilization of the forward reectin combination with the

cycloreversion reaction. The cycloaddition reactiocan be affected at various
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temperatures depending on the choice of the dieaeephile combination.
Electron-rich dienes and electron-deficient dienlkgshallow cycloadduct formation
at lower temperatures. Dienes commonly used for fdiwication of reactive
polymeric building blocks are furan, cyclopentadigrbutadiene, isoprene, and
anthracene. Unlike the assortment of availableediethe choice of dienophile has
been mostly limited to maleimide. This is due ®hitgh reactivity, stability, and ease
of incorporation in polymeric materigd$6d.

One of the earliest demonstrations of the powerthef DA click reaction in
macromolecular chemistry was illustrated by theilda@nd near quantitative
synthesis of diblock copolymers by Tunca and coerskin 2006[160, 16]. A
variety of polymers such as polystyrene (PS), mhylene glycol) (PEG), and
poly(tert-butyl acrylate) (PtBA) terminated withr&n-protected maleimide groups
were treated with anthracene end-group containoignpers such as poly( methyl
methacrylate) (PMMA) and PEG in equal stoichiometngler reflux in toluene and
well-defined pure diblock copolymers were obtain@the approach was further
extended to obtain ABC type triblock copolymers wiasitu use of two orthogonal
click reactions: the DA [4+2] cycloaddition withellcopper catalyzed Huisgen type
[3+2] cycloaddition reactiof37, 16Q. Heterotelechelic PS polymer containing
anthracene and-azide moieties was reacted with furan-protectedeiméde end-
functionalized PMMA and alkyne containing PEG onyo-caprolactone) (PCL)

polymers to afford the triblock copolymer in a mtaunanner.

The graft-to strategy for the synthesis of grafpaygmers was accomplished to

PMMA

W
PEG

obtain heterograft copolymers via utilization oé tbrthogonal click reactions (2.17)

[38, 16Q.

f\N ] -
- ;\SL @ \'E R

Diels-Alder "click’ junction Azide-Alkyne ‘click’ junction

(2.17)
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The remarkable success in the conjugation of tworamaolecules to obtain diblock
copolymers was extended thereafter by Tunca andom@ns in to obtain star
polymers. Cycloaddition of furan-protected maleieniehd-functionalized polymers
such as PEG, PMMA, and PtBA with a tri-anthraceoetaining core molecule
furnished corresponding 3-arm starzAolymers (2.18aJ160, 162. Tunca and
coworkers also demonstrated that synthesis of mikiostar polymers can be
accomplished by using a combination of the DA cgddition reaction and
orthogonal controlled/living radical polymerizatiolechniques as atom transfer
radical polymerization (ATRP) and NMIPL60, 163. Along similar lines, the
combination of DA cycloaddition and ATRP and suhsegq NMP was used to
obtain heteroarm H-shaped terpolymg60, 164. As an extension of this work,
synthesis of a miktoarm star ABCD quarterpolymerswaported by Tunca and
coworkers, where each arm was synthesized by erelift polymerization technique,
namely, ATRP, NMP, ring opening polymerization (RQ&nd free radical photo-
polymerization (FRP). The DA reaction was useddmbine two of the polymeric
blocks, an anthracene terminated PCL block obtaueedROP and a furan-protected
maleimide terminated PtBA block obtained via ATRPLBb)[160, 165.
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In 2010, the first example of DA cycloaddition-bds@macromolecular cyclization
was reported by Tunca and coworkéd8, 16Q. And also, linear and dendritic

polymers containing the electron deficient maleiengtoup at their chain end or the
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focal point, respectively, were attached to thehwmatene functionalized star
copolymer with excellent efficiency to obtain maltin block copolymers in a
modular fashion (2.19]J160, 166, 16J/ Furthermore, multiarm star copolymers
consisting of alkyne units along with the anthraamits at their surface were
designed to obtain multimiktoarm star block copadym via sequential copper
catalyzed Huisgen and DA click reactigt2, 16Q

E?
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star dendritic diblock copolymers

In addition to this work, multiarm star polymersntaining thiol-reactive maleimide
groups at their core were synthesized by the usa fifran-protected maleimide
containing dendritic initiator. Polymerization oanous methacrylates using ATRP
provided two-, four-, and eight-arm star polymesng first, second, and third
generation dendron based initiators. Unmaskinghef maleimide group after the
polymerization provided the thiol reactive maleimidore. Functionalization of the
maleimide group with a thiol containing tripeptid@as used to demonstrate facile
reactivity of the core of these multiarm polymersier reagent-free conditiofik60,
169.

2.7 Nitroxide Radical Coupling (NRC) Reaction

In view of the fact that the azide compound usethenCu(l) catalyzed azide—alkyne
cycloaddition (CuAAC) reaction is inconvenient te hsed and stored, due to its

poor photo, thermal and shock stabilit9, it is highly desirable to develop other
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types of ‘click’ reactions and evaluate their poigrapplications. Recently, thiol-ene
[170 and thiol-alkene reactionid 71, 172, (hetero)Diels-Alder reactiof27, 160,
173 nitroxide radical coupling (NRC) reactions, indlngl the atom transfer
nitroxide radical coupling (ATNRC) reaction and tlsngle electron transfer
nitroxide radical coupling (SETNRC) reactidi74-171, the nitrone mediated
radical coupling reactiofil78, and the cobalt mediated radical coupling reaction
(CMRC) [179-181, which display the essential characteristics Gfliak’ reaction,
have attracted increasing attentigh82. (2.20) shows the main classes of

interpolymer radical coupling methofs33).

172 172
Q0000000000 (000000 (000000

Class AN %ass B
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Class C ﬂ)onou

(2.20)
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A significant development in the field of radicadupling was the (atom transfer)
nitroxide radical coupling (ATNRC or just NRC). Fsuch reactions, the activation
of the bromine-terminated species is carried oupresence of a stable nitroxide
species, which acts as a spin trap ((2.20), ClasnBhis manner, a cross coupling
between the activated radical chain and the nii®xis enforced whereas
bimolecular termination of activated species likeconventional ATRC does not
occur[183.

ATRC clearly belongs to the techniques based onlitteet coupling of the activated
chains ((2.20), Class A). In contrast to ATRP, Bsitee recombination of
macroradicals is desired in ATRC (2.21). In order dchieve this aim, the
equilibrium between dormant and active species iinust be strongly shifted toward
the radical chains at on¢&33.
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The nitroxide thus enables a guided terminatiorctrea and therewith opens the
possibility for cross-coupling reactions. ATNRCHsncenot only an extension of
ATRC, it serves as a versatile conjugation toolthe assembly of different building
blocks. It is thus sometimes referred to as a dlyple reaction. Indeed, most of the
criteria of a click reaction for polymer ligatiorreafulfilled [26, 3. Generally,
ATNRC can be seen as a simple exchange reactiomhioh an ATRP-derived
bromine group is replaced by a free nitroxide. BIENRC reaction is shown in
(2.22a)[183.

5 Cu'X/L Cu’
>< *O-N R'
I kact I
R—X + CU X/L —_— CU XE/L + R' _— RfofN RI
kdcﬂcl
b) disproportionation (2.22)
CUXL —=— Cu + CulXyL
~ e
’::’::\ «O-N R'
Vs e
kact
R—X + = XL + R° —
kdeacl

The activation step of the bromine function is iilgal to ATRC. In the second

reaction step, the two residues R (stemming fraenAMRC reaction) and R’ (linked
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to the nitroxyl radical) are then coupled via thkogyamine formation. In (2.22a)
the nitroxide drawn is a derivative of TEMPO, anstard commercially available
nitroxide. Indeed, most studies on ATNRC have besmmied out with nitroxides of
this type. In principle, however, only few restiacts exist and also other nitroxides

can potentially be employed for the same purpn8§.

The unique aspect of this reaction is its reveligibiin which the product
alkoxyamine can readily be converted to the stgriitipient radical and parent
nitroxide at elevated temperaturgs84-186. This methodology has been used to
synthesize degradable and reversibly coupled limealtiblock copolymers, block
and graft copolymerfl87]. The rate determining step in the coupling reactsothe
speed Kic) at which the halide end groups on the polymeinshaonvert (or are
activated) to the carbon-centered radical via atoamsfer reactions with Cu(l)
specieg§17€q.

In 1998 Matyjaszewski et al. synthesized a seriesllkoxyamines with a high
efficiency (up to 95%) and selectivity through alical-radical coupling reaction,
where radicals generated via an ATRA process fravmine containing compounds
were trapped by nitroxide radicdl$8g. In this reaction, macroradicals, generated
from polymers with a halogen terminal group in gresence of CuBr/PMDETA as
an activating agent, was immediately captured Ipplgmer with a stable nitroxide
radical terminal group. This new coupling reactias termed an atom transfer
nitroxide radical coupling (ATNRC) reacti¢h82].

In 2008, this reaction was developed to synthepialgmers by Huang and co-
workers[174, 182. The click reaction of a terminal alkyne with aricee group and

the ATNRC reaction of the TEMPO group with halidelegroup were successfully
conducted in one pot with high efficiencies.in thesence of CuBr/PMDETA in
DMF at 90 °C (2.23).
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Triazole ring

Alkoxyamine

It is noteworthy that the activation of the halogemminated chains in the coupling
reaction can also take place following a singlecteten transfer (SET) mechanism
(2.22b). In this case, the coupling process is ¢elSBETNRC. Such an activation
mode has been initially described by Percec andarers[21, 189 in the context
of controlled radical polymerization. In the singdectron transfer-living radical
polymerization (SET-LRP)[21], Cu(l)Br disproportionate rapidly to Euand
Cu(IlBrz in the presence of MEREN and polar solvent (e.g. DMSO or MeOH) and
it is postulated that Cus the activating copper species. Such systenbhosdlows
for the ultrafast and controlled polymerizationaufrylates at ambient temperature.
The significant rate enhanced activation of theoppah-terminated chains by SET
was used to carry out the NRC reactions at low &Fatpre in very short timgl76,
190-192. The kinetics improvement offered by the SET meddra has been
discussed by Kulis et §83, 192.

In 2011, Tunca-H zal et al. reported the first epdaa of the brush copolymers and
terpolymers generated from a combination of ROMR &NRC reaction. The
efficiencies for the NRC click reactions were aghhas 97% (2.24)193.
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The click chemistry characteristics of CuAAC andelBiAlder cycloaddition
reactions combined with the NRC reaction have leegioited for the first time for
the synthesis of linear tetrablock copolymers, (mtyylene glycol) (PEGRock
polystyrene (PSlock-poly(tert-butyl acrylate) (EBA)-blockpoly( -caprolactone)
(PCL) and PEG>-PSb -poly(n-butyl acrylate) (RBA)-b-PCL in a one-pot
technique (2.25[1, 47.
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Soon after the preparation of the abovementioneehti tetrapolymer, the group of
Tunca and Hizal applied a similar strategy to thetlsesis of an ABC miktoarm star
(2.26)[48]. The linear precursors with orthogonal terminalugs are simply linked

to a multifunctional core using coupling-onto metbtogy|[1].
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Furthermore, the triple click reaction strategyaddiowed to prepare more complex
structures such as a tadpole polymer, where arlip@gmer precursor was attached
to a cyclic structure by a CuUAAC-Diels-Alder reacticombination, followed by an

esterification and a subsequent introduction oiaar polymer segment by NRC
reaction (2.27)1, 49.
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Recently, the group of Tunca and Hizal employedralunation of sequential Diels—
Alder, NRC, and CuAAC reactions for the preparatioh a heterograft brush
copolymer (2.28)1, 50.
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2.7.1 Influencing factors of NRC reaction

A NRC reaction relies on the generation of a carbemered radical by a
mechanism of atom transfer or single electron feandecause then the catalyst,
Cu(l), could be transferred into highly active Cu(bis process is highly dependent
on the solvent, catalyst and ligafiB2, 194-19p Monteiro et al. have reported a
kinetic study on a NRC reaction between linear gigtene (PS) with a bromine
terminal group prepared by ATRP and trinitroxideris(¢-hydroxy-2,2,6,6-
tetramethylpiperidin-1-yloxyl)-benzene-1,3,5-tribaxylate), using CuBr/PMDETA
or CuBr/ tris(2-(dimethylamino)ethyl)-amine (WIEREN) as a catalyst, in a series of
solvents with different volume ratios of dimethylfexide (DMSO) to toluene and a
temperature range from 25 °C to 75 [X77, 182 While using Cu(l)/PMDETA as
the catalyst and reacting at 70 °C for 10 min,\ileéds were 67%, 82% and 95% in
solvents of toluene, toluene-DMSO (50:50, v/v) daalliene-DMSO (20:80, v/v),
respectively. Decreasing the reaction temperatreOt °C only resulted in a slight
decrease of the yields. However, as the temperatasedecreased further to 25 °C,
the reactions became much slower. These resulisated that both the solvent
(composition) and the reaction temperature infleenthe reaction rate while using
Cu(l)/PMDETA as the catalyst, where the activagpvoceeded via an atom transfer
radical mechanisifl77, 182.

Besides the solvent, temperature and catalyssttheture of the starting polymer is
also an important @%&ncing factor to the coupling efficiency of an NR&ction.

Huang et al. examined the NRC reaction betweer6 B2etramethylpiperidinyl-1-
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oxy-containing poly(-caprolactone) (PCL-TEMPO) and linear polymers (PBA,
and poly(methyl methacrylate) (PMMA) with a bromimerminal group), using
CuBr/Cu(0)/PMDETA as the catalytic system. It wasurfd that the reaction
temperature had a slight@f@nce on the coupling efficiency of the NRC reactio
between PS-Br and PCL-TEMPO, and a high efficigix®0%) was observed in the
temperature range from 90 °C to 25 °C. For thetr@abdetween BBA-Br and PCL-
TEMPO, a high efficiency (>85%) was also foundhe temperature range from 75
°C to 25 °C. However, when the reaction was coretuct 90 °C, the coupling
efficiency decreased to 76f82, 187, 197-2700

2.8 Thiol-ene Reaction

Descriptions of the use of thiols in chemical reaw extend well over 100 years,
encompassing a number of fields ranging from biodkey to polymer science.
Early work on thiol-ene free-radical chemistry dateom the late 1930s to the early
1950s[201-223. An excellent review of thiol chemistry was pubksl in 1974
covering all of the work on thiols to the mid 197264]. A review of thiol-ene free-

radical photoinitiated polymerization was published 993[205, 223.

Many of the basics of thiol-ene chemistry were vdelfined by the early 2000s, and
their use for relatively simple materials applioas, such as protective coatings and

films, were amply toutef224].

The characterization of various thiol (often calle@rcaptans as well) reactions as
click reactions was first proposed by Schlaad amaockers[225 in 2007 for the
radical-mediated thiol-ene reaction, and has noenbleroadly applied to various
thiol reactions including those with enes, ynespxeps, alkyl halides, and
isocyanate$226. Chemically, considering the electron structurd density of the
sulfur atom as well as the thiol functional grompyen compared with alcohols and
amines, thiols are generally thought of as softeaphiles. The nucleophilic thiolate
anion and the electrophilic thiyl radical that foduaring these various reactions are
highly reactive species that give rise to the bitead thiol reactions considered to be
in the ” thiol-X click” reaction family[227.
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Figure 2.2 provides a summary of the thiol-X reactfamily where it is clear that
the thiol is capable of reacting with a large raofesubstrates, nearly all of which
under the right catalyst and reactant conditioescck reaction$227).

o_ _u

X:Br1
EWG : electronwithdrawing group

Figure 2.2 : The thiol-X reaction family encompassing the tHiahctional group’s
capability of reacting broadly with a range of cheshsubstrates.

The two most common thiol click reactions are tlaelical-mediated thiol-ene
reaction and the base/nucleophile-catalyzed Miclaaiglition reaction with their
mechanisms briefly summarized in Figure 2.3. Héhne, radical-mediated process
has commonly been initiated by light exposure itmbmation with a radical
photoinitiator, although redox and thermal radicetiating systems have also been
used. This reaction was used to form crosslinkdgnper films for optical adhesives
and coatings, for microfluidic devices and for hygkl-based biomaterials because
of its unique ability to overcome oxygen inhibitiamd to form nearly stress-free
films. It has also been used to functionalize misi228, sugars, and surfaces using
free thiols that are readily attached to silicorngotd surfaces or through the amino
acid cysteine in proteins and peptides. The Miclagelition reaction, which can be
base or nucleophile-catalyzg@29, has also been used to form biomaterials,
including degradable hydrogels that incorporatecfimmalized peptidef230-232 as
well as in the formation of crosslinked polymenfd[227, 233.
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(a) (b)

Figure 2.3 : Mechanisms of the two most common thiol-X reactida$ the base-
catalyzed Michael addition of a thiol and an electdeficient vinyl
group, which can also be nucleophile-catalyzed, @mahe radical-
mediated thiol-ene reaction where the radicals gemerated by
conventional free-radical processes including tglovedox, thermal,
or photochemical methods.

However, the thiol-ene reaction has recently atdhcesearchers in other areas of
synthesis due to the recognition of its “click’haracteristics. There are several
features associated with the thiol-ene reaction itigke it a particularly attractive,
facile and versatile process. Firstly, such hydodétion reactions can proceed under
a variety of conditions including by a radical pa#ty [223, via catalytic processes
mediated by nucleophiles, acids, baf&34, 23%, in the apparent absence of an
added catalyst in highly polar solvents such asewatr DMF [236], or via
supramolecular catalysis usingcyclodextrin[237] for example. Secondly, a wide
range of enes serve as suitable substrates, inglualitivated and non-activated
species as well as multiply-subsituted olefinic dmnHowever, reactivity can vary
considerably depending on reaction mechanism ahstitution pattern at the C=C
bond. Thirdly, virtually any thiol can be employeuhcluding highly functional
species, although reactivity can cover severalrsrdé magnitude depending on the
S—H bond strength and the cleavage mechanisnhadreolytic vs. heterolytic lysis.
Finally, such reactions are generally extremelyda@and can be complete in a matter
of seconds (even at ambient temperature and peysswe tolerant to the presence of
air/oxygen and moisture (provided the concentrabbroxygen does not approach
that of the thiol), and proceed with (near) quatitte formation of the corresponding

thioether in a regioselective fashifirv{.
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An example of polymer functionalization by thioleemddition from Schlaad and
coworkers took advantage of a poly(oxazoline) dane with alkene side groups
prepared by cationic ring opening polymerizati@25. The authors demonstrated
the ability to attach a wide array of thiols ontee tpolymer backbone. Similarly,
David and Kornfield developed a synthetic protoimslthe preparation of a variety
of functionalized polybutadienes (PB) (2.2238, 239.

- OZNEE/LO/\J; (\f.f ./‘O“f @ﬁ

2

(2.29)

Moving away from backbone functionalization, Campbsl. reported the synthesis
of styrenic, methacrylic, and caprolactone monomesach bearing alkene-
functionalities that could be combined with funa@b initiators and

postpolymerization modifications to further increathe range and architectural
position of orthogonal groups that can be builbimbacromolecular systems and
accessed through thiol-ene additiq@40-242. This approach provides the
opportunity to functionalize a wide range of polys&ith side chain and terminal

enes/azides selectively (2.3@B89.

1.Linear Polymer Backbone

2.Chain-End ¢
.‘-/—/\/- u_/\,-
3. Asymmetric Telechelic é
k_/\‘\y A J
guee WSS NS
P alkene @ azide (230)

& thiol ® alkyne

SH

O
HOJK/SH (MeO)DSi\/\/SH
0
Ho)k(\SH HO/\(\SH
HN OH

~
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A combination of double click reaction strategy émymg both thiol-ene and
CuAAC was employed by Hawker and coworkers to agistn the synthesis of a
6th generation dendrimer in a single day (2[25) 243.

N N3 Pa
3
))—SH N \?/ Thiol-ene NS/Q‘S\/\ S N3
N H C G1
s (2.31)
N3 N /a\
3 N3
)FSH CuAAC
N3 =

Multiarm star polymers containing thiol-reactive lgimide groups at their core were
synthesized by the use of a furan-protected matiimontaining dendritic initiator
(2.32). Polymerization of various methacrylatesngsATRP provided two-,four-,
and eight-arm star polymers using first, second, third generation dendron based
initiators. Unmasking of the maleimide group aftiee polymerization provided the
thiol reactive maleimide core. Functionalizationtié maleimide group with a thiol
containing tripeptide was used to demonstrate da@hctivity of the core of these

multiarm polymers under reagent-free conditifirt&0, 168§.

0
75’0 1;0 1 Br
73 °° ¥
\36 y o -VSV .\51'

|
% W o o o 0{“;:“’;\:*
t& "'bo% Br HO)L{EZ\,—N" — :;L:xo : uﬁ%%& (2.32)
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Yagci and co-workers reported a combination oftthel-ene and CuAAC reactions
for the preparation of a ABC miktoarm star polyri&t4]. For this purpose, a thiol
terminated-PS was reacted with the 1-(allyloxygZsdopropan-2-ol core under UV
irradiation via thiol-ene click reaction. Thereaft®ROP of -CL was initiated from
this macroinitiator to yield a diblock copolymerntaining an azide functional group
at the junction of the two blocks. A PEG-alkyne swelicked via the CuAAC
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reaction onto the azide functionality to furniske tABC miktoarm star polymer
(2.33a)[25).

SH

PS-SH
M ATRP

OH
%\JO\A/NB Thiol-ene
N3
\/\/S\/\o/\/
- OH

[e]

o ROP
N3
s 0 ATR Coupllng
W 2 PCL Cu nano & Q (2 33)
PS CuBr, PMDETA
= e———— toluene, 70 °C

RSH

‘—\0 : DA Michael Addition _ 4, \5; gSR
toluene, 110 C
P

PS-PCL-PEG
(a) miktoarm star copolymer (b)

Maynard and coworker$245 used an elegant approach to obtained telechelic
polymers containing dimethylfulvene-protected nraidie moieties (2.33b). Initially,
dimethylfulvene-protected maleimide end-functioredl PS was synthesized by
ATRP. Thus obtained polymer was subjected to AT&®ptiag (ATRC) to obtain the
telechelic polymer. Thiol containing molecules swa$h benzyl mercaptan and N-
acetyl-L-cysteine methyl ester were conjugated hes¢ polymers via an in situ
thermal deprotection of maleimide followed by Miehaddition by refluxing in
toluene[16Q,.

Sanyal and co-workers reported the ‘orthogonallyidtionalizable polyester-based
dendrong[24€. The surface of these dendrons were appendedaldyime groups
that can undergo efficient CUAAC reaction whileithi@cal point consisted of a
reactive maleimide group that was amenable to dacibnjugation with thiol
containing molecules via the nucleophilic thiol-éakck’ reaction. These dendrons
were reacted with PEGJNo obtain water soluble multi-arm polymers conitagn

thiol reactive maleimide unit at their core (2.329).
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(2.34)

A different approach described by Schubert and ckers is the use of three metal-
free click reactions, Diels— Alder cycloadditiomdical thiol-ene, and SPAAC, for
the incorporation of various residues to the mutdtional copoly(2-oxazoline)
scaffold containing -anthracene, -azide, and pendantvinyl functionalities (2.35)
[133. The copoly(2-oxazoline) was generated by a liviagionic ROP of 2-ethyl-
oxazoline and 2-(dec-9-enyl)-2-oxazoline (in acatf 11:2) and sequentially reacted
with 4-dibenzocyclooctynol at room temperature, amdth furan-protected
maleimide at 120 ° C, and finally with thiol-functialized glyco-pyranose (or
dodecanethiol) under UV light by successive SPAA@d-Alder—thiol-ene

reactiond1].

2 Dlels-AIder ;OH

O

R1\/\ \/1\}N
&t %
1.SPAAC

UV
3.Thiol-ene
Haddleton and coworkers prepared-a&inyl-terminated poly(glycidyl methacrylate)
by catalytic chain transfer polymerization (2.8847). This polymer has been further

functionalized with sequential triple click reactgy Michael thiol-ene—ring opening
of oxirane—CuAAd1].
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1.Michael

Thiol-ene
H "l
o rt
2.Ring opening o
— HO (2.36)
\f 3.CuAAC
50°C NN ———
\__\/
j 30°C
0\
R;
R4: sugar

Another interesting triple click reaction combirmetiincluding the thiol-ene, Diels—
Alder, and CuAAC reactions reported by Yagci anavadkers was applied to the
formation of the ABC miktoarm star terpolymer caniag PS, PCL, and PEG arms
(2.37)[1, 248.

2.CuAAC

Y, oy

\/\/0% 3. or 3.Diels-Alder (2.37)
uv (o) \_—OY\)j\ ND

More recently, Tunca and Hizal et al. demonstrattide successful

1.Thiol-ene

postfunctionalization of poly(oxanorbornene imid@ONB) with two types of

double bonds using sequential orthogonal reactioasleophilic thiol-ene coupling
via Michael addition and radical thiol-ene clickactions. First, the synthesis of
PONB with side chain acrylate groups is carried aat ring-opening metathesis
polymerization and nitroxide radical coupling react respectively. Subsequently,
the resulting polymer having two different orthogbriunctionalities, main chain
vinyl and side chain acrylate, is selectively mudifvia two sequential thiol-ene
click reactions, nucleophilic thiol-ene coupling aviMichael addition and

photoinduced radical thiol-ene (2.38}].
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2.8.1 Photoinitiators

A photoinitiator is a compound that, under absorptiof light, undergoes a

photoreaction, producing free radicals. These ggeare capable of initiating the
polymerization of suitable monomers. Photoinitiatare generally divided into two

classes according to the process by which inigiatadicals are formed. Compounds
which undergo unimolecular bond cleavage upon iataah as shown in (2.39) are

termed agype Iphotoinitiatord249.

unimolecular
* reaction . .
PI —> (P]) Ry + Ry | (2.39)
fragmentation .
free ./
radicals

If the excited state photoinitiator interacts wittsecond molecule (a coinitiator) to
generate radicals in a bimolecular reaction as shaovw2.40), the initiating system is
termed as Type lIPhotoinitiator’[249.

—> —> N (2.40)

In its initial implementation for thiol-ene reaat® photoinitiation was classically
performed with the use of benzophenone and othérolggn abstraction initiators;
however, faster, more efficient photoinitiatioraishieved with typical Norrish type |
cleavage initiators such as dimethoxyphenylacetopie (for ultraviolet initiation),
phosphine oxides (for visible light initiation) amther similar initiators. It is worth
noting that some type Il initiation systems suchtasse based on camphorquinone
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and an amine do not initiate the photopolymerizatbthiol-ene polymerizations as
efficiently as they initiate conventional (meth)dmr photopolymerizations. The

origin of this interesting observation is still bgiinvestigated224|.

An example of the cleavage-type photoinitiator, ehhgive a benzoyl radical and a
tertiary carbon radical upon the absorption of atph of light, is demonstrated in
(2.41) for dimethoxyphenyl acetophenone (DMHA)8. A rearrangement of the
tertiary carbon radical occurs, yielding a methatdlical and methyl benzoate. The
methyl and benzoyl radicals may insert into a carbearbon bond directly or
abstract a hydrogen from a thiol group. In eitheise; the two-step process
characteristic of the thiol-ene free-radical chegaction is initiated. Initiation with
the cleavage photoinitiator is more efficient thlaydrogen-transfer (abstraction)
photoinitiators such as BP because the quanturd foelthe production of reactive
radicals is highej223.

G

-}

RS* + MeH

(2.41)

One of the most unique and beneficial aspectsefdlical thiol-ene click reaction
is its ability to self-initiate the polymerizatian the presence of ultraviolet light.
This “initiatorless” photopolymerizatiofi25( is remarkable, particularly in keeping
with the concept of simplicity embodied by the kliparadigm—essentially, the
monomers themselves act to absorb the light andrgenthe radicals, eliminating
the need for any additional catalyst to be providad with the small absorption of
the monomers being largely eliminated upon polyration to form an optically

transparent material, even at the initiating wawglbs. This initiation methodology

has been found to work for nearly all bulk thioleesystem$226.

The use of photoinitiation in thiol-ene polymerieat requires appropriate

selections and combinations of light sources amthimg components. While the

43



thiol-ene system is responsive enough to proceeashweiposed to low wavelength
UV light sources without the addition of photoiatr, the polymerization is
dramatically accelerated when an optimal combimatd light source and radical

photoinitiator, preferably a type | cleavage intia are usef24.

2.8.2 Biological applications

One of the most significant implementations of lclichemistry in polymers and
materials has been in the development of new appesato biomaterials, enabled by
the advent of click chemistry. In fact, even in fieemation of block copolymers,
significant efforts have focused on methodologimsfabricating block copolymers
that are functional biomaterials. Recently, Haw&ed coworker$251] have created
well-defined block copolymers from degradable unitsluding poly (lactic acid) or
PLA, that form selfassembled nanoparticles. As degradable units are cleaved,
controlled release of compounds from within theagaticle can be achieved with
intimate control of the release profile achieved tmanipulation of the block
copolymer characteristics. Click reactions of pdptligomers have also been used
to control the peptide architecture, forming cydRGD peptides via the thiol-ene
reaction[227, 228.

Hydrogels for both controlled drug release anduBisengineering constructs have
been formed by thiol-en52, thiol- Michael addition reaction232, and alkyne-

azide click reactiond230, 23], including reactions in which cysteine-terminal
peptide segments were used as the crosslinking tsagén such systems,
biofunctionality is readily imparted by the selectiof the peptide unit. The choice of
an enzymatically cleavable peptide was used to ym®dhydrogels with tunable

degradation and controlled releg227).

Furthermore, the ability to perform multiple, seqti@ click reactions (i.e., “double
clicking’”) [230, 23] is also of great significance and has recentlynbesed with
sequential CuAAC (or copper-free azide-alkyne cgdtiition) and thiol-ene
reactions. Anseth and coworkers used the coppeazete-alkyne click reaction to
initially form a hydrogel and subsequently usedhebltene coupling reaction to
photopattern the attachment of an additional lig§2®0. The ability to control

hydrogel structure and biochemical functionality34+D, including the potential for
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peptide coupling through the thiol-ene reactionpvpmes control over cell

attachment, proliferation and migration in 2-D &0 cell construct§227).

2.8.3 Limitations of radical Thiol-ene reaction

Radical thiol-ene coupling proceeds via a mecharishis similar to that of a chain
transfer polymerization mechanism (2.42). Freqyengide reactions have been
observed[253. It should be noted here, that in case thiol-enengstry shows
significant side reactions, the whole process migttbe considered a click reaction,
as the occurrence of secondary reaction pathwayslilect contradiction to the click
concept. Thus, thiol-ene may only serve as aniefficconjugation tool if such
reactions can be largely avoided. One known sideti@n is thiyl-thiyl radical
coupling, which leads to disulfide formation; armtls head-to-head coupling of the
carbon centered radicals. These two reactions ageably the most prominent
reactions terminating the thiol-ene cycle, but mngple, any bimolecular spin-
annihilation reaction can of course occur. Addisiltyy the step-mechanism of thiol-
ene conjugation is in competition with the chaimwth mechanism of a transfer

polymerization if a (homo)polymerizable ene is upzsf].

R-SH + 0 — R-§- + H-I Initiation
R-S- + /“R - st \,/;‘\R. Propagation
S ~ .
R~"R * R—-SH - R"S\/ "R" * R-S- Chain Transfer
R R
R-’S*-v/""R' + /R —_— R‘S“ )/J Homopropagation (242)
R-S- + .S-R - R"SV'S' R Disulfide Formation

R R FIEr R’ A -
R,,SWV,V-J\J,-l- = R/ R( - J— R’S ‘VV,J\)—"’J ~" s Combination
R

Interestingly, in examining the scope of click m@gs in which the thiol

participates, it is this same broad applicabilitg gotential for facile reactions of the
thiol with a variety of substrates that also reprgs the most significant downside of
considering the thiol family of reactions as clidactions. Here, the potential for
thiols to react with a variety of chemical substsalimits their orthogonality, i.e., the
potential for side reactions with other, undesiob@mical functional groups. The
same aspects that make them highly efficient apidl ia reacting with one substrate
may limit their ability to react only with that ssiipate. That said, the conditions

under which each of these reactions occurs, eadical-mediated, base-catalyzed,
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etc., may be selected to be mutually exclusive fands the thiol reaction to occur
with only a single other functional group. In addlit to the potential for a lack of
orthogonality, two other significant disadvantagesise in considering the
implementation of the thiol family of click reactis. First, again related to the
reactivity of the thiol, preformulated compositiotigat contain both the thiol and
secondary functional group (e.g., the ene in thiw- reactions) are inherently
relatively unstable, with a limited shelflife. Filya low-molecular-weight thiols or

higher molecular weight compounds with low-molecweight impurities possess a
distinct and offensive odor. The implementationhafher molecular weight thiols

reduces or eliminates this issue by lowering thgovaressure of the reactafi27).

In the past, several studies for a successful ifmmalization of polymers via radical-
initiated thiol-ene conjugation with small molecsileave been performed. However,
no example exists where two polymer chains werepleou and even with the
Michael addition type reaction, only few examples $uch an attempt can be found
in the literature. This lack of (radical) thiol-embemistry as a tool for polymer
conjugation was also most recently noted by Sumerntid Vogt[34]. One example
of polymer-polymer conjugation has been presentedilet al., where a maleimide
end group functionalized poly(N-isopropylacrylamideas coupled to thiol end
group functionalized poly(styrene) via a Michaebigidn reaction[255. However,
an excess of the thiol-functionalized poly(styreaall its subsequent removal was
required. Furthermore, Koo et al. reported theidiings when performing polymer-
polymer conjugation reactions wusing radical-indgtht thiol-ene chemistry.
Surprisingly, the thiol-ene approach was found ¢orélatively unsuccessful when
targeting polymer— polymer conjugation reactiond anly showed success to some
extent, when polymers were functionalized with dnradleculeqd254].
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3. EXPERIMENTAL WORK

3.1 Materials

Styrene (St, 99%, Aldrich) and methyl metacrylai@ViA, 99%, Aldrich) were
passed twice through basic alumina column to remokibitor and then distilled
over CaH in vacuum prior to use-Caprolactone ¢CL, 99%, Aldrich) was distilled
from CaHl under vacuum. N,N,N’,N”,N”-pentamethyldiethylenetriamine
(PMDETA, Aldrich) was destilled over NaOH prior tese. Poly(ethylene glycol
monomethyl ether) (Me-PEG-OHM( = 550, Acros) was dried over anhydrous
toluene by azeotropic distillation. 9-Anthracene tma@ol (97%, Aldrich), 1,8-
diazabicyclo[5.4.0Jundec-7-ene  (DBU, 99%, Aldrich),N,N’-dicyclohexyl
carbodiimide (DCC, 99%, Aldrich), 4-dimethylaminajmyne (DMAP, 99%, Acros),
CuBr (99.9%, Aldrich) and CuCl (99.9%, Aldrich) werused as received.
Dichloromethane (ChCl,) was purchased from Aldrich and used after dattoh
over ROs. Tetrahydrofuran (THF; 99.8%, J.T. Baker) was diréad distilled over
benzophenone-Na. Solvents unless specified here ywerified by conventional
procedures. All other reagents were purchased #danich and used as received

without further purification.

3.2 Instrumentation

'H NMR spectra were recorded on an Agilent VNMRS 8880 MHz for'H) and on

a Bruker 250 AC spectrometer (250 MHz fét) in CDCk. The conventional gel
permeation chromatography (GPC) measurements vegriea out with an Agilent
instrument (Model 1100) consisting of a pump, retikee index (RI), and ultraviolet
(UV) detectors and four Waters Styragel columnafduHR 5E, HR 4E, HR 3, HR
2), (4.6 mm internal diameter, 300 mm length, pdclkéth 5 m particles). The
effective molecular weight ranges are 2000-4,00D,80-100,000, 500-30,000, and
500-20,000, respectively. THF and toluene were aseeluent at a flow rate of 0.3
mL/min at 30 °C and as an internal standard, résf@g. The apparent molecular
weights M, cpcand My, cpd and polydispersitiesMy/M,) were determined with a
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calibration based on linear PS standards using &ib& Software from Polymer
Laboratories. The second GPC set-up (TD-GPC) withAgilent 1200 model
isocratic pump, four Waters Styragel columns (gustid 5E, HR 4, HR 3, and HR
2), and a Viscotek TDA 302 triple detector inclugliRl, dual laser light scattering
(DLLS) ( = 670 nm, 90° and 7°) and a differential pressuszometer was
conducted to measure the absolute molecular we{yhisocrg in THF with a flow
rate of 0.5 mL/min at 35C. Three detectors were calibrated with a PS standa
having narrow molecular weight distributiom{ = 115,000 g/moIM\/M, = 1.02,

[ ] = 0,519 dL/g at 35°C in THF, dn/dc = 0.185 mL/gjovided by Viscotek
company. UV spectra were recorded on a Shimadzul&04- spectrophotometer in
CH,Cl,.

3.3 Synthesis Methods

4,10-Dioxatricyclo[5.2.1.8%dec-8-ene-3,5-dioné1) [256], 4-(2-hydroxyethyl)-10-
oxa-4-azatricyclo[5.2.1%|dec-8-ene-3,5-dione (2) [256, 2-bromo-2-methyl
propionic acid 2-(3,5-dioxo-10-oxa-4-azatricycl@d..02,6]dec-8-en-4-yl) ethyl
ester(3) [256], , -furan-protected maleimide terminated PMMA (MI-PMM2&)
[162, -furan-protected maleimide-terminated tBR (MI-PtBA-Br) [16]],
monocarboxylic acid-terminated PEG (PEG-COQ2H7], TEMPO-terminated PEG
(PEG-TEMPO)[193, succinic acid mono-anthracene-9-yimethyl-eqtey [259,
anthracene-9-ylmethyl (2-(1,3-dioxo-3a,4,7,7a-tegcho-1H-4,7-epoxyisoindol-
2(3H)-yl)ethyl) succinate (ONB-anthracen@) [44], 2-bromo-propionic acid 2-(3,5-
dioxo-10-oxa-4-azatricyclo [5.2.2:fdec-8-en-4-yl)-ethyl ester (ONB-bromid&j)
[161], 2,2,5-trimethyl-[1,3]dioxane-5-carboxylic aqi@) [259, anthracene-9ylmethyl
2,2,5-trimethyl-[1,3]dioxane-5-carboxylatg9) [165, anthracene-9ylmethyl 3-
hydroxy-2-(hydroxymethyl)-2-methylpropanoaf@0) [165, anthracene-9-ylmethyl
5-methyl-2-ox0-1,3-dioxane-5-carboxylate (11) [260, 1-(3,5-
bis(trifloromethyl)phenyl)-3-cyclohexyl thiourea () (12) [74], pendant anthracene-
functionalized polycarbonate (PC-anthracendp6(, poly(oxanorbornenyl-
anthracene) (PONB-anthracerjé¥], furan protected-maleimide terminated PMMA
(PMMA-MI) [37], alkyne terminated PCL (PCL-alkyn@y], 2-(1,3-dioxo-3a,4,7,7a-
tetrahydro-H-4,7-epoxyisoindol-2(8)-yl)ethyl 4-methyl benzenesulfonate (ONB-
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OTs)(15) [50], poly(ONB-anthracenee-ONB-Br-co-ONB-OTs)[50] were prepared

according to literature procedures.

3.3.1 4,10-Dioxatricyclo[5.2.1.®%dec-8-ene-3,5-dione (1)

Maleic anhydride (30 g, 0.30 mol) was suspended56 mL of toluene and the
mixture warmed to 80 °C. Furan (33.4 mL, 0.45 mved)s added via syringe and the
turbid solution stirred for 6 h. The mixture wagnhcooled to ambient temperature
white solids formed during standing were colledbgdiltration and washed with 2

30 mL of petroleum ether and once with diethyl ettt mL) yielding product as
white needless. Yield = 44.4 g (87 %) NMR (250 MHz, CDC}, ) 6.58 (s, 2H,
CH=CH, bridge protons), 5.46 (s, 2H, HD, bridge-head protons), 3.19 (s, 2H{-C
CH, bridge protons).

3.3.2 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.07%|dec-8-ene-3,5-dione (2)

The adductl (10 g, 60 mmol) was suspended in methanol (150 and)the mixture
was cooled to 0 °C. A solution of ethanolamine (816, 60 mmol) in 30 mL of
methanol was added dropwise (10 min) to the reaatmxture, and the resulting
solution was stirred for 5 min at 0 °C, then 30 rainambient temperature, and
finally refluxed for 8 h. After cooling the mixtur®® ambient temperature, solvent
was removed under reduced pressure, and residuedissslved in 150 mL of
CH.Cl,; and washed with & 100 mL of water. The organic layer was separated,
dried over NgSO, and filtered. Removal of the solvent under redysex$sure gave
white-off solid which was further purified by flasthromatography eluting with
ethylacetate (EtOAc) to give the product as a whitkd. Yield = 4.9 g (40 %)H
NMR (250 MHz, CDC4, ) 6.53 (s, 2H, E=CH, bridge protons), 5.29 (s, 2H, -
CHO, bridge-head protons), 3.77-3.71 (m, 4H,HNCH,OH), 2.90 (s, 2H, €-CH,
bridge protons).

3.3.3 Synthesis of 2-bromo-2-methyl propionic acié-(3,5-dioxo-10-oxa-4-
azatricyclo [5.2.1.6% dec-8-en-4-yl) ethyl ester (3)

In a 250 mL of round bottom flask were add8.0 g, 14 mmol), DMAP (0.88 g, 7
mmol) and EN (4.99 mL, 36.0 mmol) if100 mL of THF. The mixture was cooled
to 0 °C, and a solution of 2-bromo isobutyryl bromi{@66 ml, 21.5mmol) in 25

mL of THF was added dropwise (30 min) to the reactmixture. The white
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suspension was stirred for 3 h at 0 °C and substigust ambientemperature for
overnight. The ammonium salt was filtered off ahd solventwasremoved under
reduced pressure to give a pale-yellow residue watfurther purified by column
chromatography over silica gel eluting with EtOAexane (1:4) to giv8 as a white
solid. Yield = 4.01 g (80 %)'H NMR (250 MHz, CDC}, ) 6.49 (s, 2H, E=CH,
bridge protons), 5.24 (s, 2H, HD, bridge-head protons), 4.31 Jt= 5.2 Hz, 2H,
NCH,CH,0OC=0), 3.79 (tJ =5.2 Hz, 2H, NE&,CH,0C=0), 2.85 (s, 2H, B-CH,
bridge protons), 1.87 (s, 6H, Gfig).-Br).

3.3.4 Synthesis of allyl 2-bromo-2-methylpropanoaté&t)

Allyl alcohol (2.4 mL, 0.035 mol) and DMAP (2.1 §,017 mol) were dissolved in
100 mL of CHCI, and EfN (12 mL, 0.086 mol) was added. After cooling the
reaction mixture to @, 2-bromo isobutyryl bromide (6.4 mL, 0.052 mokswadded
dropwise within 30 min, stirred for 15 min at°Q, and then overnight at room
temperature. The ammonium salt was filtered off #mel solvent was evaporated
under reduced pressure. The remaining residue wiacted with CHCI, and
saturated aqueous NaH@he aqueous phase was further extracted withkQGH
and the combined organic phases were dried oveS®la The solution was
concentrated, and the crude product was purifieddymn chromatography over
silica gel eluting with hexane/EtOAc (4:1) as ctéss liquid. Yield = 1.5 g (75 %).
'H NMR (250 MHz, CDC4, ) 6.10-5.80 (m, 1H, CptCH), 5.39-5.22 (m, 2H,
CH,=CH), 4.64 (m, 2H, €,0C=0), 1.92 (s, 6H, C(ds).-Br).

3.3.5 General procedure for the synthesis df-allyl-$ -bromide terminated PS
(allyl-PS-Br)

In a 50 mL of Schlenk tube, St (20.0 mL, 175 mm&MDETA (0.182 mL, 0.87
mmol), CuBr (0.125 g, 0.87 mmol) and allyl 2-brm2-methylpropanoat¢4)
(0.181 g, 0.87 mmol) were added and the reactiotturd was degassed by three
freeze-pump-thaw (FPT) cycles and left in vacuuime Tube was then placed in a
thermostated oil bath at 1£CQ for 40 min. The dark-green polymerization mixture
was diluted with THF, passed through a basic alamiolumn to remove the
catalyst, and precipitated into methanol. The p@ymas dried for 24 h in a vacuum
oven at 40°C. *H NMR (250 MHz, CDC}, ) 7.10-6.57 (AH of PS), 5.65 (m, 1H,
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CH-alkene), 5.11 (m, 2H, i@>-alkene), 4.39 (br, 1H, (Ph)-Br end group of PS),
4.03 (m, 2H, El,-vinyl), 1.90-0.88 (m, aliphatic protons of PS dbids).

3.3.6 General procedure for the synthesis éf-allyl-$ -azide terminated PS
(allyl-PS-Ng)

Allyl-PS-Br (3.0 g, 0.55 mmolM, nvr = 5400 g/mol) was dissolved in DMF (15
mL) and NaN (1.07 g, 16.5 mmol) was added to the flask. Aftarisg at room
temperature overnight, the mixture was precipitaieth an excess amount of
methanol. The recovered polymer allyl-P$iMas dried in a vacuum oven at 40 °C
for 24 h. Yield = 2.9 g (96 %)}H NMR (250 MHz, CDCJ, ) 7.30-6.30 (AH of
PS), 5.65 (m, 1H, CHCH), 5.11 (m, 2H, &,=CH), 4.20-3.80 (br, 3H, B(Ph)-N;
and H,0C=0), 2.00-0.88 (m, i8,,CH and CHs).

3.3.7 General procedure for the synthesis @f-furan-protected maleimide
terminated PMMA (MI-PMMA-CI)

In a 25 mL of Schlenk tube, MMA (5.00 mL, 46.7 mnd?PMDETA (0.196 mL,
0.940 mmol), CuCl (0.093 g, 0.94 mmol), toluenentk) and 3 (0.336 g, 0.940
mmol) were added, and the reaction mixture was steghby FPT cycles, and left in
argon. The tube was then placed in a thermostaiedbath at 40 °C for
predetermined times. The polymerization mixture wdsted with THF, passed
through a basic alumina column to remove the csttaiind precipitated into hexane.
The polymer was dried for 24 h in a vacuum oved@rC.*H NMR (250 MHz,
CDCl3;, d) 6.52 (s, 2H, vinyl protons), 5.26 (s, 2HHCH=CHCH, bridge-head
protons), 4.15 (m, 2H, NCi€H,O0C=0), 3.75-3.50 (m, Ods of PMMA and
NCH,CH,OC=0), 2.90 (s, 2H, CHC=0CH-CH, bridge protons), 1.90-0.82 (m,
aliphaticprotons of PMMA).

3.3.8 General procedure for the synthesis oft-furan-protected maleimide-
terminated PtBA (MI-P tBA-Br)

In a 25 mL of Schlenk tubéBA (10.0 mL, 68.3 mmol), PMDETA (0.142 mL, 0.680
mmol), CuBr (0.098 g, 0.68 mmol), ethylene carber(@88 g) an® (0.024 g, 0.68
mmol) were added, and the reaction mixture was ssaghby three FPT cycles, and
left in argon. The tube was then placed in a thetated oil bath at 50 °C for

predetermined times. The polymerization mixture wddsted with THF, passed
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through a basic alumina column to remove the cstaljhe excess of THF was
evaporated under reduced pressure and the mixtase precipitated into cold
methanol/water (80/20; v/v). After decantation, tpelymer was dissolved in
CH.ClI,, extracted with water and the water phase wasagdracted with CkCly,
and combined organic phase was dried ovelS8a Finally, the organic phase was
evaporated to give MIHBA. The polymer was dried for 24 h in a vacuum oaedA0
°C. '"H NMR (250 MHz, CDCJ, ) 6.49 (s, 2H, vinyl protons), 5.24 (s, 2H,
CHCH=CHCH, bridge-head protons), 4.13 (b, 2H, NLH,OC=0, 1H, GiBr, end
group of RBA), 3.73 (m, 2H NE,CH,OC=0), 2.87 (s, 2H, CHNC=0CH-CH,
bridge protons), 2.21 (bs,Hoof RBA), 1.83-1.09 (aliphatic protons ofBA).

3.3.9 Synthesis of monocarboxylic acid-terminated G (PEG-COOH)

Me-PEG (5 g, 8 mmolM,= 550 g/mol) was dissolved in 150 mL of &Eb.
Succinic anhydride (3.13 g, 32.0 mmol), triethylam{EgN) (5.6 mL, 40 mmol) and
DMAP (1.46 g, 12.0 mmol) were added to the reactoixture. After stirring
overnight at room temperature, solution was pounetice-cold water (150 mL) and
extracted with ChKCl,. The organic layer was washed with 1 M HCI (150)rahd
then with distilled water. Finally, organic phasasadried with anhydrous B8O,
and the solvent was removed in vacuum to give moarboxylic acid end-
functionalized PEG (PEG-COOH) as colorless ield = 5 g (85 %. *H NMR (500
MHz, CDCk, ,) 4.20 (m, 2H, C=008,), 3.65-3.50 (m, 2H, C=00G&H,, m,
OCH2CH,0, PEG backbone), 3.33 (s, 3H, B4, 2.60 (bs, 4H, C=08,CH,C=0).

3.3.10 Synthesis of TEMPO-terminated PEG (PEG-TEMPQ

PEG-COOH (1.00 g, 1.53 mmn,theo= 650 g/mol) was dissolved in 20 mL of dry
CH.Cl,. 4-Hydroxy-TEMPO (0.79 g, 4.6 mmol) and DMAP (061§, 1.53 mmol)
were added to the reaction mixture in that ordéterAstirring for 5 minutes at room
temperature, DCC (0.95 g, 4.61 mmol) in 10 mL of,CHwas added to solution.
The reaction was continued via stirring for 24 h rabm temperature and
subsequently concentrated under a reduced pre§heerude product was purified
by column chromatography over silica gel elutingtfiwith CHCl,/ethyl acetate
(1/1), and then C¥CIl,/CH3;OH (10/1) to yield red oil. Yield = 2.8 g (83 %).
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3.3.11 Synthesis of-anthracene$ -hydroxyl-terminated PCL (anthracene-
PCL-OH)

Anthracene-PCL-OH was prepared by ROPedL (5.0 mL, 0.047 mol) in bulk
using tin(I)-2-ethylhexanoate (0.01 mL, 0.03 mma} catalyst and 9-anthracene-
methanol (0.33 g, 1.6 mmol) as initiator at 110f6€4 h. The degassed monomer,
catalyst, and the initiator were added to a prestipflamed Schlenk tube equipped
with a magnetic stirring bar in the given order.eTiube was degassed with three
FPT cycles, left inargon, and placed in a thermostated oil bath. Aftex
polymerization, the mixture was diluted with THRdaprecipitated into an excess
amount of cold methanol. Anthracene-PCL-OH wasaisal by filtration and dried at
40 °C in a vacuum oven for 24 #H NMR (250 MHz, CDC4, ) 8.50 (s, 1H, AH),
8.33 (d, 2H, AH), 8.04 (d, 2H, AH), 7.56 (m, 4H, AH), 6.14 (s, 2H, E»-Ar), 4.04
(bs, H.0 of PCL), 3.63 (bs, 2H, Ig,0H, end-group of PCL), 2.31 (bs, C=B¢&of
PCL), 1.63-1.36 (m, B, of PCL).

3.3.12 Synthesis of-anthracene$ -alkyne-terminated PCL (anthracene-PCL-
alkyne)

Anthracene-PCL-OH (1.0 g, 0.37 mmdy,nvr = 2700 g/mol) was dissolved in 40
mL of CH,Cl,. DMAP (0.046 g, 0.37 mmol) and 4-pentynoic acid @g, 1.7 mmol)
were added to the reaction mixture in that ordefterAstirring 5 min at room
temperature, DCC (0.35 g, 1.5 mmol) in 10 mL of ,CH was added and the
solution was further stirred at room temperatur@roight. After filtration, the
mixture was precipitated two times in cold methaiaéld = 0.9 g (99 %)'H NMR
(250 MHz, CDC}, ) 8.50 (s, 1H, AH), 8.33 (d, 2H, AH), 8.04 (d, 2H, AH), 7.51
(m, 4H, AH), 6.14 (s, 2H, E-Ar), 4.04 (bs, E,0 of PCL), 2.51 (br, 4H,
CH,CH,C°CH and CHCH,C°CH), 2.31 (bs, C=08, of PCL), 1.97 (s, 1H,
CH,C°CH), 1.63-1.36 (m, €, of PCL).

3.3.13 Synthesis of-cysteine$ -azide-terminated PS (cysteine-PS-)l

Allyl-PS-N3 (1.0 g, 0.18 mmolM, cpc= 5600 g/mol),N-acetyl-L-cysteine methyl
ester (0.16 g, 0.90 mmol) in 20 mL of toluene arMdAA (5 mg, 0.018 mmol) was
added to the photoreactor. After irradiation withl¥ lamp at 365 nm for 2 h, the
mixture was precipitated into an excess amounte&thanol. The recovered polymer
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was dried in a vacuum oven at 40 °C for 24 h. Yield.99 g (99 %)'H NMR (250
MHz, CDCk, ) 7.30-6.30 (AH of PS), 4.81 (m, 1H, BNH), 3.92 (br, 1H,
CH(Ph)Ns), 3.73 (s, 3H, B;0C=0), 3.56-3.20 (br, 2H, ;OC=0), 2.93 (m, 2H,
NCHCH,S ), 2.36 (m, 2H, CESCHy), 2.16 (s, 3H, E;C=ONH), 2.01-0.88 (m, B,

CH and H3).

3.3.14 Synthesis of-cysteine$ -anthracene-terminated PSbk-PCL copolymer
(cysteine-PSh-PCL-anthracene) via CUAAC

Cysteine-PS-Bl (0.90 g, 0.16 mmolMu,nur = 5600 g/mol) and anthracene-PCL-
alkyne (0.50 g, 0.1&mol, M, nwr = 2800 g/mol) were dissolved in nitrogen-purged
DMF (12 mL) in a Schlenk tube. CuBr (0.012 g, 0.08tol) and PMDETA (0.033
mL, 0.16 mmol) were added and the reaction mixtmas degassed by three FPT
cycles, left in argon, and stirred at room tempegafor 12 h. After this specified
time, the polymer solution was passed throalgimina column to remove
copper salt and precipitated in methanol. Sylsetly, the crude product was
dissolved in THF and precipitated in diethyl etheethanol (1:1) and subsequently
in methanol. Finally, recovered polymer wasedriin a vacuum oven at 4C
Yield = 0.78 g (87 %)!H NMR (250 MHz, CDC}, ) 8.51-7.51 (m, AH of
anthracene andkCof triazole), 7.50-6.30 (At of PS), 6.15 (s, 2H, I@;-anthracene),
5.01 (br, 1H, ©I(Ph)-triazole), 4.78 (m, 1H,INH), 4.05 (bs, &,0 of PCL), 3.74
(s, 3H, H;0C=0), 3.60-3.20 (m, 2H, KEOC=0), 2.92 (m, 4H, NCHBE,S and
triazole-CH,), 2.60 (m, 4H, CKHSCH, and triazole-CHICH,), 2.29 (bs, C=08, of
PCL), 2.10-0.90 (m, B, of PCL, (H,, CH of PS and E5).

3.3.15 Synthesis of-cysteine$ -chloride-terminated PShb-PCL-b-PMMA
(cysteine-PSb-PCL-b-PMMA-CI ) terpolymer via Diels-Alder click reaction

In a 100 mL of two-necked round bottom flask wedsged cysteine-P8-PCL-
anthracene (0.28 g, 0.034 mmol, basedlgavr) and MI-PMMA-CI (0.14 g, 0.050
mmol, based orM,,nwr) in 50 mL of toluene. The mixture was bubbled with
nitrogen for 30 min. at room temperature and thefluxed for 63 h under nitrogen in
the dark. After that time, toluene was evaporateden high vacuum and the residual
solid dissolved in THF, and subsequently precipdanto methanol for two times.
Finally, the polymer was dried in avacuumem at 40°C. Yield = 0.14 g (50
%).™H NMR (250 MHz, CDC}, ) 7.50-6.30 (AH of PS, AH of cycloadduct), 5.47
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(s, 2H, C=00€E, cycloadduct), 5.10 (br, 1H, HfPh)-triazole end group of PS),
4.77 (br, 2H, ¢, bridge-head proton andH=NH), 4.04 (bs, €0 of PCL), 3.73-
3.58 (br, 9H, E;0C=0, H,-OC=0, N,CH,0C=0, NCHCH,0OC=0, and
OCH3; of PMMA), 3.30 (br, 2H, EI-CH, bridge protons), 2.91 (br, 6H, NCHIGS,
CH,SCH,, and triazole-@5), 2.60 (m, 5H, EI3CONH, triazole-CHCH,), 2.32 (br,
C=0CH; of PCL), 2.10-0.83 (br, B, of PCL, aliphatic protons of PS and PMMA,
and (H3).

3.3.16 Synthesis of-cysteine$ -bromide-terminated PSb-PCL-b-PtBA
(cysteine-PSb-PCL-b-PtBA-Br) terpolymer via Diels-Alder click reaction

In a 100 mL of two-necked round bottom flask werdkled cysteine-P8-PCL-
anthracene (0.28 g, 0.034 mmol, basedvmmr) and MI-RBA-Br (0.19 g, 0.050
mmol, based orMpnur) In 50 mL of toluene. The mixture was bubbled with
nitrogen for 30 min at room temperature and théxed for 63 h under nitrogen in
the dark. After that time, toluene was evaporateden high vacuum and the residual
solid was dissolved in THF, and subsequently twoes precipitated into methanol.
Finally, the recovered polymer was dried irvaauum oven at 4%C. Yield =
0.13 g (45 %) NMR (250 MHz, CDC}, ) 7.50-6.30 (AH of PS, and AH of
cycloadduct), 5.47 (s, 2H, H;-cycloadduct), 5.10 (br, 1H, H{Ph)-triazole end
group of PS), 4.76 (br, 2H,HC bridge-head proton, andHaNH), 4.07 (bs, E,0 of
PCL), 3.73-3.28 (br, 11H, K;OC=0, H,0C=0, NH,CH,OC=0,
NCH,CH,OC=0, and EI-CH, bridge protons), 2.93 (br, 6H, NCHGS, CHSCH,
triazole-CH,), 2.60 (m, 5H, EI3CONH, and triazole-CkCH,), 2.29 (br, C=0@, of
PCL, C(H of RBA ), 2.10-0.91 (br, €, of PCL, aliphatic protons of PS arfétBA,
and (H3).

3.3.17 Synthesis of cysteine-PSPCL-b-PMMA- b-PEG quaterpolymer via
NRC click reaction

Cysteine-P3-PCL-b-PMMA-CI (0.11 g, 0.011 mmol, based &i,nvr) and PEG-
TEMPO (0.014 g, 0.022 mmol, based M,ne) Were dissolved in nitrogen-purged
DMF (4 mL) in a Schlenk tube. CuBr (0.0016 g, 0.0thinol), Cu(0) (0.0035 g,
0.055 mmol), and PMDETA (0.0023 mL, 0.011 mmolyevadded and the reaction
mixture was degassed by three FPT cycles, leftgorg and stirred for 12 h at room

temperature. After this specified time, the polynmsolution was passed through
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alumina column to remove copper salt andcipitated in methanol. Next, the
crude product was dissolved in THF and two timexipitated in methanol. Finally,
the recovered polymer was dried in a vacuurenoat 40°C. Yield = 0.08 g (73
%). *H NMR (250 MHz, CDC}, ) 7.50-6.30 (AH of PS and AH of cycloadduct),
5.47 (s, 2H, El,-cycloadduct), 5.26-5.00 (br, 2H HPh)-triazole end group of PS,
and (H of TEMPO), 4.77 (br, 2H, B, bridge-head proton, andHaNH), 4.04 (bs,
CH,O of PCL), 3.63 (br, 13H, KE;0C=0, H,0C=0, N,CH,OC=0,
NCH,CH,OC=0, OCH,CH; of PEG, and O8; of PMMA), 3.37-3.30 (m, 5H, B-
CH, bridge protons, O8; end group of PEG), 2.91 (br, 4H, NCHES, and
triazole-CH,), 2.60 (m, 4H, CKSCH,, and triazole-CHCH,), 2.29 (br, C=0€l, of
PCL and C=0€,CH,C=0), 2.10-0.82 (br, B, of PCL, aliphatic protons of PS, and
PMMA, and (Hs).

3.3.18 Synthesis of cysteine-ASPCL-b-PtBA-b-PEG quaterpolymer via NRC
click reaction

Cysteine-P$-PCL-b-PtBA-Br (0.1 g, 0.009 mmol, based dvi,,nvr) and PEG-
TEMPO (0.012 g, 0.018 mmol, based M,neg Were dissolved in nitrogen-purged
DMF (4 mL) in a Schlenk tube. CuBr (0.0013 g, 0.@0&0l), Cu(0) (0.003 g, 0.045
mmol), and PMDETA (0.002 mL, 0.009 mmol) were eddand the reaction
mixture was degassed by three FPT cycles, leftgorg and stirred for 12 h at room
temperature. After this specified time, the polynmsolution was passed through
alumina column to remove copper salt andcipiated in methanol. Next, the
crude product was dissolved in THF and two timexipitated in methanol. Finally,
the polymer was dried in a vacuum oven af@oYield = 0.072 g (72 %)}H NMR
(250 MHz, CDC}, ) 7.50-6.30 (AH of PS, and AH of cycloadduct), 5.47 (s, 2H,
CH; -cycloadduct), 4.90-5.20 (br, 2H,H{Ph)-triazole, and B of TEMPO), 4.77
(br, 2H, H, bridge-head proton, andHBIH), 4.05 (bs, E,0 of PCL), 3.73-3.64
(br, 9H, H3;0C=0, H,0C=0, NH,CH,OC=0, NCHCH,0OC=0, and E,CH0,
PEG backbone), 3.49-3.28 (m, 5H;I<CH, bridge protons, and Q¢ of PEG), 2.93
(br, 4H, NCHQH,S, and triazole-8,), 2.60 (m, 4H, CKESCH,, triazole-CHCH,),
2.32 (br, C=0€l; of PCL, and @& of PBA and C=0®,CH,C=0), 2.10-0.91 (br,
CH, of PCL, aliphatic protons of PS antBRA and (Hs).
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3.3.19 Synthesis of succinic acid mono-anthraceneyinethyl-ester (5)

9-Anthryl methanol (4.16 g, 20 mmol) was dissolvedl50 mL of CHCI,. To the
reaction mixture were added;B8t(14 ml, 100 mmol) and DMAP (2.44 g, 20 mmol),
and succinic anhydride (8 g, 80 mmol) in that orddre mixture was stirred for
overnight at room temperature. The reaction sahutvas poured into ice-cold water
(150 ml) and stirred for 30 min. at room temperatufhe organic phase was
extracted with 1M HCI (150 ml). The aqueous phasg&aeted with CHCI,.
Combined organic phase were dried ovep3@ and concentrated to giieas a
green solid. Yield = 5.85 g (95 %) NMR (500 MHz, CDC}, ) 8.52 (s, 1H, AH

of anthracene), 8.32 (d,= 8.8 Hz, 2H, AH of anthracene), 8.03 (d,= 8.3 Hz, 2H,
ArH of anthracene), 7.60-7.45 (m, 4H, HArof anthracene), 6.21 (s, 2H,Hg
anthracene), 2.70-2.68 (s, 4H, C=@LH,C=00H).

3.3.20 Synthesis of anthracene-9-ylmethyl (2-(1,3exo0-3a,4,7,7a-tetrahydro-
1H-4,7-epoxyisoindol-2(81)-yl)ethyl) succinate (ONB-anthracene) (6)

Compounds2 (1.63 g, 7.80 mmol, 1.2 equivj,(2.00 g, 6.50 mmol, 1 equiv), and
DMAP (0.400 g, 3.25 mmol, 0.5 equiv) were dissolnedb0 mL of dry CHCl..
After stirring 5 min at room temperature, DCC (&,6/.8 mmol, 1.2 equiv) dissolved
in 25 mL of CHCI, was added to the reaction mixture. The reactioxture was
stirred overnight at room temperature. After filloa, the solvent was removed and
the remaining product was extracted with LCH/water. The aqueous phase was
again extracted with Ci€l, and the combined organic phases were dried with
NaSOy, and concentrated to dryness. The crude produst puaified by column
chromatography over silica gel eluting with &Hp to give6 as a yellow solid. Yield

= 2.6 g (80 %)H NMR (500 MHz, CDC}, ): 8.53 (s, 1H, AH of anthracene),
8.32 (d, 2H, AH of anthracene), 8.04 (d, 2H, Arf anthracene), 7.58-7.51 (m, 4H,
ArH of anthracene), 6.45 (s, 2H, vinyl protons), 6.472H, GH,-anthracene), 5.23
(s, 2H, GHCH=CHCH, bridge-head protons), 4.19 (t, 2H, NLHH,0C=0), 3.71 (t,
2H, NCH,CH,OC=0), 2.81 (s, 2H, B-CH, bridge protons), 2.61 (s, 4H,
C=0OCH,CH,C=0).
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3.3.21 Synthesis 02-bromo-propionic acid 2-(3,5-dioxo-10-oxa-4 azatayclo
[5.2.1.0"%dec-8-en-4-yl)-ethyl este{(ONB-Br) (7)

In a 250 mL of round bottom flask were add@(8.0 g, 14.0 mmol) , DMAP (0.88 g,
7 mmol) and BN (4.99 mL, 36.0 mmol) il00 mL of CHCl,. The mixture was
cooled to0 °C, and a solution of 2-bromopropionyl bromided(&l, 28.7mmol) in
25 mL of CHCI, was added dropwise (30 min) to the reaction métdihe white
suspension was stirred for 3 h at 0 °C and subsdiguat ambientemperature for
overnight. The ammonium salt was filtered off ahd solventwasremoved under
reduced pressure to give a pale-yellow residue wheatfurther purified by column
chromatography over silica gel eluting with EtOAexane (1:1) to givé as a white
solid. Yield = 4.04 g (84 %)H NMR (500 MHz, CDC}, ) 6.52 (s, 2H, €=CH,
bridge protons), 5.28 (s, 2H, HOD, bridge-head protons), 4.34 (m, 3H,
NCH,CH,OC=0, C=0O&{(CHj3)Br), 3.80 (t, 2H, NEi,CH,OC=0), 2.88 (s, 2H, 8-
CH, bridge protons), 1.81 (s, 3H, CH{g)Br).

3.3.22 Synthesis of 2,2,5-trimethyl-[1,3]dioxane-&arboxylic acid (8)

The 2,2-bis(hydroxymethyl)propanoic acid (8 g, 58 ol) along withp-TSA (0.45

g, 2.32 mmol), and 2,2-dimethoxypropane (11.2 ntL.48nmol) was dissolved in 40
mL of dry acetone, and stirred for 2 h at room terafure. In the vicinity of 2 h,
while stirring continued, the reaction mixture wasutralized with 6 mL of totally
NH4OH (25%), and absolute ethanol (1:5), filtered lffproducts and subsequent
dilution with dichloromethane (100 mL), and oncéragted with distilled water (40
mL). The organic phase dried with #50, concantrated to yield 7.4 g (71%) as
white solid after evaporation of the solvettt NMR (250 MHz, CDC}, ) 11.20
(bs, 1H, CO®), 4.18 (d, 2H, CE,0), 3.63 (d, 2H, CH,0), 1.38 (s, 3H, CHy)
1.36 (s, 3H, CEl3), 1.18 (s, 3H, C=0OC(C}D).CHy).

3.3.23 Synthesis of anthracene-9ylmethyl 2,2,54tnethyl-[1,3]dioxane-5-

carboxylate (9)

9-Anthracene methan¢2 g, 9.6 mmol) was dissolved in 50 mL of &Hb and8 (2

g, 11.5 mmol), and DMAP (1.17 g, 9.6 mmol) wereeditb the reaction mixture in
that order. After stirring 5 minutes at room tengtere, DCC (2.37 g, 11.5 mmol)
dissolved in 20 mL of CpCl, was added. Reaction mixture was stirred overraght

room temperature and urea byproduct was filterdoenTreaction mixture was
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extracted with water/ C¥l, (1:4) two times and combined organic phase wasddri
with N&SO,. Solvent was evaporated and the remaining prodast purified by
column chromatography over silica gel eluting witxane/ethyl acetate (4:1) to
give pale yellow oil. Yield = 2.97 g (85 %}H NMR (250 MHz, CDC}, ) 8.50 (s,
1H, ArH of anthracene), 8.32 (d, 2H, FArof anthracene), 8.02 (d, 2H, KArof
anthracene), 7.60-7.45 (m, 4H, HAof anthracene), 6.19 (s, 2i@H,-anthracene),
4.14 (d, 2H, CEl,0), 3.58 (d, 2H, C8,0), 1.38 (s, 3H, CHs), 1.35 (s, 3H, CHy),
1.08 (s, 3H, C=0OC(C{D),CHy).

3.3.24 Synthesis of anthracene-9ylmethyl 3-hydrox®-(hydroxymethyl)-2-
methylpropanoate (10)

9-anthrylmethyl 2,2,5-trimethyl-1,3-dioxane-5-caxplate (9) (2.95 g, 8.1 mmol)
was dissolved in a mixture of 20 mL of THF and 1D ai 1 M HCI. The reaction
mixture was stirred for 2 h at room temperaturee Trecipitated product was
filtered off and reaction mixture was concentratedl extracted with 160 mL of
CH.Cl; and 40 mL of water. The combined organic phase dvieel with NaSO,
and concentrated. Hexane was added to the reauniidore and it was kept in deep
freeze overnight to give white solid. Yield = 2.4(@1 %).'H NMR (250 MHz,
CDCl, ) 8.52 (s, 1H, AH of anthracene), 8.30 (d, 2H, KArof anthracene), 8.03 (d,
2H, ArH of anthracene), 7.60-7.45 (m, 4H,HAof anthracene), 6.21 (s, 2iG@H,-
anthracene), 3.85 (d, 2HHZOH), 3.66 (d, 2H, €,0H), 2.72 (br, 2H, @), 0.97 (s,
3H, CCHy).

3.3.25 Synthesis of anthracene-9-ylmethyl 5-meth@l-oxo-1,3-dioxane-5-
carboxylate (11)

In a 250 mL of three-neck round bottom flask wedede 10 (5.0 g, 0.015 mol) in
100 mL of THF. The solution was cooled t °C, and a solution of ethyl
chloroformate (4.40 mL, 0.048&0l) in 25 mL of THF was added dropwise to the
reaction mixture. Then a solution of triethylam{{@e25 mL, 0.045 mmol) in 25 mL

of THF was added dropwise (20 min). The whitsspension was stirred for 2 h at 0
°C and subsequently at ambi¢emperature for overnight. The ammonium salt was
filtered off and the solvenivas removed under reduced pressure to give a yellow
residue that wadurther purified by crystallization from dry THF to give wa
powder. Yield = 4 g (80 %)'H NMR (500 MHz, CDCJ, ) 8.56 (s, 1H, AH of
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anthracene), 8.27 (d, 2H, Arof anthracene), 8.05 (d, 2H, IArof anthracene), 7.60-
7.50 (m, 4H, AH of anthracene), 6.28 (s, 2H,Hganthracene), 4.68 (d, 2H,
CCH,0C=0), 4.12 (d, 2H, CB,0C=0), 1.25 (s, 3H, C=0C(CGB).CHy).

3.3.26 1-(3,5-bis(trifloromethyl)phenyl)-3-cycloheylthiourea (TU) (12)

Cyclohexylamine (1.85 g, 18.5 mmol) was added dispwat room temperature to a
stirring solution of 3,5-bis(trifluoromethyl)phenidothiocyanate (5.0 g, 19 mmol) in
THF (20 mL). After the solution was stirred for 4the solvent was evaporated. The
white residue was recrystallized from hexane t@ di® as a white powder. Yield =
5.90 g (86 %)'H NMR (250 MHz, CDGJ, ) 7.52 (s, 1H, 4-AH), 7.33 (s, 2H, 2,6-
ArH), 6.50 (s, 1H, Ard), 5.17 (s, 1H, CyM), 4.40 (br 1H, NC#), 2.03-0.86 (10H,
CyH).

3.3.27 Synthesis of pendant anthracene-functionaéd polycarbonate (PC-

anthracene)

PC-anthracene was prepared by RORIofl g, 2.85 mmol) using both DBU (0.021
mL, 0.143 mmol) andl2 (0.053 g, 0.143 mmol) as catalyst and benzyl aktoh
(0.015 mL, 0.143 mmolas an initiator at room temperature for 5 h. Thgadsed
monomer in CHCIl, (14 mL), catalyst, and initiator were added to ax@i5two-neck
round bottom flask that had been flame-dried un@deuum and purged with argon.
The tube was degassed with three freeze-pump-tik®i¥)(and left invacumm.
After the polymerization, the mixture was conceig@tdaand precipitated into an
excess amount of methanol at ambient temperat@weo\Rred polymer, redissolved
in THF and precipitated in methanol/diethyl eth&flj then THF/methanol. It was
isolated by filtration and dried at 4C in a vacuum oven for 24 h. (conv. = 80 %)
NMR (250 MHz, CDC4, ) 8.31 (br, AH of anthracene), 8.18 (br, Hr of
anthracene), 7.86 (bs, Arof anthracene), 7.43-7.27 (br,lAof anthracene and Ar
of Ph), 6.08 (bs, B,-anthracene), 4.99 (s, 2H, Gi&Ph), 4.09 (bs, 8,0C=0 of
PC), 3.59 (br, 2H, 8,0H, end-group of PC), 2.33 (br, 1H, &bBH), 1.03 (bs,
C=0C(CHO),CHj3).
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3.3.28 Synthesis of poly(oxanorbornenyl-anthracen&ja ROMP of 5 (PONB-
anthracene)

The first generation Grubbs’ catalyst (RE§Cl)>-RuCHPh (0.082 g, 0.10 mmol)
was placed in a Schlenk tube and dissolved in 2ofrdanhydrous CbLl; in a glove
box. Compound (1.0 g, 2.0 mmol) was dissolved in 8 mL of anhydr&€HCl, in
another Schlenk tube and added to the catalysti@olvia syringe. The flask was
capped with a septum and removed from glove bog.pdlymerization was allowed
to stir at room temperature for 20 min, then buiglyl ether (0.2 mL) was added to
quench the polymerization and stirred additional 26 min. Finally, the polymer
solution was precipitated in methanol and the olehipolymer was dried for 24 h in
a vacuum oven at 40 °C. Yield = 1 g (100 9%).NMR (500 MHz, CDC}, ) 8.37-
7.41 (AH of anthracene), 6.07 (bsHganthracene), 5.97 (bsHZCH, trang, 5.62
(bs, H=CH, cis), 4.93 (bs, CH=CH4G-0O, cis), 4.34 (bs, CH=CH4d-O,trans)
4.10 (bs, NCH,CH,0), 3.56 (bsNCH,CH,0), 3.10 (bs, C=08B-CHC=0 ), 2.52 (bs,
C=0OCH,CH,C=0).

3.3.29 Synthesis of 2-propyn-1-yl 2-bromo-2-methytppanoate (13)

Propargyl alcohol (2.077 mL, 0.036 mol) and DMAR1@ g, 0.018 mol) were
dissolved in 100 mL of C§Cl, and EfN (12.4 mL, 0.089 mol) was added. After
cooling the reaction mixture to°O, 2-bromo isobutyryl bromide (6.62 mL, 0.054
mol) was added dropwise within 30 min, stirred fidf min at 0°C, and then
overnight at room temperature. The formed triettyfeonium bromide was filtered
off and the solvent was removed in vacuum. The erpbduct was dissolved in
CH.CIl, and washed with 1 M HCI, saturated aqueous Nafi&@ distilled water
(100 mL) respectivelyThe aqueous phase was further extracted withGGHand
the combined organic phases were dried overSNa The solution was
concentrated, and the crude product was purifieddymn chromatography over
silica gel eluting with hexane/EtOAc (4:1) as ctdss liquid. Yield= 5.54 g (75 %).
'H NMR (500 MHz, CDC}, ) 4.77 (dd, 2H, CHCCH,), 2.52 (t, 1H, & CCHy),
1.95 (s, 6H, C(E3),Br).

3.3.30 Synthesis of TEMPO-acrylate (14)

4-hydroxy-TEMPO (3 gr, 0.017 mol) and DMAP (1.103009 mol) were dissolved
in 100 mL of CHCI, and EtN (4.84 mL, 0.035 mol) was added. After cooling the
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reaction mixture to 6C, acryloyl chloride (2.11 mL, 0.026 mol) was addiedpwise
within 30 min, stirred for 15 min at @, and then overnight at room temperature.
The formed triethylammonium bromide was filtereflarid the solvent was removed
in vacuum. The crude product was dissolved in@CkHand washed with 1 M HCI,
saturated aqueous NaHg@nd distilled water (100 mL) respectively. The eous
phase was further extracted with &Hp, and the combined organic phases were
dried over NgSO,. The solution was concentrated, and the crude ystodas
purified by column chromatography over silica deitiag with hexane/EtOAc (4:1)
and then by crystallization from hexane. The produas obtained as red crystals.
Yield =3 g (78 %).

3.3.31 Diels—Alder model click reaction of PC-anthacene with ONB-Br (7)

PC-anthracene (0.400 g, 0.066 mm\d}, tp-cec = 6000 g/mol) was dissolved in 20
mL of toluene. ONB-BI((7) (0.917 g, 2.66 mmol) in 30 mL of toluene was adted
the solution. The mixture was bubbled with nitrogen30 minutes and refluxed for
40 h at 110°C in the dark. After the specified time, solutiomsvevaporated to
dryness and the residual solid was dissolved in,Ta#E subsequently precipitated in
methanol. This dissolution-precipitation proceduvas repeated two times. The
obtained product was dried in a vacuum oven &atGr 24 h. Yield = 0.67 g (98
%). 'H NMR (250 MHz, CDCJ, ) 7.27-7.16 (br, A of cycloadduct), 5.49 (bs,
C=00; of cycloadduct), 5.01 (s, 2H, ®z>-Ph), 4.76 (bs, bridge-head proton of
cycloadduct), 4.27 (br, I&;OC=0 of PC, E-Br), 3.64 (br, 2H, E,0H, end-group
of PC, NCHCH,OC=0), 3.32 (NE,CH,OC=0, H-CH bridge protons of
cycloadduct), 1.77 (bs, CH(BNKg)), 1.27 (bs, C=0C(CHD),CHs).

3.3.32 Diels—Alder model click reaction of PONB-amracene with ONB-Br (7)

PONB-Anth (0.400 g, 0.04 mmad) theo= 10000 g/mol) and (0.550 g, 1.6 mmol)
was dissolved in 25 mL of toluene and 25 mll d-dioxane. The mixture was
bubbled with nitrogen for 30 minutes and refluxed 40 h at 110C in the dark.
After the specified time, solution was evaporatedityness and the residual solid
was dissolved in THF, and subsequently precipitateddiethyl ether. This
dissolution—precipitation procedure was repeated twes. The obtained product
was dried in a vacuum oven at 20 for 24 h. Yield: 0.6 g (97 %)YH NMR (250
MHz, CDCk, ) 7.27-7.17 (br, A of cycloadduct), 6.07 (bs,HG=CH, trang, 5.78
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(bs, H=CH, cis), 5.47 (bs, C=004; of cycloadduct), 5.03 (bs, CH=CHHZO,
cis), 4.76 (bs, bridge-head proton of cycloaddut®6 (bs, CH=CH-8-0O, trans)
4.22 (br, NCH,CH,0, CH-Br), 3.70 (br,NCH,CH,O, NCH,CH,0OC=0), 3.29 (br,
C=0OCH-CHC=0, N,CH,0OC=0, H-CH bridge protons of cycloadduct), 2.70
(bs, C=O®,CH,C=0), 1.79 (bs, CH(Br)(85)).

3.3.33 Synthesis of pendant azide-functionalized [ygarbonate (PC-Ns)

PC-Br (0.650 g, 0.051 mmoM, rp-cpc = 12700 g/mol) was dissolved in DMF (8
mL) and NaN (0.332 g, 5.1 mmol) was added. After stirring thaction mixture for
overnight at room temperature, the obtained prodvat precipitated into excess
amount of methanol. The residual solid was dissblve THF, and subsequently
precipitated in methanol. PCsMWas dried for 24 h in a vacuum oven at’@0 Yield

= 0.49 g (99 %)*H NMR (250 MHz, CDC}, ) 7.27-7.14 (br, A of cycloadduct),
5.47 (bs, C=008d, of cycloadduct), 5.01 (s, 2H, ®{z-Ph), 4.76 (bs, bridge-head
proton of cycloadduct), 4.28 (brHzOC=0 of PC), 3.83 (bs,:>N3), 3.56 (br, 2H,
CH,OH, end-group of PC, NGiEH,OC=0), 3.32 (NEI,CH,OC=0, (H-CH bridge
protons of cycloadduct), 1.42 (bs, CH}(CHz3)), 1.27 (bs, C=OC(C§D),CHj).

3.3.34 Synthesis of pendant azide-functionalized |yoxanorborneneimide
(PONB-Ng)

PONB-Br (0.52 g, 0.030 mmoM, tp-cec= 17100 g/mol) was dissolved in DMF (8
mL) and NaN (0.198 g, 3.05 mmol) was added. After stirring thaction mixture
for overnight at room temperature, the obtainedlpcd was precipitated into excess
amount of methanol. The residual solid was dissblve THF, and subsequently
precipitated in methanol. PONBsNvas dried for 24 h in a vacuum oven at’@0
Yield = 0.43 g (98 %) NMR (250 MHz, CDC}, ) 7.27-7.16 (br, Afl of
cycloadduct), 6.07 (bs,K=CH, trang, 5.76 ps, GH=CH, cis), 5.47 (bs, C=00&;

of cycloadduct), 5.03 (bs, CH=CHHZO, cis), 4.76 (bs, bridge-head proton of
cycloadduct), 4.46 (bs, CH=CHHEO, trans) 4.21 (br, NCH,CH,0), 3.83 (br, E-
N3), 3.70-3.62 (br,NCH,CH,O, NCH,CH,OC=0), 3.30 (br, C=08-CHC=0,
NCH,CH,OC=0, @-CH bridge protons of cycloadduct), 2.70 (bs,
C=0OCH,CH,C=0), 1.43 (bs, CH(}(CHy)).
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3.3.35 One-pot synthesis of PC-acrylate via situ CUAAC and NRC click

reactions

The PC-N (0.3 g, 0.024 mmolM;, tp-cec= 12700 g/mol)]13 (0.145 g, 0.71 mmol)
and 14 (0.213 g, 0.94 mmol) were dissolved in nitrogengear DMF (5 mL) in a
Schlenk tube. CuBr (0.068 g, 0.47 mmol), Cu(0) %0.1g, 2.36 mmol), and
PMDETA (0.098 mL, 0.47 mmol) were added, and thactien mixture was
degassed by three FPT cycles, left in argon, amédtat room temperature for 12 h.
After this specified time, the polymer solution waassed through alumina column
to remove copper salt and precipitated in methaNekt, the crude product was
dissolved in THF and precipitated in methanol. Thgsolution-precipitation was
repeated two times. Finally, the polymer was dited vacuum oven at 4. Yield

= 0.25 g (66 %)'H NMR (250 MHz, CDC4, ) 7.80 (br, & of triazole), 7.27-7.13
(br, ArH of cycloadduct), 6.33 (bd, GH,=CH of TEMPO-acrylate), 6.08 (br,
CH,=CH of TEMPO-acrylate), 5.78 (bd,HzH,=CH of TEMPO-acrylate), 5.47-5.31
(br, C=0O0, of cycloadduct, triazoledd,0, C=OCHCHjy)-triazole), 5.07 (br,
OCH>-Ph, H of TEMPO), 4.75 (bs, bridge-head proton of cycthaxt), 4.27 (br,
CH,0C=0 of PC), 3.75 (bs, NGEH,OC=0), 3.50 (br, N&,CH,0), 3.30 (br, G-
CH bridge protons of cycloadduct ), 1.86 (br, C=OCHtH}triazole), 1.47 (br,
C=0C(3),-TEMPO), 1.21 (bs, C=0OC(CGi®),CHz;, CH3 of TEMPO), 0.99 (bs,
CH; of TEMPO).

3.3.36 One-pot synthesis of PONB-acrylate via situ CUAAC and NRC click

reactions

The PONB-N (0.3 g, 0.0176 mmolM; tp.gpc = 17100 g/mol),13 (0.108 g, 0.53
mmol) and14 (0.16 g, 0.7 mmol) were dissolved in nitrogen-pdr@@MF (5 mL) in

a Schlenk tube. CuBr (0.05 g, 0.35 mmol), Cu(011@. g, 1.76 mmol), and
PMDETA (0.073 mL, 0.35 mmol) were added, and teaction mixture was
degassed by three FPT cycles, left in argon, anmeédtat room temperature for 12 h.
After this specified time, the polymer solution waassed through alumina column
to remove copper salt and precipitated in methaNekt, the crude product was
dissolved in THF and precipitated in methanol. Thgsolution-precipitation was
repeated two times. Finally, the polymer was dited vacuum oven at 4. Yield

= 0.3 g (78 %) NMR (250 MHz, CDC4, ) 7.80 (br, ® of triazole), 7.27-7.17
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(br, ArH of cycloadduct), 6.37 (bd, GH,=CH of TEMPO-acrylate), 6.07 (br,
CH=CH, trans, CH=CH of TEMPO-acrylate), 5.76 (bs,HzCH, cis, (H;H,=CH of
TEMPO-acrylate), 5.47 (bs, C=00®% of cycloadduct), 5.28 (br, triazoleHzO,
C=0CHCHpg)-triazole), 5.04 (br, CH=CH-B-O, cis, ¢4 of TEMPO), 4.76 (bs,
bridge-head proton of cycloadduct), 4.45 (bs, CH=CHHO, trans), 4.19 (br,
NCH,CH,0), 3.71-3.60 (br, N8,CH,O, NCH,CH,OC=0), 3.31 (br, C=08-
CHC=0, NH,CH,OC=0, H-CH bridge protons of cycloadduct ), 2.69 (bs,
C=OCH,CH,C=0), 1.77 (br, C=0C(HBy)-triazole), 1.45 (bs, C=0C{&).-
TEMPO), 1.19 (bs, Bzof TEMPO), 0.98 (bs, B, of TEMPO).

3.3.37 Michael addition between PC-acrylate and tbphenol

In a 25 mL of Schlenk tube, PC-Acrylate (0.2 g,10.dnmol, M, tp-cpc = 17900
g/mol), PhSH (0.115 mL, 1.12 mmol),38t(0.156 mL, 1.12 mmol) and GBI, (20
mL) were added under nitrogen. The reaction metwas stirred for 5 h at room
temperature. The solution was concentrated andegubstly precipitated in diethyl
ether. Again, the crude product was dissolved irFTahd precipitated in diethyl
ether. The polymer was dried for 24 h in a vacuwenaat 40 °C. Yield = 0.19 g (98
%). 'H NMR (250 MHz, CDC}, ) 7.79 (br, ®& of triazole), 7.27-7.12 (br, ArH of
cycloadduct), 5.46-5.26 (br, C=06Gl of cycloadduct, triazoledd,;0,
C=0CHCHpg)-triazole), 5.00 (br, OB2>-Ph, H of TEMPO), 4.75 (bs, bridge-head
proton of cycloadduct), 4.27 (brH3OC=0 of PC), 3.68-3.13 (bs, NGEH,OC=0,
NCH,CH,O, CH-CH bridge protons of cycloadduct, HGSPh), 2.57 (br,
CH,CH,SPh), 1.78 (br, C=0OC(H43)-triazole), 1.43 (br, C=0C(&s),-TEMPO,
CHzof TEMPO), 1.17 (bs, C=0C(G#®),CHj3), 0.97 (bs, El, of TEMPO).

3.3.38 Michael addition between PONB-acrylate anchiophenol

In a 25 mL of Schlenk tube, PONB-Acrylate (0.3 )18 mmol,M, tp-cpc = 23600
g/mol), PhSH (0.131 mL, 1.3 mmol), &&k (0.177 mL, 1.3 mmol, 100 equiv.) and
CH,CI, (20 mL) were added under nitrogen. The reactioture was stirred for 5 h
at room temperature. The solution was concentratedsubsequently precipitated in
methanol. Again, the crude product was dissolvedThiF and precipitated in
methanol. The polymer was dried for 24 h in a vacwyen at 40 °C. Yield = 0.3 g
(96 %)."H NMR (250 MHz, CDC4, ) 7.79 (br, & of triazole), 7.27-7.17 (br, ArH
of cycloadduct), 6.07 (br, K©=CH, trans), 5.77 (bs, I&=CH, cis), 5.47 (bs,
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C=00; of cycloadduct), 5.27 (br, triazoleHzO, C=OCHCHjy)-triazole), 4.99
(br, CH=CH-H-O, cis, H of TEMPO), 4.76 (bs, bridge-head proton of
cycloadduct), 4.45 (bs, CH=CHHFCO, trans), 4.21 (bs, NGEH0), 3.69-3.60 (br,
NCH,CH,O, NCH,CH,0C=0), 3.31 (br, C=0B-CHC=0, N(H,CH,0C=0, -
CH bridge protons of cycloadduct ), 3.13 (br,H&SPh), 2.70-2.57 (br,
C=0CH,CH,C=0, C=0@1,CH,SPh), 1.79 (br, C=OC(Héx)-triazole), 1.44 (bs,
C=0C(M3),-TEMPO), 1.17 (bs, B3 of TEMPO), 0.97 (bs, B, of TEMPO).

3.3.39 Radical thiol-ene click reaction between PCGB¢{Ph and mercaptoethanol

PONB-Ph (0.15 g, 0.006 mm¥, tp.cp= 25300 g/mol), 2-mercaptoethanol (0.062
mL, 0.89 mmol), DMPA (0.015 g, 0.06 mmol) and lidx@ne (3 mL) were put into
a Schlenk tube The reaction mixture was degassdtirbg FPT cycles and left in
vacuum. The mixture was irradiated by a photorgagb 365 nm at room
temperature. After 2 hours the resulted polymer wdated with THF, and
precipitated in methanol. This dissolution-pre@pdn procedure was repeated two
times. Thepolymer was dried for 24 h in a vacuum oven af@QYield = 0.1 g (65
%). *H NMR (250 MHz, CDC}, ) 7.80 (br, G of triazole), 7.27-7.17 (br, ArH of
cycloadduct), 5.46 (bs, C=0O®f; of cycloadduct), 5.27 (br, triazoleHz0,
C=0OCHCHgy)-triazole), 4.99 (br, @ of TEMPO), 4.76 (br, bridge-head proton of
cycloadduct, SCHBO), 4.14 (bs, NChCH,0, OCH(CH,)(CH)), 3.93 (bs, ® of
mercaptoethanol), 3.71-3.57 (br, N&H,O, NCHCH,OC=0, H,0OH of
mercaptoethanol), 3.31 (br, C=6GE&CHC=0, NH,CH,OC=0, H-CH bridge
protons of cycloadduct ), 3.13 (br, H&SPh, SEICHO), 2.70-2.60 (br,
C=0OCH,CH,C=0, C=0CH,CH,SPh), 1.79 (br, C=OC(H@xs)-triazole), 1.60 (br,
OCH(CH2)(CH)), 1.44 (bs, C=0C(85)>-TEMPO), 1.17 (bs, B3 of TEMPO), 0.97
(bs, (H, of TEMPO).

3.3.40 Synthesis of furan protected-maleimide termated PMMA (PMMA-MI)

The PMMA-MI was prepared by ATRP of MMA. In a 50 ndf Schlenk tube,
MMA (5 mL, 46.7 mmol), toluene (5 mL), PMDETA (0.6%9nL, 0.940 mmol), CuCl
(0.093 g, 0.940 mmol), an8l (0.336 g, 0.940 mmol) were added and the reaction
mixture was degassed by three freeze-pump-thaw)(E¥Tes and left in argon. The
tube was then placed in an oil bath thermostatetDA€ for predetermined times.

Tributyltinhydride (2.73 g, 9.40 mmol) was addedhe reaction mixture and stirred
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further 30 min. The polymerization mixture was theituted with THF, passed
through a basic alumina column to remove the csttaBnd precipitated in hexane.
The polymer was dried for 24 h in a vacuum ove#0s?C. Yield = 2.7 g (29 %JH
NMR (500 MHz, CDC}4, d) 6.55 (s, 2H, vinyl protons), 5.29 (s, 2HHCH=CHCH,
bridge-head protons), 4.19 (m, 2H, N&HH,O0C=0), 3.75-3.60 (m, Ods of
PMMA and N(H,CH,OC=0), 2.93 (s, 2H, CHNC=0OCH-CH, bridge protons),
1.82-0.85 (m, aliphatigrotons of PMMA).

3.3.41 Synthesis of alkyne terminated PCL (PCL-alkye)

The PCL-alkynewvas prepared by ROP efCL (5.0 mL, 0.047 mol) in bulk using
tin(ll) 2-ethylhexanoate as a catalyst and proplaaigohol (0.056 mL, 0.94 mmol)
as an initiator at 110 °C for 28 h., The degassedamer, catalyst, and initiator
were added to a previously flamed Schlenk tubepgpd with a magnetic stirring
bar in the order mentioned. The tube was degassédtiwee freeze-pump-thaw
cycles, left under argon, and placed in a thermedtaoil bath. After the
polymerization, the mixture was diluted with THFdaprecipitated into an excess
amount of methanol. It was isolated by filtratiomdadried at room temperature in a
vacuum oven for 24 h. Yield = 4.84 g (90 %) NMR (500 MHz, CDCJ, ) 4.68
(2H, CH C-CH,0), 4.05 (2H, E1,0C=0 of PCL), 3.65 (2H, B,0H, end group of
PCL), 2.48 (1H, EI°C-CH,0), 2.31 (2H, C=08; of PCL), 1.39-1.65 (6H, B, of
PCL).

3.3.42 Synthesis of 2-(1,3-dioxo-3a,4,7,7a-tetralrpd1H-4,7-epoxyisoindol-
2(3H)-ybhethyl 4-methylbenzenesulfonate (ONB-OTS) (15)

In a 250 mL of round bottom flask were add@(8.0 g, 14 mmol) , DMAP (0.87 g, 7
mmol) and EN (3.99 mL, 28 mmol) in 150 mL of Gi€l,. The mixture was cooled

to 0 °C, and a solution gktoluene-sulfonyl chloride (5.47 g, 28 mmol) in &L of
CH.Cl, was added dropwise (30 min) to the reaction mixtlifee white suspension
was stirred for 15 min at 0 °C and subsequentlyamtbient temperature for
overnight. The ammonium salt was filtered off ahd solvent was removed under
reduced pressure to give a pale yellow residue.réimaining residue was extracted
with CH,CIl, and1 M HCI solution then with distilled water. The amus layers
were again extracted with GEl,, and combined organic layers were dried over
NaSQ,. The organic phasevas evaporated under reduced pressure and the
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remaining product was crystallized from ethanobmder to give white crystals. It
was isolated by filtration and dried at %D in a vacuum oven for 24 h. Yield = 4.5 g
(89%). Mp: 138-139C (DSC).*H NMR (500 MHz, CDGJ, ): 7.78 (d, 2H, AH),
7.35 (d, 2H, AH), 6.52 (s, 2H, CHB=CHCH, vinyl protons), 5.25 (s, 2H,
CHCH=CHCH, bridge-head protons), 4.20 (t, 2H, N&HH,OSQ), 3.75 (t, 2H,
NCH,CH,0S(Q), 2.86 (s, 2H, €-CH, bridge protons), 2.45 (s, 3H, Ar-).

3.3.43 Synthesis of poly(ONB-anthracenee-ONB-Br-co-ONB-OTSs) random
copolymer via ROMP of ONB-anthracene (6), ONB-Br (Y and ONB-OTs (15)

The first generation Grubbs’ catalyst (R¢Cl).-RUCHPh (0.082 g, 0.10 mmol)
was placed in a Schlenk tube and dissolved in 2ofrinhydrous CEKCl; in a glove
box. The ROMP monomefs(0.5 g, 1.0 mmol)7 (0.34 g, 1.0 mmol) andl5 (0.36 g,
1.0 mmol) was dissolved in 13 ml of anhydrous,CH and added to the catalyst
solution via syringe. The flask was capped witreptsm and removed from glove
box. The polymerization was allowed to stir at rod@emperature for 1 h. The
polymerization was then terminated by the addivbbutyl vinyl ether (0.13 ml, 1.0
mmol), and stirred for additional 30 min. at rooemperature. Finally, the polymer
solution was precipitated in methanol and the olehipolymer was dried for 24 h in
a vacuum oven at 4%C. Yield = 1.19 g (99 %)H NMR (500 MHz, CDC}, ) 8.46
(bs, AH of anthracene), 8.30 (bs, Amof anthracene), 7.99 (bs, KArof anthracene),
7.71 (bs, AH), 7.60—7.40 (bs, At of anthracene), 7.32 (bs, A, 6.13 (br, G-
anthracene), 6.03 (bsHZCH, transg), 5.76 (bs, EI=CH, cis), 4.97 (bs, =CH-EO,
cis), 4.50-4.10 (br, =CH-BO, trans CH(Br)CH; CH,C=OOCH,CH:N,
CH3CH(Br)C=00,CH;N, S(=0OYOCH,CH,N), 3.68 (bs, CHCHN), 3.27 (bs,
CHCH), 2.57 (bs, C=08,CH,C=0), 2.41 (bs, Ar-83), 1.77 (bs, CH(Br)&5).

3.3.44 Synthesis of 1-propanethiol functionalizedgly(ONB-anthracene<co-

ONB-Br-co-ONB-OTs) random copolymer viathermal thiol-ene click reaction

In a 25 mL of Schlenk tube, poly(ONB-anthracemeONB-Br-co-ONB-OTS)
copolymer (0.5 g, 0.041 mmoM,1e=12100 g/moa), 1-propanethiol (0.565 mL,
6.15 mmol), ABCVA (0.35 g, 1.23 mmol) and 1,4 dioea10 mL) were added and
the reaction mixture was degassed by three freemgghaw (FPT) cycles and left
in vacuum. The tube was then placed in a thermexsiait bath to stir at 88C for 16
h. After cooling the mixture to ambient temperafuhe polymerization mixture was
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diluted with THF, and precipitated in methanol. §dissolution-precipitation (THF-
MeOH) procedure was repeated two times. pb&/mer was dried for 24 h in a
vacuum oven at 48C. Yield = 0.56 g (95 %)‘*H NMR (500 MHz, CDC}, ) 8.48
(bs, AH of anthracene), 8.30 (bs, Arof anthracene), 8.00 (bs, Arof anthracene),
7.71 (bs, AH), 7.55-7.48 (bs, At of anthracene), 7.32 (bs, A, 6.12 (br, ¢,-
anthracene), 4.78 (bs, SCHO), 4.40-4.14 (br, CKCHO, CH(Br)CHs
CH,C=0O0,CH;N, CH;CH(Br)C=0OO,CH,N, SQOCH,CH;N), 3.69 (bs,
C=0O0CHCH:N), 3.17 (bs, €&-CH, SCH), 2.58 (bs, C=08,CH,C=0, SCH), 2.40
(bs, Ar-CH3), 1.60-1.75 ( bs, CH(Br)gs, SCH,;, SCHCH,), 1.00 (bs, .
SCH,CH,CHj5).

3.3.45 Synthesis of 1-propanethiol functionalizedgly(ONB-g-PMMA- co-ONB-

Br-co-ONB-OTSs) graft copolymer via Diels-Alder click reaction

A solution of PMMA-MI (1.72 g, 0.54 mmolM,, gpc = 3200 g/mol) in 25 mL of
toluene was added to a 25 mL dioxane solution pfdpanethiol functionalized
poly(ONB-anthraceneo-ONB-Br-co-ONB-OTs) (0.5 g, 0.0358 mmolMh theo
=14400 g/mol). The mixture was bubbled with nitneger 30 min. and refluxed at
110°C in the dark for 45 h. The solution was evaporateder high vacuum and the
residual solid was dissolved in THF, and subsedydnto times precipitated in
methanol/diethyl ether (1/1). The obtained prodmues dried in a vacuum oven at
4Q°C for 24 h. Yield = 0.715 g (62 %) NMR (500 MHz, CDC, ) 7.72 (bs, AH

of tosyl), 7.50-7.18 (bs, At of tosyl, AH of cycloadduct), 5.48 (bs, C=00®¥ of
cycloadduct), 4.77 (bs, SCHHD, bridge-head proton of cycloadduct), 4.31-4.16 (b
CH,CHO, CH(Br)CH; CH,C=OO,CH;N, (CHg)(Br)CHC=0OO@,CH:N,
SO,0CH,CH,N), 3.73-3.60 (bs, C=00CEHN, NCH,CH,0C=0,
NCH,CH,OC=0, and OE&; of PMMA), 3.45 (bs, EI-CH, bridge protons), 3.31 (bs,
CH-CH, SCH), 2.69 (bs, C=08,CH,C=0, SCH), 2.42 (bs, Ar-Cl3), 1.82-1.60 (
bs, CH(Br)GHs, SCHH,, SCHCHy), 1.03 (bs, . SCHCH,CHs).

3.3.46 Synthesis of 1-propanethiol functionalizedgly(ONB-g-PMMA- co-ONB-
g-PEG-co-ONB-OTSs) heterograft copolymer via NRC click reacton

1-propanethiol functionalizedoly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTSs) (0.45
g, 0.014 mmolM;, meo= 32500 g/mol) was dissolved in DMF (10 mL) in ar@k of
Schlenk tube. PEG-TEMPO (0.56 g, 0.7 mmd}, e = 800 g/mol) was added to

69



this solution, and the mixture wasirred at room temperature for 10 min. Next,
Cu(0) (0.044 g, 0.7 mmol), CuBr (0.02 g, 0.14 mmehd PMDETA (0.029 mL,
0.14 mmol) weremmediately added to the Schlenk tube. The reactiotture was
degassed by three FPT cycles, left in vacuum, arrddsat room temperature for 24
h. The mixture was diluted withHF, filtered through a column filled with neutral
alumina toremove the copper complex, and precipitated in areih The crude
product was purified by dissolution—precipitationTiHF-cold MeOH. The polymer
was driedat 40C in a vacuum oven for 24 h. Yield = 0.49 g (87 %).NMR (500
MHz, CDCk, ) 7.72 (bs, AH of tosyl), 7.50-7.17 (bs, A of tosyl, AH of
cycloadduct), 5.48 (bs, C=0O0®; of cycloadduct), 5.00 (& of TEMPO), 4.90-4.76
(bs, SCH®O, bridge-head proton of cycloadduct), 4.40-4.12, (6H.CHO,
CH(CH3)ON, CH,C=0OOH,CH;N, NO(CH;)CHC=0OO,CH;N, SGOCH,CHzN,
C=00,), 3.70-3.60 ( bs, C=00CGEH;N, NCH,CH,OC=0, NCHCH,OC=0,
OCH.CH; of PEG and O83; of PMMA), 3.45 (bs, EI-CH, bridge protons), 3.38
(bs, H-CH, SCH), 2.62-2.42 (bs, C=0,CH,C=0, Ar-CH3, SCH,), 1.82-1.60 (bs,
CH(Br)CHz, SCHH,, SCHCH,), 1.03 (bs, . SCKHCH,CH3).

3.3.47 Synthesis of 1-propanethiol functionalizedgly(ONB-g-PMMA- co-ONB-
g-PEG-co-ONB-g-PCL) heterograft copolymer viain situ azidation and CuAAC

click reactions

1-propanethiol functionalized poly(ONPMMA-co-ONB-g-PEG-€0-ONB-OTSs)
(0.40 g, 0.0099 mmoM;, theo=40500 g/mol) and PCL-alkyne (0.47 g, 0.148 mmaol,
based orM, theo= 3100 g/mol) were dissolved in nitrogen purged ®® mL) in a
Schlenk tube equipped with magnetic stirring baNN(0.064 g, 0.99 mmol), CuBr
(0.014 g, 0.099 mmol) and PMDETA (0.021 mL, 0.096al) were added and the
reaction mixture was degassed by three FPT cyaldsledt in vacuum and stirred
40°C for 24 h. Reaction mixture was passed througimizla column to remove
copper salt and precipitated in methanol and reeav@olymer was dissolved in
THF and precipitated in methanol/diethyl ether Y2Hinally the polymer was dried
in a vacuum oven at 4%C for 24 h. Yield = 0.4 g (56 %)}H NMR (500 MHz,
CDCls, ) 7.73 (br, ¢ of triazole), 7.50-7.19 (bs, HArof cycloadduct), 5.48 (bs,
C=00; of cycloadduct), 5.13 (br, triazoleHzO), 4.99 (K of TEMPO), 4.78
(bs, SCH®O, bridge-head proton of cycloadduct), 4.40-4.10, (6H.CHO,
CH(CH3)ON, CH,C=OOQH,CH;N, NO(CH;)CHC=0OO,CH;N, triazole-
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CH,CH:N, C=00®H,), 4.07 (bs, E,0 of PCL), 3.70-3.60 (bs, C=OOGEH:N,
NCH,CH,OC=0, NCHCH,OC=0, OGH,CH, of PEG, G1,0H of PCL and O€l;
of PMMA), 3.38 (bs, EI-CH, bridge protons), 3.31 (bs,H2CH, SCH), 2.62-2.40
(bs, C=0O®,CH,C=0, C=0C,CH,C=0, SCH), 2.31 (C=OEi, of PCL), 1.82-
1.65 ( bs, CH(El3)ON, SCHCH,, SCHCH,), 1.03 (bs, . SCHCH,CHs).

3.3.48 Synthesis dN-acetyl-L-cysteine methyl-ester functionalized polfONB-
anthracene€o-ONB-Br-co-ONB-OTs) random copolymer via thermal thiol-ene

click reaction

In a 25 mL of Schlenk tube, poly(ONB-anthracemeONB-Br-co-ONB-OTS)
random copolymer (0.2 g, 0.017 mm,,inec=12100 g/mal, N-acetyl-L-cysteine
methyl-ester (0.44 mL, 2.49 mmol), ABCVA (0.14 g5@nmol), 1,4 dioxane (5 mL)
and toluene (5mL) were added and the reaction maxtvas degassed by three
freeze-pump-thaw (FPT) cycles and left in vacuuime Tube was then placed in a
thermostated oil bath to stir at 80 for 16 h. After cooling the mixture to ambient
temperature, the polymerization mixture was dilugth THF, and precipitated in
methanol. This dissolution-precipitation (THF-MeOphocedure was repeated two
times. Thepolymer was dried for 24 h in a vacuum oven at@0Yield = 0.29 g (97
%). '"H NMR (500 MHz, CDC}, ) 8.47 (bs, AH of anthracene), 8.30 (bs, tArof
anthracene), 7.99 (bs, Wrof anthracene), 7.70 (bs, WY, 7.60-7.40 (br, Ad of
anthracene), 7.27 (bs, ), 6.12 (bs, Ei>-anthracene), 4.90-4.50 (br, SCHO,
NCHCH,S), 4.40-4.10 (br, CHHO, CH(Br)CH;, C=0OO,CHN,
S=00H,CH,N ), 3.70 (bs, C=O0CHKH,N, C=00Hj; of cysteine), 3.24 (bs, K>
CH, SMH), 3.02 (bs, SB, of cysteine), 2.57 (bs, C=GHCH,C=0), 2.39 (bs,
ArCHzg), 2.08 (bs, C=08j3 of cysteine), 1.90-1.60 (bs, CH(Bhg, SCHH,).

3.3.49 Synthesis oN-acetyl-L-cysteine methyl-ester functionalized polfONB-g-
PMMA- co-ONB-Br-co-ONB-OTSs) graft copolymer via Diels-Alder click

reaction

A solution of PMMA-MI (0.77 g, 0.242 mmoM, cpc = 3200 g/mol) in 25 mL of
toluene was added to a 25 mL dioxane solutioN-aicetyl-L-cysteine methyl-ester
functionalized poly(ONB-anthracerm®ONB-Br-co-ONB-OTs) (0.28 g, 0.0161
mmol, My, theo =17400 g/mol). The mixture was bubbled with nigogfor 30 min.

and refluxed for 48 h at 130 in the dark. The solution was evaporated undgh hi
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vacuum and the residual solid was dissolved in Tati subsequently two times
precipitated in methanol/diethyl ether (1/1). Thatasned product was dried in a
vacuum oven at 4C for 43 h. Yield = 0.38 g (67 %)H NMR (500 MHz, CDC}, )
7.70 (bs, AH of Ts), 7.50-7.00 (m, At of Ts, AH of cycloadduct), 5.46 (bs,
C=00; of cycloadduct), 4.90-4.70 (bs, SCHO, NCHCH,S of cysteine, bridge-
head proton of cycloadduct), 4.50-3.90 (m, CHO, CH(Br)CHs
CH,C=0O0,CH;N, CH;CH(Br)C=00,CH;N, S(=0»OCH,CH,N), 3.80-3.50
(m, C=0OO0CHCH;N, C=003; of cysteine, NE,CH,OC=0, and OE; of
PMMA), 3.45 (bs, E1-CH, bridge protons), 3.30 (bsH2CH, SCH), 3.02 (br, SEl,

of cysteine), 2.67 (bs, C=QGCH,C=0), 2.42 (bs, Ar-B3), 2.00-1.60 (m,
CH(Br)CH3;, C=0Hj; of cysteine, SCHB,, CH, of PMMA), 1.30-0.70 (m, €3 of
PMMA).

3.3.50 Synthesis oN-acetyl-L-cysteine methyl-ester functionalized polfONB-g-
PMMA- co-ONB-g-PEG-co-ONB-g-PCL) heterograft copolymer viain situ NRC

and CuAAC click reactions

N-acetyl-L-cysteine methyl-ester functionalizgubly(ONB-g-PMMA-co-ONB-Br-
co-ONB-OTs) (0.50 g, 0.014 mmadM,, theo= 35500 g/mol) was dissolved in DMF
(10 mL) in a 25 mL of Schlenk tube. PEG-TEMPO (0gh®.7 mmolM,  eo= 800
g/mol) and PCL-alkyne (0.66 g, 0.21 mmol, basedMyineo = 3100 g/mol) was
added to this solution, and the mixture vetisred at room temperature for 10 min.
Next, NaN (0.09 g, 1.4 mmol), Cu(0) (0.044 g, 0.7 mmol), CugD0.04 g, 0.28
mmol), and PMDETA (0.058 mL, 0.28 mmol) wenmmediately added to the
Schlenk tube. The reaction mixtumeas degassed by three FPT cycles, left in
vacuum, and stirredor 24 h at room temperature. The mixture was ddutvith
THF, filtered through a column filled with neutralumina toremove the copper
complex, and precipitated in methandlhe crude product was purified by
dissolution—precipitation in THF-cold MeOH. The paler was driecat 40C in a
vacuum oven for 24 h. Yield = 0.52 g (50 %) NMR (500 MHz, CDC}, ) 7.72
(bs, H of triazole), 7.50-7.00 (m, At of cycloadduct), 5.47 (bs, C=00®fg of
cycloadduct), 5.23 (bs, triazole-0), 4.98 (& of TEMPO), 4.77 (bs, SCHAO,
NCHCH,S of cysteine, bridge-head proton of cycloaddutgP-4.10 (m, CHCHO,
C=00;, CHO-TEMPO), 4.07 (bs, B,O of PCL), 3.70-3.60 (m,
C=0O0CHCH;N, C=00; of cysteine, NE,CH,OC=0, NCHCH,OC=0,
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OCH,CH; of PEG, OCi; of PEG, ¢,0H of PCL, OG4; of PMMA), 3.37 (bs, Ei-
CH, bridge protons), 3.30-3.20 (mH3CH, SCH), 3.10 (bs, S&, of cysteine), 2.61
(m, C=0,CH,C=0), 2.30 (bs, C=08, of PCL), 2.00-0.80 (m, CH(Br)ds,
C=0OCH; of cysteine, SCHB,, CH,, CH of PMMA and PCL).

3.3.51 Synthesis of allyl 2,2,5-trimethyl-1,3-dioxee-5-carboxylate (16)

Allyl alcohol (3.0 g, 51.7 mmol) was dissolved i@ /L of dry CHCI, Next 2,2,5-
trimethyl-[1,3]dioxane-5-carboxylic aci@) (9.9 g, 56.8 mmol), and DMAP (1.27 g,
10.3 mmol) were added in that order. Dicyclohexsdodiimide (DCC) (11.72 g,
56.8 mmol) was dissolved in Gal, (10 mL) and immediately added to the mixture.
The reaction mixture was stirred at room tempeeatior 24 h. The precipitated
dicyclohexylurea was filtered off, the solvent wexgaporated, and the remaining
product was purified by column chromatography cailigel) eluting with ethyl
acetate and hexane solvent mixture (1:9) to gieefital product as colorless oil.
Yield = 7.4 g (67 %)*H NMR (250 MHz, CDC}, ) 5.92 (m, 1H, CkE=CH), 5.40-
5.20 (m, 2H, E1,=CH ), 4.65 (d, 2H, vinylic H), 4.2 (d, 2H,C=00f3)(CHz)), 3.65
(d, 2H,C=0C(®,)(CHs)), 1.44 and 1.39 (s, 3H, COOfl), s and 3H, COC(85)),
1.21 (s, 3H, C=OC(Ch»(CH2)).

3.3.52 Synthesis of allyl 3-hydroxy-2-(hydroxymethy-2-methylpropanoate (17)

Allyl  2,2,5-trimethyl-1,3-dioxane-5-carboxylat€16) (7.0 g, 32.7 mmol) was
dissolved in a mixture of 35 mL of THF and 35 mLGo®85 N HCI (aq). The reaction
mixture was stirred for 12 h. After evaporationTdiF at 45 °C the crude mixture
was washed with excess g, for three times. The combined organic phases were
dried over NgSQO,, filtered and evaporated. The product was isolagedolorless oil.
Yield = 5.25 g (92 %)'H NMR (250 MHz, CDC}, ) 5.90 (m, 1H, Ch=CH), 5.40-
5.20 (m, 2H, ®,=CH ), 4.65 (d, 2H, vinylic H), 3.91 (d, 2H,H;OH), 3.72 (d, 2H,
CH,0H), 3.20 (s, 2H, CkDH), 1.08 (s, 3H, C=OC(Chb(CHx3)).

3.3.53 Synthesis of 3-(allyloxy)-2-(hydroxymethyl2-methyl-3-oxopropyl 2,2,5-
trimethyl-1,3-dioxane-5-carboxylate (18)

Allyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanaat17) (5.5 g, 31.6 mmol)
was dissolved in 40 mL of dry GHI,. Next 2,2,5-trimethyl-[1,3]dioxane-5-
carboxylic acid(8) (5.23 g, 30.0 mmol) and DMAP (0.38 g, 3.16 mmolyevadded
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in that order. Dicyclohexylcarbodiimide (DCC) (6.§231.6 mmol) was dissolved in
CH,CI, (10 mL) and then immediately added to the mixtdiee reaction mixture
was stirred at room temperature for 24 h. The preted dicyclohexylurea was
filtered off, the solvent was evaporated, and #maining product was purified by
column chromatography (silica gel) eluting with ydtlcetate and hexane solvent
mixture (1:4) to give the final product as colosesl. Yield = 5.3 g (53 %)'H NMR
(500 MHz, CDC}4, ) 5.91 (m, 1H, CK=CH), 5.35-5.24 (m, 2H, B,=CH ), 4.63 (d,
2H, vinylic H), 4.46-4.29 (m, 2H, O=CC{)OC=0), 4.15 (m, 2H, OC=0C(L)),
3.72 (m, 2H, O=CC(8,)OH), 3.64 (m, 2H, OC=0C(4,)), 1.43 and 1.37 (s, 3H,
COC(MH3), s and 3H, COC(B3)), 1.24 (s, 3H, C=0C(C¥DH)(CH3)), 1.13 (s, 3H,
C=0C(CH)(CHa)).

3.3.54 Synthesis of 3-(allyloxy)-2-methyl-2-(((mettsulfonyl)oxy)methyl)-3-oxo
propyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (9)

18 (5.26 g, 15.9 mmol), DMAP (0.39 g, 3.2 mmol) angNE{3.33 mL, 23.9 mmol)
were dissolved i100 mL of CHCI,. The mixture was cooled ®°C, and a solution
of methanesulfonyl chloride (1.48 ml, 191imol) in 25 mL of CHCI, was added
dropwise (30 min) to the reaction mixture. The teacsolution was stirred for 3 h at
0 °C then at ambiertemperature for overnight. The ammonium salt witsréd off
and the solventvas removed under reduced pressure. The remaininguesigs
dissolved in CHCIl,. This solution was extracted with first saturateqgueous
NaHPQ,, then water. The aqueous phases were collecteaédnacted again with
CH,CIl, and combined organic phases dried overn,S{a The solution was
concantrated and the crude product was purifieddlymn chromatography over
silica gel eluting with hexane/EtOAc (4:1) to git® as colorless oil. Yield = 5.84 g
(90 %).*H NMR (500 MHz, CDC4, ) 5.90 (m, 1H, Ck=CH), 5.35-5.24 (m, 2H,
CH,=CH ), 4.64 (d, 2H, vinylic H), 4.41-4.32 (m, 4HOBOC(MH,),), 4.14 (m, 2H,
OC=0C(tH,)), 3.62 (m, 2H, O=CC(8,)), 3.03 (m, 2H, OS@H3), 1.42 and 1.36
(s, 3H, COC(@i3), s and 3H, COC(8z)), 1.33 (s, 3H, C=0C(C¥DSQ,CHs)(CH3)),
1.13 (s, 3H, C=OC(Ch)»(CHs)).
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3.3.55 Synthesis of allyl 3-((3-hydroxy-2-(hydroxymthyl)-2-methyl propanoyl)
oxy)-2-methyl-2-(((methylsulfonyl)oxy)methyl)proparoate (20)

19 (5.84 g, 14.3 mmol) was dissolved in a mixture86fmL of THF and 35 mL of
0.65 N HCI (aq). The reaction mixture was stirredX2 h. After evaporation of THF
at 45 °C the crude mixture was washed with excds3gCG; for three times. The
combined organic phases were dried ovepS{y, filtered and evaporated. The
product was isolated as colorless oil. Yield = 5289 %).'H NMR (500 MHz,
CDCl;, )5.90 (m, 1H, CH=CH), 5.35-5.24 (m, 2H, B,=CH ), 4.64 (d, 2H, vinylic
H), 4.45-4.27 (m, 4H, OC=0C{),), 3.83 (m, 2H, OC=0C(8,0H)), 3.71 (m,
2H, O=CC(®0H)), 3.03 (m, 2H, OS&Hs), 1.33 (s, 3H,
C=0C(CHOSQ,CH3)(CHs)), 1.06 (s, 3H, C=OC(C}DH),(CH3)).

3.3.56 Synthesis of allyl 3-((3-((2-bromo-2-methyippanoyl)oxy)-2-(hydroxy
methyl)-2-methylpropanoyl)oxy)-2-methyl-2-(((methykulfonyl)
oxy)methyl)propanoate (21)

In a 250 mL of round bottom flasRp (2.0 g, 5.4 mmol), BN (1.13 mL, 8.15 mmol)
and CHCI, (50 mL) were added. The mixture was coole@ ttC, and a solution of
2-bromo-2-methylpropanoyl bromide (0.67 ml, Bnol) in 15 mL of CHCI, was
added dropwise (30 min) to the reaction mixturee White suspension was stirred
for 3 h at 0 °C and subsequently at ambi&rnperature for overnight. The
ammonium salt was filtered off and the solvesmisremoved under reduced pressure
to give a pale-yellow residue. This residue wasther purified by column
chromatography over silica gel eluting with hexaned ethyl acetate solvent mixture
by increasing the polarity of mobile phase from #h12:1 to give2l as a pale-
yellow oil. Yield = 1.78 g (64 %)H NMR (500 MHz, CDC}, ) 5.92 (m, 1H,
CH,=CH), 5.35-5.24 (m, 2H, B,=CH ), 4.64 (d, 2H, vinylic H), 4.45-4.27 (m, 6H,
OC=0C(MHy)2, OC=0C(G,0C=0C(CH)2Br)), 3.71 (m, 2H, OC=0C(8,0H)),
3.05 (m, 3H, OSECH3), 1.92 (s, 6H, OC=0C(ds).Br), 1.33 (s, 3H,
C=0C(CHOSQ,CH3)(CH3)), 1.25 (s, 3H, C=OC(C#DH)(CH3)).
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3.3.57 Synthesis of 3-(3-(allyloxy)-2-methyl-2-(((ethylsulfonyl)oxy)methyl)-3-
oxopropoxy)-2-(((2-bromo-2-methylpropanoyl)oxy)metlyl)-2-methyl-3-

oxopropyl (anthracene-9-ylmethyl) succinate (22)

Compound=21 (1.75 g, 3.38 mmol)5 (1.25 g, 4.06 mmol), and DMAP (0.21 g, 1.7
mmol) were dissolved in 50 mL of dry GEl,. After stirring 5 min at room
temperature, DCC (0.84 g, 4.06 mmol) dissolvedimf. of CHCI, was added to
the reaction mixture. The reaction mixture wageatirovernight at room temperature.
After filtration, the solvent was removed and teenaining product was dissolved in
ethyl acetate and cooled to 0 °C for overnighteAftitration again, the ethyl acetate
was removed and the crude product was purifieddynen chromatography over
silica gel eluting with hexane and ethyl acetailvent mixture by increasing the
polarity of mobile phase from 9:1 to 1.1 to gR2as a pale-yellow oil. Yield = 1.54
g (56 %)."H NMR (500 MHz, CDCJ, ) 8.53 (s, 1H, A of anthracene), 8.33 (d,
2H, ArH of anthracene), 8.04 (d, 2H, HArof anthracene), 7.50 (m, 4H, HArof
anthracene), 6.18 (s, 2HHganthracene), 5.89 (m, 1H, GkCH), 5.35-5.24 (m,
2H, CH,=CH ), 4.63 (d, 2H, vinylic H), 4.45-4.27 (m, 8H,030C(H,),,
OC=0C(THy)2), 3.00 (m, 3H, OSECH3), 2.65 (s, 4H, OC=0K,CH,C=00) 1.91
(s, 6H, OC=0C(El3).Br), 1.30 (s, 3H, C=OC(CHDSO,CHs)(CH3)), 1.24 (s, 3H,
OC=0C(H3)(CH,OC=0C(CH).Br)).

3.3.58 Synthesis of allyl-mesylate-bromide-terminad PMMA (PMMA-
allyl/OMs/Br) via Diels-Alder click reaction

A solution of PMMA-MI (0.5 g, 0.156 mmolM, cpc = 3200) in 25 mL of toluene
was added to a 25 mL toluene solution2@f (0.084 g, 0.104 mmol, MW = 807
g/mol). The mixture was bubbled with nitrogen f&@ in. and refluxed for 40 h at
110°C in the dark. The solution was evaporated undgh kiacuum and the residual
solid was dissolved in THF, and subsequently twees precipitated in hexane. The
obtained product was dried in a vacuum oven 8€40r 24 h. Yield = 0.25 g (97
%). 'H NMR (500 MHz, CDC}, ) 7.50-7.15 (br, Al of cycloadduct), 5.90 (m, 1H,
CH,=CH), 5.50 (bs, 2H, H,-cycloadduct), 5.30 (m, 2H,K;=CH), 4.77 (s, 1H, 8

of cycloadduct), 4.64 (d, 2H, allylic H;), 4.43-4.08 (m, 10H,
OC=0C(H20)(CH,SO;CH3), OC=0C(QH,0);, NCH,CH,OC=0), 3.80-3.45 (br,
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OCH; of PMMA, CH-CH, bridge protons, NB,CH,OC=0), 3.03 (s, 3H,
OSQOCHj3), 2.80-2.66 (M, 4H, OC=Q€;CH,C=00).

3.3.59 Synthesis oN-acetyl-L-cysteine methyl ester-mesylate-bromide-
terminated PMMA via thiol-ene click reaction (PMMA- cysteine/OMs/Br)

Allyl-mesylate-bromide-terminated PMMA0.25 g, 0.086 mmolM,nvr = 2900
g/mol), N-acetyl-L-cysteine methyl ester (7.6 mg, 0.43 mmolR20 mL of toluene
and DMPA (2.2 mg, 0.0086 mmol) was added to thegrlactor. After irradiation
with a UV lamp at 365 nm for 2 h, the mixture wa®qgipitated into an excess
amount of hexane twice. The recovered polymer wegldn a vacuum oven at 40
°C for 24 h. Yield = 0.23 g (99 %JH NMR (500 MHz, CDC4, ) 7.50-7.15 (br,
ArH of cycloadduct), 5.50 (bs, 2H, Hz-cycloadduct), 4.85-4.72 (br,
C=OCH(CH2)NH of cysteine, €& of cycloadduct), 4.43-4.04 (m, 10H,
OC=0C(H20)(CH,SO;CH3), OC=0C(QH,0);, NCH,CH,0OC=0), 3.90-3.31 (br,
SCH,CH,CH,, C=00; of cysteine, OE3 of PMMA, CH-CH, bridge protons,
NCH,CH,OC=0), 3.05 (s, 3H, OSQCHj3), 2.99 (m, 2H, NHCHE,S), 2.80-2.66 (m,
4H, OC=0C,CH,C=00), 2.49 (m, 2H, NHCHC}$CH,).

3.3.60 Synthesis oN-acetyl-L-cysteine methyl-ester functionalized 3-nkitoarm
star terpolymer (PMMA-PEG-PCL-cysteine) viain situ azidation-CuAAC and

NRC click reactions

N-acetyl-L-cysteine methyl ester-mesylate-bromideateated PMMA (0.23 g,
0.074 mmol M, nur = 3100 g/mol, ) was dissolved in DMF (10 mL) in & @L of
Schlenk tube. PEG-TEMPO (0.12 g, 0.15 mmd}, o = 800 g/mol) and PCL-
alkyne (0.28 g, 0.089 mmol, based bh e, = 3100 g/mol) was added to this
solution, and the mixture westirred at room temperature for 10 min. Next, NaN
(9.7 mg, 0.15 mmol), Cu(0) (0.024 g, 0.37 mmol)B€y0.011 g, 0.074 mmol), and
PMDETA (0.015 mL, 0.074 mmol) wenenmediately added to the Schlenk tube.
The reaction mixturevas degassed by three FPT cycles, left in vacuuih sérred
for 24 h at room temperature. The mixture was ddutith THF, filtered through a
column filled with neutral alumina t@move the copper complex, and precipitated in
methanol. The polymer was drieti40C in a vacuum oven for 24 h. Yield = 0.32 g
(67 %)'H NMR (500 MHz, CDCY4, ) 7.50-7.15 (br, A of cycloadduct), 5.50 (bs,
C=00; of cycloadduct), 5.00 (& of TEMPO), 4.94-4.69 (br, C=Q4{CH,)NH
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of cysteine, @& of cycloadduct), 4.26 (bs, OC=000)(CH,-triazole),
OC=0C(MH20),;, NCH,CH,OC=0), 4.06 (bs, B,O of PCL), 3.87-3.26 (br,
OCH,CH, of PEG, OGCi; of PMMA, CH-CH, bridge protons, NB,CH,OC=0,
SCHCH,CH,;, C=00UH; of cysteine), 2.30 (bs, C=0{ of PCL,
C=0OCH,CH,C=0).
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4. RESULTS AND DISCUSSION

One of the major aims of polymer chemistry is tohiage well-defined
macromolecular architectures (linear and non-lintgoologies), such as precise
control of composition, molecular weight, polydisgigy, and end-functionality to
fulfill the requirements of emerging technologiEs6, 261. The use of click
reactions has been extremely productive when coadbwith living polymerization
techniques, such as ring-opening polymerization FRQing-opening metathesis
polymerization (ROMP), and controlled/living radicpolymerizations (C/LRP)
techniques, which include metal mediated radiciymerization, e. g. atom-transfer
radical polymerization (ATRP) and single electroansfer polymerization (SET-
LRP) etc., reversible addition fragmentation chaamsfer polymerization (RAFT),
and nitroxide-mediated radical polymerization (NMBgcause end-functionalities of
polymeric precursors generated by living polymedrtra techniques can be easily
converted to suitable groups needed for click reas{17, 25, 27-31, 34, 97, 160,
197, 262-26h

In the studies of Hizal and Tunca et al., a comtmneaof click reactions for efficient
synthesis of a various variety of polymer strucsuteas been reported such as linear
block copolymer, star block copolymer, miktoarmr gialymer, multiarm star block
copolymer, graft copolymer, and cyclic block copobr [25, 30, 37-4p The
orthogonality of the CUAAC-Diels-AldgB7] and CuAAC-Diels-Alder-NRJ47-49
reaction combinations have been proven by coupdihthe living polymerization
generated polymer blocks with different functiohei. More recently, CuAAC-
Diels-Alder-NRC reaction combination has been edéehto the synthesis of a
ROMP-based heterograft brush copolyrft). Furthermore, they demonstrated the
successful postfunctionalization of poly(oxanortesra imide) (PONB) with two
types of double bonds using sequential orthogoeattrons, nucleophilic thiol-ene

coupling via Michael addition and radical thiol-eclek reactiong51].

In this thesis, the triple click reaction strate@uAAC-Diels-Alder-NRC) was

extended toward the thiol-ene click reaction fag greparation of linear multiblock
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polymers, heterograft brush copolymers, miktoarnar spolymer. Moreover,

guadruple click reaction strategy was demonstratedthe model compounds to
obtain functionalized copolymers. Herein a comborabf quadruple click reactions
involving the thiol-ene, CUAAC, Diels-Alder and NRAas used for the synthesis of

various polymeric structures with functional groups

4.1 Synthesis of Cysteine-P$-PCL-b-PMMA- b-PEG and Cysteine-P33-PCL-
b-PtBA-b-PEG Quaterpolymers via Quadruple Click Reactions

Cysteine-P$-PCLb-PMMA-b-PEG  and  cysteine-PSPCL-b-PtBA-b-PEG
guaterpolymers were prepared through sequentialrgpke click reaction strategy as
outlined in Figure 4.1.

O/
o‘l\(\sn
o~ 0 O NH 4]
Y0 ¢ <T:I N0 Y
O NH
T O O Thiol-ene Click @ @
Y o _
L O OPMW
CuAAC Click _ O 0
0 0
2 MN\/\,OMC] MN/\/O l?r
Diels-Alder Click : $ i 0‘0 or 0 0 Ao

0
3..0-
NRC Click O-N OY\)LOI'\/OIB

Figure 4.1 : Synthetic pathway for the preparation of linearteyse-terminated
multiblock polymers using quadruple click reactionthiol-ene,
CuAAC, Diels-Alder, and NRC.

In this study initiators and homopolymers with peodunctionalities were first

prepared. 2-bromo-2-methyl propionic acid 2-(3,6xd+10-oxa-4- azatricyclo
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[5.2.1.0°9 dec-8-en-4-yl) ethyl estef3) was first synthesized within three steps.
Furan and maleic anhydride were reacted in tolte808C, then the formed adduct
(1) (4.1) was utilized for the synthesis2by adding the solution 2-amino ethanol in
methanol into dispersion df in methanol (4.2). Finally3, was obtained via an
esterification reaction betweeh and 2-bromoisobutryl bromide in THF at room

temperature (4.3).

o) o)
Tol (4.1)
o) - oluene o)
I * @ 80 °C, s [l
o)
o)
o)
5 NH, Methanol (4-2)
! * ~Non Tl s \/\OH
o
EtsN, THR
\/\OH + Br _"3 T, N\/\o (4.3)

From overlay*H NMR spectrum Figure 4.2(c), it is clearly seeattthe methyl

protons next to Br were detected at 1.87 ppm aadrbthylene protons next to the
ester unit at 4.31 ppm. Moreover, the charactergtotons of the adduct were also
detected at 6.49 ppm (bridge vinyl protons), 5.p4np(bridge-head protons) and
2.85 ppm (bridge protons) respectively. These tesunfirmed that the synthesis of

3 was achived.
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Figure 4.2 :'"H NMR spectra of(a) 4,10-dioxatricyclo[5.2.1%f|dec-8-ene-3,5-
dione (1); (b) 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.3Jdec-
8-ene-3,5-dione(2); (c) 2-bromo-2-methyl propionic acid 2-(3,5-
Dioxo-10-oxa-4-azatricyclo[5.2.1*§dec-8-en-4-yl) ethyl estgf3) in
CDCls.

Next, furan protected maleimide-end functionaliZeiMA (MI-PMMA-CI) and

PtBA (MI-PtBA-Br) were obtained by ATRP of MMA antBBA using3 as initiator

(4.4). Since furan protection was easily deproteae elevated temperatures, the

polymerization temperature for MMA artBA was purposely kept low in order to

prevent possible copolymerization of maleimide armdonomers during
polymerization.

O O
Q o MMA, PMDETA & (0]
O (0]

3 MI-PMMA-CI

ﬁ I 'f o~ %8 (*+&' % B | E
%
/

%&.%

(4.4)

The NMR number-average molecular weight, (mr = 2750 g/mol) and degree of

polymerization DP, = 23) was calculated from a ratio of the integrated &slof
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OCH3; of PMMA and N-GH, ( 3.75 -3.50) to that of a signal at 6.52 ppm assiie
to vinylic two protons (Figure 4.3), while beingcluded the molecular weight of
initiator (357 g/mol). The number-average molecwaeight obtained by GPC
(Mn.cpc = 2700 g/mol, relative to linear PMMA standarts) an agreement with
Mnnvr, thus indicating that the quantitative maleimidel-group functionalization
of the PMMA was successful. Moreovev,/M, = 1.33 calculated from GPC
displays narrow molecular weight distribution (Tegl1).

d, f

0.75 Jj
o
L
27,224
| ~

T T T T T T T T T
L5 100 95 90 85 80 75 7.0 65 60 55

Figure 4.3 :'H NMR spectrum of MI-PMMA-CI in CDGI

'H NMR revealed the structure of MHBA-Br displayingcharacteristic peaks such
as a broad singlet (CH otBA) at 2.21 ppm and peaks of aliphatic protons t&fA°
at 1.83-1.09 ppm (Figure 4.4M,nvr @andDP,, = 26 was calculated from a ratio of
the peak areas at 2.21 ppmH®©f PIBA) and at 6.49 ppm (s, 2H, vinyl protons).
Mnnvr= 3700 g/mol was almost consistent with thoseVigfnes= 2900 g/mol and
Mn.cp= 3300 g/mol (relative to linear PS standarts) (@abl).
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Figure 4.4 :'H NMR spectrum of MI-EBA-Br in CDCls.

As an initiator of the synthesis of allyl-PS-BrlyaR-bromo-2-methylpropanoatd)
was prepared by the reaction between allyl alcaimol 2-bromo isobutyryl bromide
in the presence of E/DMAP catalyst system and G@l, as solvent (4.5).

Et;N, DMAP
~LOH Br)‘><Br %C_HC], \/\O)l><Br (4.5)
2%-12

The structure was confirmed B NMR spectrum (Figure 4.5). A shift from 4.10
ppm of vinyl methylene protons of allyl alcohol4d4 (m, 2H, G,0C=0) ppm of
methylene protons of due to esterification reaction and singlet pealkk.82 ppm

asigned to C(H3),-Br clearly indicated that was achieved.
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Figure 4.5 :*H NMR spectrum of allyl 2-bromo-2-methylpropanogtgin CDCl.

Next -allyl- -azide terminated PS (allyl-PSsNwvas prepared by ATRP of St using
allyl 2-bromo-2-methylpropanoat@!) as initiator and CuBr/PMDETA as catalyst

and subsequent transformation of the bromide endggio the azidé4.6).

0 O
NN Br _CuBr,PMDETA  NaNy, DMF_ S~ N,
O)l>< e -t 0 (4.6)
4 Allyl-PS-N,

'H NMR spectrum reveals the structure of allyl-P$-tlsplaying the signals
corresponding to the allyl andHTPh)N; end-groups at 5.65, 5.11 and 4.20-3.80
(Figure 4.6).The NMR number-average molecular weight of thgl-#&IS-Ns (M, nvr
=50 X 104 + 169 = 5400 g/mol) was calculated cammgathe signals of Ads of
PS (7.30-6.30 ppm) andH{Ph)-Ns and G1,0C=0 (4.20-3.80 ppm) including the
molecular weight of end-groups. The GPC numberayer molecular weight
(Mn.cpQ and polydispersity indexX\,/M,) were determined to have 5600 g/mol and
1.07 using PS standards. It should be noted tied¥lf nvr IS in @ good agreement

with the GPC value, thus further confirming tha@ént transformation.

Using the thiol-ene click reaction, the allyl-P3-Mas further reacted with 5 equiv of
N-acetyl-L-cysteine methyl ester together with DMR#A photoinitiator in toluene
via irradiation at 365 nm for 2(4.7).
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0
N0 -1 . ())\|/\SH DMPA, toluene OJY\S/\/\O i - Ns
§I,NH 4.7)

Allyl-PS-N; Cysteine-PS-N3

The complete disappearance of the allyl signal$.66 and 5.11 ppm and the
appearance of new signals corresponding to tHBIlL, CH;0C=0, NCH®,S,and
SCH,CH; at 4.81, 3.73, 2.93, and 2.36 ppm, respectivelyicoad the structure of

-cysteine- -azide-terminated PS (cysteine-P&-NFigure 4.6). Importantly, the
peak at 3.9 ppm was assigned to th&(Rh)N;, indicating that the end-group was
intact. The integration ratio of As of the PS backbone andHNH signals
demonstrated that thd, nyr = 5600 g/mol of the cysteine-PSMas unchanged.
Therefore, the conjugation of the amino abi@cetyl-L-cysteine methyl ester as a
terminal group to the allyl-PSJNcan be easily achieved using the photoinduced
thiol-ene click reaction, which requires simpledanilder conditions compared to a
procedure reported by Maynard et[245. The cysteine-PS-Nldisplayed a narrow
monomodal GPC trace witHi,, scpcof 5800 g/mol and,/M, of 1.07.

T T T T T

10 9 8 7 6 5 4 3 2 1 ppm 0

Figure 4.6 :'H NMR spectrum ofa) -allyl- -azide-terminated PS (allyl-PSsN
andb) -cysteine- -azide-terminated PS (cysteine-P&-M CDCl.
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Mono carboxylic acid functional PEG (PEG-COOH) vsgathesized with a reaction
of Me-PEG (550) in the presence of succinic anltedrEtN/DMAP catalyst system
and CHCI, as solvent (4.8).

0O
O
EtsN, DMAP - HO
HO{'\/OI\ +[ o—=— )(\)Lol’\/ol\ (4.8)
P CH2C|2, r.t. O P
Me-PEGss, (@) PEG-COOH

From*H NMR spectrum (Figure 4.7), it was clearly seee backbone protons of
PEG at 3.60 ppm. The methylene protons formed Byrithg opening of succinic
anhydride is assigned as 2.60 ppm.

~ ~ [=] > o 00 O
(] ] S o n oy ©
- wy <t e e Ral

12.10 —

10 9 8 7 6 5 4 3 2 I ppm O

Figure 4.7 :*H NMR spectrum of mono carboxylic acid functiondE® (PEG-
COOH) in CDC4.

Next, TEMPO functionalized PEG (PEG-TEMPO) was bgsized via an
esterification reaction between PEG-COOH and 4-owyHTEMPO(4.9).

(0]
_ HO O DCC DMAP
o N\;>'OH + })(\)Lol'\’ P CHClyrt. NO{’\/ (4.9

PEG-COOH PEG-TEMPO

87



The synthesis of the-anthracene--hydroxytterminated PCL (anthracene-PCL-
OH) was carried out using tin(ll)-2-ethylhexanoa® catalyst and 9-anthracene-

methanol as initiator in the ROP &fCL at 110 °C for 4 [{4.10).

Sn(Oct), O o
C 110 °C 8 OPI\/\/\/OJ;H (4.10)

PCL-anthracene

From®H NMR spectrum, th®P, = 22 of the anthracene-PCL-OH was calculated by
comparison of the integrations of the signals & BCL backbone (d,0) at 4.04
ppm and the anthracene end-group (9H) at 8.504p&&(Figure 4.8).

(2 o
OPWVOWOH '

N e U

L o N B o I s e we o o B e S B B e S e e e B LA e a
10 9 8 7 6 5 4 3 2 1 0
ppm

Figure 4.8 :'"H NMR spectrum of -anthracene--hydroxyl-terminated PCL
(anthracene-PCL-OH) in CD¢I

Next, anthracene-PCL-OH was further reacted withedtynoic acid to yield -
anthracene--alkyneterminated PCL (anthracene-PCL-alkyne) catalyzed by
DMAP/DCC in CHCl, (4.11).
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Q le/\/\/Ol~ DCC DMAE {Jl\/\/\/ h(\/

H

Q * CH Cly, r.t. (4 11)
anthracene-PCL-OH anthracene-PCL-alkyne

'H NMR analysis of the polymer confirmed the present CH,CH; linked to the
alkyne at 2.51 ppm and the absence B,@H end-group of the PCL at 3.63 ppm
(Figure 4.9).Although M, nwr could not be calculated due to overlapping of the
CH,CHy,-alkyne peak with the C=Q4; of the PCL backbone, thBP, of PCL
segment may be assumed to be 22 and subsequent tlur of anthracene-PCL-
alkyne is calculated as 2800 g/mol including thdaoalar weight of end groups. It
is important to note that the GPC trace is monorhadd theM, spcandM,,/M, are

basically the same as before esterification.
a o b ZZ
O OPJ\N\/OEH/\C//(] “
Q 0]

= JU il u

L L L L L L A e
10 9 8 7 6 5 4 3 2 T ppm 0

Figure 4.9 :'"H NMR spectrum of -anthracene--alkyne-terminated PCL
(anthracene-PCL-alkyne) in CDLI

The molecular weight details and conversions ofiadlar polymers were tabulated
in Table 4.1.
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Table 4.1 :The results of linear polymers used in the synthekguaterpolymers.

Polymer C(()cyrl\)/ g (I\él/ﬁgf) M./Mp é”x?ﬁ“éia ?g/lg/nr'm)
Allyl-PS-Br 2 22 5500 1.08  4800" 5400
MI-PMMA-CI ° 30 2700 1.33  1800" 2750
MI-P tBA-Br © 20 3300 111 2900" 3700
PEG-TEMPO ° 83™ 870 1.07 800 -
anthracene-PCL-OH® 84 3900 1.11 3250" 2700
anthracene-PCL-alkyne' 99™ 4200 1.12 3330’ 2800

&[M] :[1] o:[CuBr):[PMDETA] = 200:1:1:1 polymerization was carried oat 110°C.

®[M] o:[1] :[CuCI:[PMDETA] = 50:1:1:1 polymerization was carried oat 40°C. MMA / toluene =
1 (viv).

“[M] o:[1] :[CuBIr]:[PMDETA] = 100:1:1:1 polymerization was carried oat 50°C.tBA / EC = 10
(w/w).

4Obtained by an esterification reaction between 4didyy-TEMPO and PEG-COOH.

*IM]o/[1] o = 30 ; [I]o/[cat], = 50; polymerization was carried catt110°C.

" Obtained by an esterification reaction betweerdgmoic acid and anthracene-PCL-OH.
9Determined by gravimetrically.

th,theoz (IM]/[1] o) X conversion % X MW of monomer + MW of initiator

"M theo= Mn theo Of PEG-COOH + MW ofi-Hydroxy-TEMPO -MW of H,0.

"M theo= M theoOf @anthracene-PCL-OH + MW df-pentynoic acid MW of H,O.

K After correction formulaNly,pci= 0.259 XMn,gpc"") Mn,pc = 1800 g/mol.

! After correction formulaln,pci= 0.259 XMp,crc-®") Mn,pct = 2000 g/mol.

™The values were referred to herein as yield.

First of all, the synthesis of -cysteine- -anthracene-terminated RBSPCL
copolymer (cysteine-PB-PCL-anthracene)was accomplished through CuAAC
reaction betweencysteine-PS-§l and anthracene-PCL-alkyne homopolymers
utilizing a CuBr/PMDETA catalyst system in DMF aom temperature for 12 h
(4.12). The recovered block copolymer was purifled precipitation in diethyl
ether/methanol (1:1) and finally in methanol.
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¢ ? @,
n Z
O%r NH * O OPI\/\/\/OW
(0]

RS-PS-N; Q anthracene-PCL-alkyne
PMDETA, CuBr
DMF, r-t. (4.12)

o AN o
N o~~A O

O)\l/\sx\/\o g \)\/\H ~0
o } 9

PS-b-PCL

'H NMR spectroscopy indicated that a new peak cpoesing to the E(Ph)-
triazole appeared at 5.@¢pm (Figure 4.10)Peaks at 8.51-7.51, 7.50-6.30, 4.78, and
4.05 for the anthracene, Krof PS, GINH, and G4,0 of PCL, respectively were
also detected. TheP, of the PCL segment in the block copolymer wasudated to

be 20 by comparison of the integrations of thél&f PS and &,0 of PCL, while
assuming théP, of the PS block was 50. TH&P, (20) of the PCL block in the
cysteine-P$-PCL-anthracene copolymer was close to the valutefanthracene-
PCL-alkyne (22), indicating that an efficient CuAA€lick coupling reaction
occurred. Thévl, nvr Of cysteine-P$-PCL-anthracene copolymer (8200 g/mol) was
calculated by a sum of thé,, yvr Of cysteine-PS-p(5600 g/mol) and the calculated
M nvir Of PCL segment in the block copolymer (20 X 11488 2 2570 g/mol)The
resulting cysteine-P8-PCL-anthracene copolymer demonstrated a narrow
monomodal GPC trace and clear shift to lower re@entime with respect to its

precursors.
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Figure 4.10 :'H NMR spectrum of -cysteine- -anthracene-terminated RSPCL
copolymer (cysteine-PS-b-PCL-anthracene) in GDCI

Further evidence for -cysteine- -anthracene-terminated RBRSPCL copolymer

(cysteine-P$-PCL-anthracene) formation was obtained by FT-IRcsmscopy

(Figure 4.10).The weak streching due to azide at 2094* afisappeared and the
sharp streching due to carbonyl of PCL at 1745'appeared after diblock
formation(Figure 4.11).
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Figure 4.11 :FT-IR spectra ofcysteine-PS-jl (red) (a) and cysteine-P3-PCL-
anthracendblack)(b).

Next the cysteine-PB-PCL-anthracene copolymer coupled witHuran protected
maleimide- -halide-PMMA using the Diels-Alder click reactiontrategy in
refluxing toluene for 63 h (4.13).

0/
R N oM, @:Z %Jgt
Oy _NH

Y PS-b-PCL 1 10oC PMMA-ONB \

(oluene (4 . 13)
/\/\0)05% \)\/\H \/\/\)LL #

PS-5-PCL-b-PMMA

The efficiency of Diels-Alder reaction for the iattuction of PMMA block was also
confirmed by'H NMR spectroscopy. When tiizP, value of PS is assumed to be 50,
then the value for the PMMA block can be calculdatetie 18 by comparison of the
integrations of the signals of the PS7(50-6.30)and OCH; of the PMMA at 3.58
ppm (Figure 4.12).This is close to the value (23) ®fl-PMMA-CI precursor,
indicating that an efficient Diels-Alder couplingaction occurred between cysteine-
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PSbh-PCL-anthracene copolymer and MI-PMMA-CI precurtmlyield cysteine-PS-
b-PCL-b-PMMA-CI terpolymer

-~
[0} N:N 0]
d e f s k p t
b ' 0. Cl
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()TNH 0 G N o
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O Q z
c
“ 25.6
-__\
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Figure 4.12 :*H NMR spectrum of -cysteine- -chloride-terminated P8-PCL-b-
PMMA (cysteine-P3-PCL-b-PMMA-CI) terpolymer in CDG.

The Diels-Alder click reaction strategwas carried out for ligation of theysteine-
PSbh-PCL-anthracene copolymandthe MI-RBA-Br precursor (4.14).

O
(0]
o~ 0 N=N (o] O ﬁ__l:ZN/\/O
N O\/\/\/lLL O /
O)\/\S/\/\O ; M ~0 + 0
Oﬁ,NH o Q Y o

Br

k

0
PS-5-PCL ll 10sc P/BA-ONB )\\

toluene
o~ 0 NeN 0 O O B
O)\(\S/\/\O nN\/\/\'rI»O\/\/\/ILI:“O a N/\/OWPL’D’} T
(0]
Oﬁ,NH o O (0] 070
PS-5-PCL-b-PBA /$

From *H NMR spectrum, théP, value (25) of EBBA block was determined by

(4.14)

comparison of the integrations of the peaks ofRBe(AHs at 7.50-6.30 ppm) and
the CH of PtBA and theC=0CH of PCL at 2.29 ppm, while assuming that Ei&,s
of PS and PCL are 50 and 20, respectiyElgure 4.13).
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Figure 4.13 :'H NMR spectrum of -cysteine- -bromide-terminated PB-PCL-b-
PtBA (cysteine-P33-PCL-b-PtBA-Br) terpolymer in CDJ.

In addition, M, nvr Values for both terpolymers, cysteine-B8CL-b-PMMA-CI
and cysteine-P8-PCL-b-PtBA-Br were found to be 10300 and 11700 g/mol,
respectively using a similar approach describedipusly. Both terpolymers display
narrow, monomodal GPC traces and clear shift tcetowgtention times as depicted

in Figure 4.17 respectively.

The efficiency of the DA reactions was monitoredy spectroscopy following the
decrease in absorbance of anthracene at 368 rime meaction mediunDiels-Alder
efficiency was calculated by (4.15) wherg #&nd A are initial and final absorbance

values of anthracene.

Conv. % = (1 - AAo) (4.15)

The efficiency of DA reaction was found to be 98 &6 cysteine-P3-PCL-b-
PMMA-CI terpolymer and 97 % for cysteine-BSRCL-b-PtBA-Br terpolymerafter
63 h (Figure 4.14).
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Figure 4.14 :UV spectra ofcysteine-P3-PCL-anthracene (t = 0 h) copolymer
during the synthesis alysteine-P3-PCL-b-PMMA-CI (t = 63 h) and

cysteine-P$-PCL-b-PtBA-Br (t = 63 h) terpolymers (& 4.7 X 10°
mol/L in CHCIy).

Last, cysteine-P®-PCL-b-PMMA-C| was reacted with PEG-TEMPO to yield the
guaterpolymer, cysteine-ASPCL-b-PMMA-b-PEG via NRC coupling reaction
catalyzed by CuBr/Cu(0)/PMDETA in DMF at room tergdere for 12 h (4.16).

The obtained quaterpolymer was simply purified bgcppitation in methanol due to
that an unreacted PEG segment was dissolved isahisnt and thus easily removed

from the reaction mixture.

o~ (o} NaN Y O Y o
O. Cl
OJW/\S/\/\O “N\)\/\‘rlo\/\/\)q;(, a NN MO +HO-N ONOJ'\/OL
Oj,NH 0 O o O X N

PS-b-PCL-b-PMMA CuBr, Cu® PEG-TEMPO
PMDETA, DMF

(4.16)

PS-b- PC L-b-PMMA-5-PEG

The efficiency of the NRC click coupling reactioor fthe introduction of the PEG
segment to the terpolymer was also determined fldnNMR spectrum.For the
cysteine-P3-PCL-b-PMMA-b-PEG quaterpolymer, tHeP, of the PEG segment in

the linear quaterpolymer was calculated to be 1tdmgparison of the integration$
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the peaks of the PS (Ms at 7.50-6.30 ppm) arttie PEG (€i,CH,0) and PMMA
(OCHj5) at 3.63 ppm, when tHeP,s of the PS and the PMMA segments are assumed

to be 50 and 18, respectively (Figure 4.15). Ituithdoe noted that the calculated
value is close to thBP, (13) of the PEG-TEMPO.
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Figure 4.15:'"H NMR spectrum of cysteine-RSPCLb-PMMA-b-PEG
guaterpolymer in CDGI

Subsequently, cysteine-P3-PCL-b-PtBA-b-PEG was prepared using similar
reaction strategy and purified by aforementiopestedure (4.17).

%MM# ?L‘IL . o NJ,\/OL

PS-b-PCL-b-PfBA PEG TEMPO
lCuB , Cu®

PMDETA, DMF

gi:(\ %MM# #YB;}NOML

PS-b-PCL-b-PtBA-b-PEG

(4.17)

Using the'H NMR spectrum of cysteine-PSPCL-b-PtBA-b-PEG quaterpolymer,
the DP, of the PEG block was calculated to be 9 by consparof the integrationsf
the peaks of the PS (HMs at 7.50-6.30 ppm) artie PEG (Ei,CH,0) at 3.64 ppm,

97



assuming thabP, of the PS was 50. This value (9) is rather closthat for the PEG
precursor (13) (Figure 4.16).

10 9 8 7 6 5 4 3 2 1 ppm 0

Figure 4.16 :'"H NMR  spectrum of cysteine-PSPCL-b-PtBA-b-PEG
quaterpolymer in CDGI

In addition, M, nur Values for both quaterpolymers, cysteined?BCL-b-PMMA-
PEG and cysteine-PIPCL-b-PtBA-PEG were calculated to be 11000 g/mol and
12300 g/mol, respectively using a similar approdekbcribed previously. Moreover,
both quaterpolymers display narrow, monomodal GR&et and relatively slight

shift to lower retention times as depicted in Fegud.17.
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) — cysteine-PS-Ny
— cysteine-PS-N3

PS-b-PCL-b-PfBA
= PS-b-PCL-b-P{BA-b-PEG

= PS-b-PCL-b-PMMA
= PS-b-PCL-b-PMMA-b-PEG

(b) N —

50 30 35

T T T T
30 35 45 50

40 . . 45 40
Retention time (min) Retention time (min)

Figure 4.17 :The evolution of GPC traces of-cysteine- -azide-terminated PS
(cysteine-PS-b), -cysteine- -anthracene-terminated  BSPCL
copolymer (cysteine-PB-PCL-anthracene), -cysteine- -chloride-
terminated P®-PCL-b-PMMA (cysteine-PS3- PCL-bH-PMMA-CI)
and cysteine-P$-PCL-b-PMMA-b-PEG quaterpolymera) and -
cysteine- -azideterminated PS (cysteine-Pg;N -cysteine- -
anthracene-terminated RBSPCL copolymer (cysteine-PiSPCL-
anthracene), -cysteine- -bromide-terminated PBPCL-b-PtBA
(cysteine-P$-PCL-b-PtBA-Cl), and cysteine-P$-PCL-b-RBA-b-
PEG quaterpolymer i(b) in THF at 30°C.
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Table 4.2 : The results of polymers used in the synthesis afempolymers and quaterpolymers.

Polymer Vield® Mnec” Mn.mar Mnneo Mw/Mp°
(%) (g/mol) (g/mol) (g/mol)
cysteine-PS-N 99 5800 5600 4940 1.07
PSH-PCL 87 9900 8200 8300 1.06
PS+H-PCL-b-PMMA 50 11200 10306 10100 1.07
PSH-PCL-b-PtBA 45 12200 11700 11200 1.06
PS+H-PCL-b-PMMA- b-PEG 73 11400 11000 10900 1.07
PS+b-PCL-b-PtBA-b-PEG 72 11900 12300 12000 1.10

4Determined by gravimetrically.

® Determined by using GPC (RI detection) in THF aP@Qelative to PS standards.
*Mn,nmr = My, wvr Of allyl-PS-Br (5400 g/mol) + 177 g/mol = 5600 g/mo

d Mn.nvr = Mnnvir Of cysteine-PS-p(5600 g/mol) + 20 X 114 + 288 g/mol = 8200 g/mol.
M nmr = M;, avr Of PSH-PCL (8200 g/mol) + 18 X 100 + 359 g/mol = 1030fngl.
"Mnmr= Mnwr 0f PSh-PCL (8200 g/mol) + 25 X 128 + 359 g/mol = 1170fhg|.
IM; vk = M amr Of PSH-PCL-H-PMMA (10300 g/mol) + 11 X 44 + 250 g/mol = 11000ng.
_"Mn,NMR= Mn nvr Of PSb-PCL-b-PtBA (11700 g/mol) + 9 X 44 + 170 g/mol= 12300 g/mol
' Mn theo= SUM 0fM, 1ne0f precursors.
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4.2 Synthesis of Functionalized Poly(oxanorbornene imi) and Functionalized
Polycarbonate via Quadruple Click Reactions

In this work graft copolymers: mercaptoethanol-pheriunctionalized poly
(oxanorborneneimide) and phenyl functionalized patponate copolymers were
successfully prepared by using quadruple clicktreas; Diels-Alder, CUAAC, NRC
and Thiol-ene (through radical or nucleophilic magism) click reactiongFigure
4.18).
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Figure 4.18 :Synthetic pathway for the preparation of mercajiaesdl-phenyl
functionalized poly (oxanorbornene imide) and phédopctionalized
polycarbonate copolymers using quadruple click treas: thiol-ene,
CuAAC, Diels-Alder, and NRC.
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For this purpose, firstly the monomers and then thain backbones were
synthesized. The succinic acid mono-anthracenar@ylyl-ester(5) was prepared
by using 9-anthryl methanol and succinic anhydidthe presence of §/DMAP

catalyst system and GHI;, as solven{4.18).

O
EGN, DMAR_
. Q BN owAL Jl\/\n, @19
O

The structure was confirmed B NMR spectrum(Figure 4.19)A shift from 5.60
ppm to 6.21 ppm of methylene protons linked to exdéne ring due to esterification
reaction and multiplet peaks around 2.70-2.68 ppsigaed to C=08,CH,0C=0

clearly indicated tha was achieved.

~8.5
~8.32
8.0
7.57
7.50
~7.27
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Figure 4.19 :*H NMR spectrum of succinic acid mono-anthracenémeshyl-ester
(5) in CDCl.

Thereafter, oxanorbornenyl anthrace(@®NB-anthracene)(6) was carried out

through an esterification reaction betwé&eand5 (4.19).
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USRS,
DCC, DMAP ~°
ST 3 RSN
OH NOH CH,Cl, Y o
6 (ONB-anthracene)

'O

(4.19)

From 'H NMR spectroscopy(Figure 4.20) thering protons at 8.53-7.51 ppm,

methylene protons linked to the ring at 6.17 ppnd anshift from 3.71 ppm of

methylene protons (NE,CH,OH) to 4.19 ppm
(NCH,CH,OC=0) were primarily detected.

Anth
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Figure 4.20 :*H NMR spectrum of oxanorbornenyl anthracé@®\B-anthracene)

(6)in CDCl.

Next, ring-opening metathesis polymerization (RONMé&jction strategy was used to

obtain poly(oxanorbornenyl-anthracene) (PONB-amting) by first generation

Grubbs’ catalyst (PG)(Cl)-RuCHPh and monomed with reaction conditions as

described4.20).
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20:1
JI\/\n/ Grubbs catalyst
CHZC]Z

3
20 min 50 (420)
(o)
O

PONB-anthracene

GPC and'H NMR spectroscopy confirmed that poly(oxanorbogtemthracene)
was appropriately prepared with controlled molecwaeight, low polydispersity
index (PDl)and desired anthracene pendant groups. The numbrage theoretical
molecular weightN, teo= 10000 g/mol), which did not fit with the numbereaage
molecular weight by conventional GP®!{cpc= 6300 g/mol) relative to linear PS
standards was comparable to that obtained fronme tdetection GPCM, toepc=
11200 g/mol)(Table 4.3). In the'H NMR spectrum, the shift of the vinyl protons
(6.45 ppm) to the 5.97 (&=CH, trans) and 5.62 ppm K&CH, cis) was observed
upon the ROMP of6, which revealed thapoly(oxanorbornenyl anthracene) had
occurred as seen kigure 4.21.
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Figure 4.21 :*H NMR spectrum of of poly(oxanorbornenyl anthrageneCDCh.

For the synthesis of monomer of polycarbonate wpigémdant anthracene groups
(PC-anthracene), first of all 2,2,5-trimethyl-[1dRjxane-5-carboxylic acid8) was
synthesized by the reaction between 2,2-bis (hydnathyl)-propanoic acid and 2,2-
dimethoxy-propane with excess amount of dry acetsiiegp-toluene sulfonic acid

as catalys(4.21).

0] OH H;CO, p-TSA
»—6 + <K —— 9—6 < (4.21)
HO OH H3CO Acetone HO
r.t.
Figure 4.22 depicts the’H NMR spectrum of 2,2 5-trimethyl-[1,3]dioxane-5-
carboxylic acid,8 showing resonances corresponding to -COOH protohl&0

ppm, methylene groups at 4.18 and 3.63, the meitogbns adjacent to ketal group
and adjacent to methylene groups at 1.38-1.36 puh1d8 ppm respectively.
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Figure 4.22 :*H NMR spectrum of 2,2,5-trimethyl-[1,3]dioxane-5xeaxylic acid
(8) in CDCl.

Then esterification reaction of 9-anthracene meihand 8 was performed to
synthesize9 (anthracene-9-ylmethyl 2,2,5-trimethyl-1,3-diox&ébearboxylate) in
the presence of DCC/DMAP catalyst system and@jas solvent{4.22).

(4.22)

Next, (anthracene-9-ylmethyl 2,2,5-trimethyl-1,®xAne-5-carboxylate)9 was
hydrolized in THF by adding HCI solution and stgi for 2 hours at room
temperaturé4.23).

(4.23)

'H NMR spectroscopy confirmed clearly the structafel0 by appearance of
characteristic signals of anthracene at 7.45-84R.dt is obviously seen that the
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peak of methylene protons neighbouring to hydrayyup are between 3.53 and
3.97 ppm(Figure 4.23).

Figure 4.23 :'"H NMR spectra of a) anthracene-9-ylmethyl 3-hydroxy-2-
(hydroxymethyl)-2-methylpropanoat€10) b) anthracen-9-yimethyl
2,2,5-trimethyl-1,3-dioxane-5-carboxyla®) in CDCB.

In the following step, anthracene-carbonate mongfite(anthracene-9-ylmethyl 5-

methyl-2-oxo0-1,3-dioxane-5-carboxylate) was synttexs (4.24). The cyclization

was performed in the presence of ethyl chlorofoemat dilute anhydrous THF

solution via dropwise addition of triethylamine.

’—\ JI\S\OH EtO & )kk\ (4.24)
Et3N THF

'H NMR spectroscopy confirmed clearly the structafell by appearance of

characteristic signals of anthracene at 7.50-86.prhe double doublets at 4.12-
4.68 ppm were attiributable to the methylene prstorext to the carbonate.
Importantly, no peak at 3.53-3.97 ppm assignablin¢omethylene protons adjacent
to the hydroxyl group was detect@elgure 4.24).
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Well-defined anthracene-functional polycarbonate swasynthesized via
organocatalytic ring-opening polymerization &fl in CH,Cl, using the dual 1-(3,5-
bis(trifluoromethyl)phenyl)-3-cyclohexylthioure@d 2) and DBU catalyssystem at

room temperaturevernight (4.25).

OJOLO ROP 1
ilo DBU/TU(12) ©/\O O/t(;otnl-]
0 (0} (4 2 5)
see
11 PC-anthracene

It is shown from the GPC antH NMR results that the PC-Anth was properly
prepared with controlled molecular weight, lowygispersity index (PDI) and
desired anthracene pendant grogpsure 4.24).The number average theoretical
molecular weight M eo =5700), which did not match with the number-averag
molecular weight by conventional GP®l{cpc = 3500 g/mol) relative to linear PS
standards was comparable to that obtained froeetldetection GPC (Table 4.3).
Absolute molecular weightMw toerc = 6000) of PC was measured by using TD-
GPC in THF at 35, after an introducing of experimentally found/dt ( 0.190

mL/g) value into the software.
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Figure 4.24 :'H NMR spectra ofa) anthracene-9-ylmethyl 5-methyl-2-oxo-1,3-
dioxane-5-carboxylate(11) b) anthracene-functional polycarbonate
(PC-Anth) in CDC4.

After the synthesis of main backbones, functiomalizompounds which were proper

for click reactions were carried out. First of alR-bromo-propionic acid 2-(3,5-

dioxo-10-oxa-4 azatricyclo[5.2.%f dec-8-en-4-yl)-ethyl ester (ONB-BI(7) was

obtained via an esterification reaction betw@eand 2-bromopropionyl bromide in

CH,ClI; at room temperatur@.26).

O O

0. o) O. o)
N Br EtN, DMAP N B 4.26
m ~"on * Br)j\l/ i [ ~"0 r (4.26)
2 O 7 O

From overlay'H NMR spectraFigure 4.25(c), itis clearly seen that the methyl
protons next to Br were detected at 1.81 ppm aadréthylene protons next to the
ester unit and methine proton next to Br at 4.3 pploreover, the characteristic
protons of the adduct were also detected at 6.52 fiidge vinyl protons), 5.28

ppm (bridge-head protons) and 2.88 ppm (bridgeopsjtrespectively. These results
confirmed that the synthesis bivas achived.
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Figure 4.25 :'H NMR spectra ofa) 4,10-Dioxatricyclo[5.2.1.8°dec-8-ene-3,5-
dione (1) b) 4-(2-Hydroxyethyl)-10-oxa-4-azatricyclo[5.2.#Jdec-8-
ene-3,5-dione(2) ¢) 2-bromo-propionic acid 2-(3,5-dioxo-10-oxa-4
azatricyclo[5.2.1.9%dec-8-en-4-yl)-ethyl ester (ONB-Br)(7) in
CDCls.

2-propyn-1-yl 2-bromo-2-methylpropanoai@.3) was prepared by the reaction
between propargyl alcohol and 2-bromo isobutyrybnbide in the presence of
EtzN/DMAP catalyst system and G, as solven{4.27).

0] (0]
= Br EtN, DMAP |
OH " Br)‘>§ CH,CI, /\ 0 ) (4.27)

13

The structure was confirmed B NMR spectrum(Figure 4.26) A shift from 4.27
ppm of methylene protons of propargyl alcohol té74(m, 2H, G¢1,0C=0) ppm of
methylene protons df3 due to esterification reaction and singlet peak.a6 ppm

asigned to C(63),-Br clearly indicated that3 was achieved.
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Figure 4.26 :'H NMR spectrum of 2-propyn-1-yl 2-bromo-2-methylpamoate
(13)in CDClb.

Next TEMPO-acrylatg14) was synthesized via the reaction between 4-hydroxy
TEMPO and acryloyl chloride in the presence ofNHDMAP catalyst system and
CH,ClI; as solven(4.28).

. Et;N, DMAP Z

O-N Cl)l\/ —cuc, ﬁ\ L (4.28)
0" "0
14

As a first click reaction, Diels-Alder reaction waaccomplished between
poly(oxanorbornenyl-anthracene) and maleimide fonal compound7) at 110°C
in toluene and 1,4-dioxane solvent mixture for 4@.R9).
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O
0\ H O Toluene, 1,4-dioxane 0,
110 °C
o O0=N""0 O (0]
o o

(0] 0

(0] (o)

o)

0

SN 7 =
See Y
N

PONB-anthracene [0} 3
o)

(4.29)

Br
PONB-g-7

'H NMR spectrum of the obtained PON? clearly indicated the successful click
reaction that anthracene signals§(53-7.51) disappeared and new signals for the
corresponding anthracene-maleimide cycloadduct aapde( 5.47 and 3.29 for

C=00; of cycloadduct and bridge protons, respectiveigure 4.27).

Figure 4.27 :*H NMR spectrum of PONR}-7 graft copolymer in CDGI
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The formation of target graft copolymer is followeder time by UV spectroscopy
upon the disappearance of the signal of the angjnoglp at 366 nniFigure 4.28)By
using UV data, Diels—Alder click reaction efficignewas found to be 97 %.

Figure 4.28 :UV spectra of PONB-anthracene (t = 0 h) during $iyathesis of
PONB-g-7 (t = 40 h) graft copolymer (& 4.7 X 10° mol/L in
CH.CL,).

After that, bromide end-groups of PONJB# graft copolymer were converted into

azide end-groups via azidation react{dr80).

0) 0)
n n
[0) N 0] N3N3, DMF 0 0}

r. t.

O,U\/\n,o\/—
o
o
O’u\/\n/o\/_
)

(4.30)

oo‘.oo

s
ZO
e

Br
PONB-Br PONB-N;
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From *H NMR spectrum, it can be seen thaH-8r proton at 4.22 ppm and
CH(Br)(CHs) protons at 1.79 ppm were shifted to 3.83 ppH{&G) and 1.43 ppm
(CH(N3)(CHa)) respectively(Figure 4.29).Additionaly, GPC tracegFigure 4.34)
indicates that the PONB3Nshifts through the high molecular weight regiomeT
number-average theoretical molecular weidW .= 14800 g/mol), which did not
fit with the number-average molecular weight by eamtional GPC M, cpc= 8500
g/mol) relative to linear PS standards was compeartdb that obtained from three
detection GPCNl tocpc= 17100 g/mol)Table 4.3).

Figure 4.29 :*H NMR spectrum of PONB-MNgraft copolymer in CDGlI

Afterwards in situ CUAAC-NRC click reaction was carried out betwedDNB-N;3
graft copolymer, compounds3 and14 in the presence of Cu(0), Cu(l)/PMDETA in
DMF at room temperature for 12 h to yield the fipedduct, PONB-acrylatgt.31).
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PONB-N; d

PONB-acrylate

NMR analysis showed that precurs@fandl14 had successfully been grafted to the
copolymer (Figure 4.30).The peaks at 7.80, 1.19 and 0.98 ppm could easly
assigned as & of triazole, Gi; of TEMPO and €I, of TEMPO respectively.
Additionally, a new peak at 6.37 ppm and expansibpeaks at 6.07 ppm and 5.76
ppm appeared due to the new peaks assigned a® gkations of TEMPO-acrylate.
Moreover, the ratio of integrated signals at 7.8thCH of triazole) and 2.69 ppm
(C=0OCH,CH,C=0 of main backbone) confirmed the efficient immmation of
grafts. The GPC traces of PONB-acrylate graft cgpelr exhibited a monomodal
distribution and completely shifted to the higheoletular weight region as
compared with PONB-N(Figure 4.34) andalso it was found good agreement
betweernM, iheo(21800 g/mol) and/,, tocpc(23600 g/mol)YTable 4.3).
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Figure 4.30 :*H NMR spectrum of PONB-acrylate graft copolymeGBCls.

The formation of PONB-acrylate graft copolymer wagher confirmed by FT-IR
spectroscopyFigure 4.31).A strong stretching of azide at 2100 trdisappeared

afterin situ click reactions indicated that quantitative cosw@n was achieved.

(b)
(@)

Figure 4.31 :FT-IR spectra of PONB-N(red)(a) and PONB-acrylate (bluglp).
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After in situ CUAAC and NRC click reactions, Thiol-ene click cgan through
nucleophilic mechanism was applied to the prepamatif PONB-phenyl by simply
reacting allyl end-groups with thiophenol in theeggnce of BN in CH,Cl, as a
solvent(4.32).

-
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(4.32)
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From *H NMR spectrum it was clearly seen the allyl pretai PONB-acrylate at
6.37 ppm, 6.07 ppm and 5.76 ppm were disappearmdtdean peaks at 3.13 ppm and
2.57 ppm were appeared assigned as methylene proodn CH,SPh and
C=0CH,CH,SPh respectivelyFigure 4.32).Notably, unimodal shape of the GPC
curve without a tail was obtained confirming aniciéint PONB-phenyl formation
(Figure 4.34). Iraddition, the number-average theoretical moleonkEght M, theo=
24000 g/mol) calculated according to the followemguation My, theo= 21800 M theo
of PONB-Acrylate) + 20 X 110.17 g/mol (MW of Thiophol) did not fit the
number-average molecular weight by G, pc= 13500 g/mol) relative to linear
PS standards, however, was comparable to the nuenkesige absolute molecular
weight obtained from three-detection GPWM,pcpc = 25300 g/mol) using an
experimental derivedrddc = 0.190 mL/dTable 4.3).

117



Figure 4.32 :*H NMR spectrum of PONB-phenyl graft copolymer in C

Furthermore, second Thiol-ene click reaction wasri@ out through radical
mechanism. For this reaction, PONB-phenyl, 2-mdoztphanol, DMPA as a
photoinitiator and 1,4-dioxane as a solvent weredu#.33). The mixture was

irradiated by a photoreactor at 365 nm at room tFatpre for 2 hours.
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(4.33)

PONB-phenyl Mercaptoethanol functionalized
PONB-phenyl

The structure of graft copolymer confirmed 1y NMR spectrun{Figure 4.33)The
disappearance of trans and cisl€CH protons of backbone at 6.07 and 5.77 ppm
clearly indicated that mercaptoethanol functiorediZZONB-Ph was achieved. A
TD-GPC trace shows a monomodal distribution and bemaverage molecular
weight (M, tpepc= 27800 g/mol) which is compatible wit, eo (25500 g/mol) and
narrow polydispersityM,/M, = 1.38) values were obtained from TD-GPC in THF at
35 °C, after introducing W/dc = 0.107 mL/g of linear PS standard to the OBg-
software(Table 4.3).
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Figure 4.33 :'H NMR spectrum of mercaptoethanol functionalized\iBaPh graft
copolymer in CDG.
The GPC traces of all polymers exhibited a monorhdddribution and shifted to
the higher molecular weight region as compared witbir starting polymers,
proving the successful synthesis of graft copolyas depicted ifigure 4.34and
furthermore the molecular weight distributions egkatively narrow and in the range
of 1.13-1.19 from the conventional GPC. On the ottend, it was observed that the
GPC trace of the mercaptoethanol functionalized B did not shift to the
higher molecular weight region compared to its precr. This may be attributed to
disappearance of the PONB main backbone rigiditys feading to a decrease in the
hydrodynamic volume after modification with mercagthanol via radical thiol-ene
click reaction. A similar behavior was reportedewrity by Hizal and Tunca et al., in
which the GPC trace of the thioethanol modified B8O radical thiol-ene reaction
shifted to the lower molecular weight region relatito its unmodified polymer
precursor[51]. This is also supported by macromolecular charsties data from
the triple detection GPC.
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Figure 4.34 :Evolution of GPC traces of PolyONB-anthracene, BPd{B-Ns,
PolyONB-acrylate, PolyONB-phenyl, mercaptoethanohtionalized
PolyONB-phenyl graft copolymers in THF at 30.

All results of the poly(oxanorbornenyl anthracena@nd graft copolymers were
presented iTable 4.3.
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Table 4.3 : The results opoly(oxanorbornenyl anthracena)d graft copolymers.

GPC TD-GPC

Polymers M theo Mn.cpc Mw/Mh, Mntoepc®  My/M,  dn/dc”

(g/mol) (g/mol) (g/mol) (mL/g)
PolyONB-anthracene 100006 6300 1.13 11200 1.17 0.17
PolyONB-N3 14800 8500 1.15 17100 1.32 0.11
PolyONB-acrylate 21800 12200 1.18 23600 1.37 0.11
PolyONB-Ph 24000 13500 1.15 25300 1.43 0.11
Mercaptoethanol functionalized PolyONB-Ph 25500 12800 1.19 27800 1.38 0.11

& M, theo= 20 ([M]o/[Catalyst}) X conversion % X MW of.

b Mn.theo™= Mn theoOf PONB-anthracene + 20 X MW @f— 20 X MW of furan group — 20 X MW of bromide gro#®20 X MW of azide group.

“ M theo= Mh theoOf PONB-N; + 20 X MW 0f 13— 20 X MW of bromide group + 20 X MW df4.

d Mn.theo™= Mn theoOf PONB-acrylate + 20 X MW of Thiophenol.

€ Mn.theo= Mn.thecOf PONB-Ph + 20 X MW of Mercaptoethanol.

" Determinecby using GPC (RI detection) in THF at 30 °C refatio PS standards.

9Calculated from TD-GPC in THF at 35 °C.

"Determined from a slope of RI area-concentratinedi plot containing at least four different polyroencentrations, assuming that truly size-exclusiechanism was

operative in the columns of TD-GPC.
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A similar click reactions strategy was carried tmrtthe synthesis of polycarbonate-
phenyl graft copolymer as used for synthesis ofpihlgoxanorborneneimide-phenyl
graft copolymer. Therefore, Diels-Alder click react was accomplished between
polycarbonate and maleimide functional compogfyat 110°C in toluene as a

solvent for 40 K4.34).

0 (0]
OiJLO 01»]1'[ Toluene, 110 °C OiJLO 0']},?
0 5 (0]
(0)

(0] A \[11;4 (0}
MN“\’O LR o 7=
L ° 5 ° s 0 (4.34)
PC-Anth 0o ?1

O

O=3{1
Br
PC-Br

'H NMR spectrum of the obtained RE7 clearly indicated the successful click
reaction that anthracene signals8(45-7.29) disappeared and new signals for the
corresponding anthracene-maleimide cycloadduct aapde( 5.49 and 3.32 for
C=00H;, of cycloadduct and N&,CH,OC=0, H-CH bridge protons of
cycloadduct, respectivelyrigure 4.35).
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Figure 4.35 :*H NMR spectrum of PC-@-graft copolymer in CDGI

By using UV-Vis spectrometry data, Diels-Alder &liceaction efficiency was found
to be over 98 %Figure 4.36).

Figure 4.36 :UV spectra of PC-anthracene during the synthesBR®Br (G= 4.7
X 10° mol/L in CH,CL).

124



The azidation reaction was performed on the PC+RBit gopolymer by using NaN
and DMF as a solvent at room temperature for ogétri.35).

©/\0#Lo/t;0‘|': NaN;, DMF O#O/YO+H

Q
=}

O i — . (0]
@.’,,9 O.’ra
0 0 (4.35)
N N

k¢ k¢
0=S{1 o=S{1

Br N3

PC-Br PC-N;

'H NMR spectrum showed thatH=Br proton at 4.27 ppm and CH(Br)ds) protons
at 1.77 ppm were shifted to 3.83 ppmH®I3) and 1.42 ppm (CH(N(CHs))
respectively(Figure 4.37). Additionaly, GPC traces (Figure 4.#icates that the
PC-N3 shifts through the high molecular weight oegi The number-average
theoretical molecular weight (Mn,theo = 9700 g/mathich did not fit with the
number-average molecular weight by conventional GMG,GPC = 5300 g/mol)
relative to linear PS standards was comparablbabdbtained from three detection
GPC (Mn,TDGPC = 12700 g/mol) (Table 4.4).
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Figure 4.37 :*H NMR spectrum of PC-pgraft copolymer in CDGI

The PC-N graft copolymer was further subjected ito situ CUAAC-NRC click
reaction with compound.3 and 14 in the presence of Cu(0), Cu(l)/PMDETA in
DMF at room temperature for 12(4.36).
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PC-acrylate

Z2-0

@]

PC-acrylate graft copolymer was first characterizgd'H NMR spectroscopy
(Figure 4.38).The peaks at 7.80 and 0.99 ppm could easily bigress as € of
triazole and €, of TEMPO respectively. Additionally, new peaksa23 ppm, 6.08
ppm and 5.78 ppm appeared due to the new peakgnedsas alkene protons of
TEMPO-acrylate. Moreover, the ratio of integrategnals at 7.80 ppm (& of
triazole) and 4.27 ppm {&OC=0 of PC) confirmed the efficient incorporatioh o
grafts. The GPC traces of PC-acrylate graft copelyraxhibited a monomodal
distribution and completely shifted to the higheoletular weight region as
compared with PQN3 (Figure 4.41)and also it was found good agreement between
M theo(15700 g/mol) and, tpepc(17900 g/mol)Table 4.4).
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Figure 4.38 :*H NMR spectrum of PC-acrylate graft copolymer in@p

Next the formation of PC-acrylate graft copolymeaswurther confirmed by FT-IR
spectroscopyFigure 4.39).A strong stretching of azide at 2100 trdisappeared

afterin situ click reactions indicated that quantitative cosw@n was achieved.

(b)

(@)

Figure 4.39 :FT-IR spectra of PC-N(red)(a) and PC-acrylate (blug€b).
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Finally, Thiol-ene click reaction through nucledpghimechanism was applied to the
preparation of PC-phenyl by reacting allyl end-gr®uwith thiophenol in the
presence of BN in CH,Cl, as a solven{4.37).

{JL H
O{JLO O‘}m EtN3 CH,Cl, 0 0 O‘l'

.rO .rﬁ

N
o

0 O
y{ O%{{
-N -N

Y Y
(0] (0]

=]

722

(4.37)

Y A
o B
0

PC-phenyl

From'H NMR spectrum it was clearly seen the allyl pratai PC-acrylate at 6.33
ppm, 6.08 ppm and 5.78 ppm were disappeared angeaaks at 3.13 ppm and 2.57
ppm were appeared assigned as methylene protd@id &Ph and C=08,CH,SPh
respectively(Figure 4.40). Theratio of integrated signals at 7.79 ppmH(®f
triazole) and 2.57 ppm (C=GGCH,SPh) confirmed the efficient incorporation of
thiophenol. Notably, unimodal shape of the GPC eumthout a tail was obtained
confirming an efficient PC-phenyl formatiqiigure 4.41).In addition, the number-
average theoretical molecular weightnneo= 17600 g/mol) calculated according to
the following equationM, heo= 15700 My, theoOf PC-Acrylate) + 17 X 110.17 g/mol
(MW of Thiophenol) did not fit the number-averagelatular weight by GPC
(Mn.cpc= 9400 g/mol) relative to linear PS standards, h@arewas comparable to
the number-average absolute molecular weight obdafrom three-detection GPC
(Mn toepc= 20000 g/mol) using an experimental deriveddd = 0.100 mL/gTable
4.4).
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Figure 4.40 :*H NMR spectrum of PC-phenyl graft copolymer in CRCI

After purification processes, a clear shift to ghmolecular weight region was
observed from GPC measurement without tail or steuproved the formation of

graftcopolymers (Figure 4.41).
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Figure 4.41 :Evolution of GPC traces of PC-anthracene, PCRC-acrylate, PC-
phenyl graft copolymers in THF at 3G.

The molecular weight details of polycarbonate-aatbne and all graft copolymers

after quadruple click reactions were tabulate@able 4.4.
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Table 4.4 :Characterization gbolycarbonate-anthracema@d graft copolymers after quadruple click reaio

GPC TD-GPC
Polymers M theo(@/mol)  Mpepc(g/mol)  Muw/My, Mn.Tp-GPC. Mw/Mp dn/dc®
(g/mol) (mL/g)
Polycarbonate-anthracene 5700 3500 1.27 6000 1.23 0.19
Polycarbonate-N; 9700 5300 1.18 12700 1.22 0.12
Polycarbonate-acrylate 15700 8500 1.13 17900 1.20 0.11
Polycarbonate-Ph 17600 9400 1.12 20000 1.21 0.10

& My theo= (IM]/[1]0) X conversion % X MW of monomer + MW of initiat¢t 1).

b Mn theo= Mn.theoOf PC-anthracene + 17 (DPn was calculated by takitoggaccount a ratio of the integrated valuedbNMR spectra) X MW of7 — 17 X MW of furan group —
17 X MW of bromide group + 17 X MW of azide group.

© Mn theo= M thecOf PC-Ns + 17 X MW 0f13— 17 X MW of bromide group + 17 X MW df4.

4 Mn.theo= Mi.tneoOf PC-acrylate + 17 X MW of Thiophenol.

®Determinedby using GPC (RI detection) in THF at 30 °C refatio PS standards.

"Calculated from TD-GPC in THF at 35 °C.

9Determined from a slope of RI area-concentratinadi plot containing at least four different polyraencentrations, assuming that truly size-exclusi@chanism was
operative in the columns of TD-GPC.
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4.3 Synthesis of 1-Propanethiol Functionalized an#li-acetyl-L-cysteine methyl-
ester Functionalized Poly(ONBg-PMMA- co-ONB-g-PEG-co-ONB-g-PCL)19

Heterograft Brush Copolymers via Quadruple Click Reactions

As a new synthetic route, sequential/one-pot quadralick reactions involving
Diels—Alder, CUAAC, NRC and Thiol-ene coupling tbe preparation of heterograft
brush copolymers were employed by using the gmafbinto approach as outlined in
(4.38).
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In this study, an equimolar mixture of oxanorboryleanthracene (ONB-anthracene)
(6), oxanorbornenyl-bromide (ONB-Br(7), and oxanorbornenyl tosylate (ONB-
OTs) (15) was polymerized via ring opening metathesis polyragon (ROMP)
using the first generation Grubbs’ catalyst in CH at room temperature to form
poly(ONB-anthracenee-ONB-Br-co-ONB-OTs), copolymer as a main backbone.
For this purpose, the monomers and initiators wgnehesized at first.

The monomers, oxanorbornenyl anthracé@dNB-anthracene)6) and 2-bromo-

propionic acid 2-(3,5-dioxo-10-oxa-4 azatricycl@d.07% dec-8-en-4-yl)-ethyl
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ester (ONB-Br)(7) were synthesized via esterification reaction astrored before.
Oxanorbornenyl tosy|15) was obtained via an esterification reaction betwzand
excess amount @ftoluene-sulfonyl chloridén the presence of Ei/DMAP catalyst
system(4.39).

0. Y o O, o
Et;N, DMAP
B l E (:) n 3N A0S _< }_ .
') ’ o) 212

From*H NMR spectroscopyFigure 4.42) characteristaignals of benzyl protons (
7.78-7.35), methyl protons of phenyl and a shdtir3.75 ppm of methylene protons
(NCH,CH,0OH) to 4.20 ppm of methylene protons (N£H,0SG) were clearly

seen.

Figure 4.42 :*H NMR spectrum of oxanorbornenyl tog5)in CDCl.

Next, ring-opening metathesis polymerization (RONé&jction strategy was used to
obtain poly(ONB-anthracensa-ONB-Br-co-ONB-OTs), random copolymer by
first generation Grubbs’ catalyst (P§)Cl),-RuCHPh and monome# 7, 15 with

reaction conditions as describ@d40).
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poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)

The aromatic protons of anthracene and tosylata 8016 to 7.27 ppm, the vinylic
protons of main backbone at 6.03HECH, trans), 5.76 (B=CH, cis), the methyl
protons of CH(Br)Els group at 1.77 ppm were observed in tHeNMR spectrum
(Figure 4.43).Moreover, the composition of this copolymer cobkl quantitatively
determined by a comparison among the integratathsigof the aromatic protons
adjacent to Segroup ( 7.71), C=0OCEi,CH,C=0 ( 2.57) and CH(Br)€s ( 1.77)
that indicated a ratio of 10.3 : 9.6 : 10.1, prgvihat all monomers are present in
equimolar amounts in the copolymer. In additione thumber-average NMR
molecular weightN, nmwr = 12000 g/mol) was calculated according to théovaihg
equation M, nvr = 9.6 x 500 g/mol (MW 06) + 10.1 x 343 (MW of7) + 10.3 x 363
(MW of 15) (Table 4.6). Itis noted thatM, nwvr iS consistent with M, e 12100
g/molandM, gpc= 13400 g/mol.
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Figure 4.43 :'H NMR spectrum ofpoly(ONB-anthracenee-ONB-Br-co-ONB-
OTs)o random copolymein CDCl.

Next, the linear polymers used in the synthesisedérograft block copolymers were
accomplished. PEG-TEMPO is synthesized via usingydtoxy-TEMPO as an
initiator as mentioned before. Furan protected-matke terminated PMMA

(PMMA-MI) was prepared by ATRP of MMA, using as initiator (4.41). As

different from the synthesis of MI-PMMA-CI, tribdtinhydride was added to the
reaction mixture as a source of hydrogen atomg #fie predetermined times of
polymerization and stirred further 30 min. The poérization temperature was
purposely kept low in order to prevent furan pratec and possible
copolymerization of maleimide and monomers durir@ymerization. Number-
average molecular weight calculated by GP@,dpd of PMMA-MI was in

agreement with the theoretical ond,(ne) indicating that the initiations were not

quantitative under these polymerizatmmditions (Table 4.5).

o O
o MMA,PMDETA o o
] N\/\O)l\ﬁ% CuCldo°c "N (4.41)
T

(0]
3 PMMA-MI
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The NMR number-average molecular weighit, (mr = 2300 g/mol) was calculated
from a ratio of the integrated values of B£of PMMA and NCGH,CH,OC=0 (
3.80-3.50) to that of a signal at 6.55 ppm assiabvinylic protons, while being
included the molecular weight of initiator (357 @Wn(Figure 4.44).The number-
average molecular weight obtained by GR, érc = 3200 g/mol, relative to linear
PMMA standarts) is an agreement Wi ynuwr, thus indicating that the quantitative
maleimide end-group functionalization of the PMMAasvsuccessful. Moreover,
Mw/M, = 1.25 calculated from GPC displays narrow molacweight distribution
(Table 4.5).

Figure 4.44 :'H NMR spectrum of furan-protected maleimide endefionalized
PMMA (PMMA-MI) in CDCls.

Next, the PCL-alkyne was obtained by ROP e€L in bulk using tin(ll) 2-
ethylhexanoate, Sn(Ogfas a catalyst and propargyl alcohol as an initigal2).

_ Sn(Oct), . o y i
OH O —oec — = ‘OPI\/\/\’O,];,H (4.42)

PCL-alkyne

Alkyne end-functionality was confirmed by the obsdion of a signal at 4.68
(CH CCH,OC=0) in the'H NMR spectrum (Figure 4.45M, nvr (3300 g/mol) of
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the polymer was determined accordingly from thegration of the peaks at 4.05
and 3.65 ppm related to PCL repeating unit akhd@H, end group protons of PCL,

respectively.

Figure 4.45 :'H NMR spectum of alkyne end-functionalized PCL (P&kyne) in
CDCls.

Mn.cpcOf PCL-alkyne was calculated to be 7120 g/mol, Baselinear PS standards
(RI detector). However, determining more precise rtiolecular weight for PCL, a
correction formula was useM, pc. = 0.259 XM cpc 9”2 (Mn.pcL = 3500 g/mol),
where My gpc is the molecular weight determined from GPC udht§ standards
[266. Monvr, Mntheo and Mppc. values were in good agreement. The

characterizations of all linear precursors wereaili@ied inTable 4.5.
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Table 4.5 : The results of linear polymers used in the synthesiheterograft block

copolymers.
Polymer Conv? My/M, Mn cpc Moavr — Matheo
(%) (9/mol)  (g/mol)  (g/mol)
PMMA-MI| @ 29 1.25 3206 2300 18009
PEG-TEMPO ° 83 1.07 870 - 800"
PCL-Alkyne °© 90 1.09 3500 3300 310¢

& [M]o:[1] :[CuCI:[PMDETA] = 50:1:1:1; polymerization was ¢ad out at 46C. MMA / toluene =
1 (v/v). Tributyltinhydride was added after predetmed time and the reaction was contiuned for
further 30 min.

® Obtained by an esterification reaction between REBOH and 4-hydroxy-TEMPO at room
temperature for overnight.

°[M][11o = 30 ; [ll/[cat]y = 50; polymerization was carried catt110°C.

 Determined by gravimetrically.

®Determined by conventional GPC using linear PMManstarts.

" Determined by conventional GPC using linear PSdstets after applying a correction formula
(MnpcL=0.259 XMn,crc 0.

IMnstheo = ([M]o/[1] o) X conversion % X MW of monomer + MW of initiator.

" Mn.theo= Mn.iheo Of PEG-COOH + MW o#i-Hydroxy-TEMPO MW of H.0.

In the first case of synthesis of heterograft blombpolymer, 1-propanethiol
functionalized poly(ONB-anthracerm®-ONB-Br-co-ONB-OTSs) random
copolymer was carried out by thermal thiol-ene kcliceaction between 1-
propanethiol and poly(ONB-anthracec@ONB-Br-co-ONB-OTSs) in the presence

of thermal initiator 4,4azobis(4-cyanovaleric acid) at 8D (4.43).

{
L T Sl
(2 (2

1-propanethiol functionalized
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs) poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)

The complete disappearance of the allyl signal$.68 and 5.76 ppm and the
appearance of new signals corresponding to S@HCH,CH; at 1.00 ppm,
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SCHH,, SCHCH; at 1.60-1.75 ppm and $zat 2.58 ppm confirmed the structure

of the functionalized copolymer (Figure 4.46).

Figure 4.46 :'H NMR spectrum of 1-propanethiol functionalized y{GINB-
anthracene&o-ONB-Br-co-ONB-OTs)random copolymer in CDgll

Subsequently, 1 equiv of the 1-propanethiol funalzed poly(ONB-anthracene-
co-ONB-Br-co-ONB-OTs), random copolymer was grafted with a 1.5 equiv of a
linear PMMA-MI precursor M, cec = 3200 g/mol) via Diels-Alder click reaction at
reflux temperature of toluene for 45 h to yield graft copolymer, 1-propanethiol
funtionalized  poly(ONBg-PMMA-co-ONB-Br-co-ONB-OTs)o (4.44). The
unreacted PMMA-MI was removed from the reaction tme& by dissolution-
precipitation (THF-MeOH/diethyl ether).

140



O, O, O, PMMA-MI 0, 0, 0.
—_—_—

Toluene, 110°C

N
1-propanethiol functionalized o
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)
0]
O
_0.
3 =y
H
1-propanethiol funti

poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)

Diels-Alder efficiency was calculated t§¥.15). The UV spectroscopy reveals 95%
of Diels-Alder efficiency by monitoring the disagyance of characteristic five

finger absorbance at 300-400 nm correspondinga@itithracene ring-igure 4.47).
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Figure 4.47 :UV spectra of 1-propanethiol functionalized poly(B{dnthracene-
co-ONB-Br-co-ONB-OTs)o (t = 0 h) during the synthesis of 1-
propanethiol  functionalized poly(ON§PMMA-co-ONB-Br-co-
ONB-OTSs) (t = 45 h) graft copolymer & 4.7 X 10° mol/L in
CH,CL,).

Moreover, from*H NMR spectrum, theDP, of the PMMA graft present in the

copolymer was calculated to be 19 from a ratiomégrated signals at 3.60 ppm

(OCHj3; of PMMA) to 5.48 ppm (C=008; of cycloadduct). It should be noted that

this is almost consistent with tHgP, = 20 of PMMA-MI. All spectroscopic data

evidenced that PMMA had been quantitatively gratiatb the copolymer backbone.

The 'H NMR analysis displayed the disappearance of treacteristic anthracene

signals from 8.48 to 7.32 ppm indicating that thel®Alder reaction had occurred

(Figure 4.48).

142



Figure 4.48 :'H NMR spectrum of 1-propanethiol functionalized y{GINB-g-
PMMA-co-ONB-Br-co-ONB-OTs)graft copolymer in CDGI
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The PEG-TEMPO (5 equiv) was grafted onto the 1-angphiol functionalized
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTSs), graft copolymer (1 equiv) using
the NRC click reaction to yield corresponding hetgaft copolymer, 1-propanethiol
functionalized poly(ONB3-PMMA-co-ONB-g-PEG€0-ONB-OTs)o (4.45). The

NRC click reaction was carried out using Cu(0), BlWPMDETA as catalyst in
DMF at room temperature for 24 h. The crude prodwes purified by two

dissolution-precipitation cycles in THF-cold MeOFespectively, due to that the

unreacted PEG could be easily removed from theymtod

O O. O. O. O O
n PEG-TEMPO n
OFNN7T0 OFNN7S0 0P y~0 PMDETA/CuBr/Cu(0)/ OFN\ 0 0N\ S0 0P NS0
S S g DMF S g
(o] (o] (o] ] (o] S
0} —l_ o o (I)
0 0=S=0 0=$=0
o Br o 0
O 0O N
Do, > >Q< (4.45)
(0} ' 0 [0}
N N 0
Y o
o] 0 o
o o {)
-0 < 0 [0}
(o] n 0 i )
1-propanethiol functionalized le)
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs) =7

1-propanethiol functionalized
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs)

The*H NMR spectrum of the purified product is showrFigure 4.49 andhe DP,
of the grafted PEG is calculated to have 11 by @mpg the integrals of the
C=0O0CHCH;N, NCH,CH,OC=0, NCHCH,OC=0, OGi; of PMMA and
CH,CH,0 of PEG (3.60 and 3.70 ppm) to two protons of CEbBof cycloadduct
at 5.48 ppm, thus confirming the assumed struafiteeterograft copolymer, while
theDP, of the grafted PMMA is assumed to be 19.
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Figure 4.49 :'H NMR spectrum of 1-propanethiol functionalized y{GINB-g-
PMMA-co-ONB-g-PEG€0-ONB-OTs) heterograft copolymerin
CDCls,

As a final stepjn situ azidation and CuAAC click reaction strategy wapliag to
the preparation of the target heterograft brush olyoper, 1-propanethiol
functionalized poly(ONB3-PMMA-co-ONB-g-PEG€0-ONB-g-PCL),0. The OTs
pendant groups of the 1-propanethiol functionalipety(ONB-g-PMMA-co-ONB-
g-PEG€0-ONB-OTSs)o (1 equiv) werdn situ converted to azides, followed by the
reaction with a PCL-alkyne precursor (1.5 equiv) tlee presence of NaN
Cu(l)/PMDETA in DMF at 46C for 24 h to yield the final product, 1-propanethi
poly(ONB-g-PMMA-co-ONB-g-PEG€0-ONB-g-PCL) heterograft brush
copolymer. The contaminant PCL-alkyne was removedhfthe final product by
dissolution in THF and precipitation in methanaftilyl ether (2/1]4.46).
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1-propanethiol functionalized 1-propanethiol functionalized
poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-OTs) poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)

From 'H NMR spectra(Figure 4.50),it was revealed that the protons related to
CH,0O and C=0¢€I, of PCL and the @& of triazole observed at 4.07, 2.31 and 5.13
ppm respectively. ThéH NMR spectrum of the heterograft brush copolymer
displayed % 21 conversion of the PCL graft to tr@mbackbone by the ratio of the
characteristic signals at 4.07 ppm HO of PCL) to 3.70-3.60 ppm
(C=0O0CHCH2N, NCH,CH,0C=0, NCHCH,OC=0, OC,CH, of PEG, G,0OH

of PCL and OEl; of PMMA). It is noted thaDP, value of PCL determined from the
'H NMR is not consistent with thBP, = 28 value of linear PCL precursor when the
DP.,s of grafted PMMA and PEG are assumed to be 19 Hhdrespectively

confirming the inefficient incorporation of the PCL
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Figure 4.50 :'H NMR spectrum of 1-propanethiol functionalized y{GINB-g-
PMMA-co-ONB-g-PEG-¢0-ONB-g-PCL);o heterograft brush
copolymer in CDG.

The GPC traces of all polymers exhibited a monaahdistribution and completely

shifted to the higher molecular weight region asnpared with their starting

polymers, proving the successful synthesis of boggiolymers as depicted kgure
4.51,and furthermore the molecular weight distributi@ne relatively narrow and in
the range of 1.21-1.54 from the conventional GP@. t&e other hand, it was
observed that the GPC trace of the 1-propanethioictionalized poly(ONB-
anthracen&o-ONB-Br-co-ONB-OTs), copolymer did not shift to the higher
molecular weight region compared to poly(ONB-antlereeco-ONB-Br-co-ONB-

OTs)o copolymer. This may be attributed to disappearaoicéghe PONB main

backbone rigidity, thus leading to a decrease m llydrodynamic volume after

modification with 1-propanethiol via radical thiehe click reactiof51].
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Figure 4.51 :Evolution of GPC traces: poly(ONB-anthraceseONB-Br-co-
ONB-OTs)o, 1-propanethiol functionalized poly(ONB-anthracee
ONB-Br-co-ONB-OTs)q, 1-propanethiol functionalized poly(ON&-
PMMA-co-ONB-Br-co-ONB-OTs),, 1-propanethiol functionalized
poly(ONB-g-PMMA-co-ONB-g-PEG-€0-ONB-OTs) 1-propanethiol
functionalized poly(ONB3-PMMA-co-ONB-g-PEG-¢o-ONB-g-
PCL)o.
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Table 4.6 :GPC characterization of random copolymers and gagfolymers.

Polymer Yield Muw/Mp M cpc? Mn.NMR M theo
(%) (g/mol) (g/mol) (g/mol)

Poly(ONB-anthracene€o-ONB-Br-co-ONB- 99" 1.21 13400 12000 12100"
OTS)]_C a
1-propanethiol functionalized poly(ONB- 95 1.35 10000 14300 14400
anthraceneco-ONB-Br-co-ONB-OTs),"
1-propanethiol functionalized poly(ONB-g- 62 1.54 16700 34400 32500"
PMMA- co-ONB-Br-co-ONB-OTS)y ©
1-propanethiol functionalized poly(ONB-g- 87 1.47 31800 42000 40500"
PMMA- CO-ONB-g-PEG-CO—ONB-OTS)lod
1-propanethiol functionalized poly(ONB-g- 56 1.45 28500 49000 72000"

PMMA- co-ONB-g-PEG-co-ONB-g-PCL)10°

 Synthesized by ROMP using Grubbs’ catalyst (B{8l),-RUCHPh and monomess 7, 15at room temperature for 1 h. fM[M]¢/[M15]0=1; [Me]o/[1] 0 =10.
® Obtained by Thiol-ene click reaction by thermatiaior, ABCVA for 16 h at 80C.

¢ Diels-Alder click reaction was carried out at ’0for 45 h.

4 Obtained by NRC reaction in DMF as asolvent at reemperature for 24 h.

®Obtained byin situ azidation and CuUAAC click reactions in DMF as asalt at 40°C for 24 h.

" Determined by gravimetrically.

9Determined by conventional GPC using linear PSdstang.

" Mnnmr= (9.56 X MW 0f6) + (10.067 x MW of7) + (10.37 x MW of15).

"Mnnvr= (9.56 X MW 0f6) + (10.067 x MW of7) + (10.37 x MW 0f15) + (30 x M, of 1-propanethiol).

I Mnnvr= (9.56 x MW 0of6) + (10.067 x MW 0f7) + (10.37 x MW of15) + (30 x M, of 1-propanethiol) + (10 ®©P, calculated fromtH NMR xM,, of repeating unit) + (10 x
M,, of initiator).

¥ Mp.mec= (10 X MW 0f6) + (10 x MW 0f7) + (10 x MW 0f15).

IMn,theo: (10 x MW 0of6) + (10 x MW 0of7) + (10 x MW 0of15) + (30 x M, of 1-propanethiol).

™M the= (10 X MW 0f6) + (10 x MW 0of7) + (10 x MW 0f15) + (30 x M, of 1-propanethiol) + (10 M, e, Of graft polymers).

"This value was referred to herein as conversion.
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After the synthesis of 1-propanethiol functionatizeoly(ONB-g-PMMA-co-ONB-
g-PEG-€0-ONB-g-PCL)heterograft brush copolymer via sequential qua@raptk
reactions, the same strategy but in a differentotetvas applied to the synthesis of
N-acetyl-L-cysteine methyl-ester functionalized H{QiNB-g-PMMA-co-ONB-g-
PEG-€0-ONB-g-PCL),o heterograft brush copolymer. At the beginning ofs th
method, N-acetyl-L-cysteine methyl-ester functionalized g@i}NB-anthraceneo-
ONB-Br-co-ONB-OTs)o random copolymer was carried out by thermal terod
click reaction betweenN-acetyl-L-cysteine methyl-ester and poly(ONB-antierse-
co-ONB-Br-co-ONB-OTs)o in the presence of thermal initiator 4a&obis(4-
cyanovaleric acid) at 8T (4.47).

0O O 0O O
0] (@]
—H(N%\—H«N \
S S
O, O,

o) ABCVA, 80°C 0
—
O/

N“~O O)\(\SH OF™N7T0 O™y
(> Oj,NH S (>
=L

n n

3

0=\\"S0 0 00 00 o)

NS
o o] O O

|
O 5 o Q O f o oo

(4.47)

(0]
poly(ONB-anthracene-co-ONB-Br- co-ONB-OTS) N-acetyl-L-cysteine methyl-ester functionalized

poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs

The complete disappearance of the vinyl signals &@.03 and 5.76 and the
appearance of new signals corresponding t&ECHO and NGHCH,S between
4.90-4.50, and the C=00{3, SCH, and C=0C; of cysteine at 3.70, 3.02, and 2.08
ppm, respectively confirmed the quantitative fotioraof cysteine modified PONB
(Figure 4.52).
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Figure 4.52 :'H NMR spectrum oN-acetyl-L-cysteine methyl ester-functionalized
poly(ONB-anthracenee-ONB-Br-co-ONB-OTs), random copolymer
in CDC|3

Thereatfter, a 1.5 equiv of PMMA-MI was grafted tdl a&equiv of theN-acetyl-L-
cysteine methyl ester-functionalized poly(ONB-aatt@neco-ONB-Br-co-ONB-
OTs)o random copolymer via Diels-Alder click reactionytield the corresponding
graft copolymer in a 1,4-dioxane/toluene solvenktomie at 110C for 43 h(4.48).
The unreacted PMMA-MI was removed from the reactirture by dissolution in

THF, and subsequently two times precipitation irttraaol/diethyl ether (1/1).
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PMMA-MI

Toluene-1,4-dioxane
110°C

(4.48)

N-acetyl-L-cysteine methyl-ester functionalized
poly(ONB-anthracene-co-ONB-Br-co-ONB-OTs)

N-acetyl-L-cysteine methyl-ester functionalized
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs)

The UV spectroscopy reveals 97% of Diels-Alder aédincy via monitoring the
disappearance of characteristic five finger abswbabetween 300-400 nm
corresponding to the anthracene riffgjgure 4.53).Diels-Alder efficiency was
calculated by{4.15).
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Figure 4.53 :UV spectra of N-acetyl-L-cysteine methyl-ester functionalized
poly(ONB-anthracenee-ONB-Br-co-ONB-OTs), (t = 0 h) during the
synthesis of N-acetyl-L-cysteine  methyl-ester functionalized
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTSs) graft copolymer (t =
43 h) (G= 4.7 X 10° mol/L in CHCl,).

The 'H NMR analysis displayed the disappearance of treacteristic anthracene
signals from 8.47 to 7.27 ppm indicating that thiel®Alder click reaction had
occurred (Figure 4.54).Moreover, from the'H NMR spectrum, theDP, of the
PMMA graft present in the copolymer was calculatedbe 18 from a ratio of
integrated signals at 3.59 ppm (BCof PMMA) to 5.46 ppm (C=008; of
cycloadduct). It should be noted that this is atrmmonsistent with thBP, = 20 of
PMMA-MI. All spectroscopic data evidenced that PMMyad been quantitatively
grafted onto the copolymer backbone in order tddyiBl-acetyl-L-cysteine methyl-
ester-functionalized poly(ONB-PMMA-co-ONB-Br-co-ONB-OTs) g graft
copolymer.
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Figure 4.54 :*H NMR spectrum oN-acetyl-L-cysteine methyl-ester functionalized
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTS), graft copolymer in
CDCls.

As a final stepin situ azidation and CUAAC-NRC click reactions were apglio the
preparation ofN-acetyl-L-cysteine methyl-ester functionalized gali}NB-g-PMMA.-
co-ONB-g-PEG€0-ONB-g-PCL),o heterograft brush copolymer. The OTs pendant
groups of graft copolymdil equiv) weren situ converted to azides, followed by
the reaction with PCL-alkyne (1.5 equM; theo= 3100 g/mol) and PEG-TEMPO (5
equiv, Mpmeo = 800 g/mol) precursors in the presence of BjalCu(0),
CuBr/PMDETA in DMF at 46C for 24 h to yield the final heterograft brush
copolymer (4.49).The crude product was purified by dissolution—jiation in
THF-cold MeOH.
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o. 0. 0. PCL-Alkyne/NaN; 0. 0. 0.
n PEG-TEMPO n
0O 0 O 0 O 0 PMDETA/CuBr/Cu(0)/ O 0 O 0 O 0

Ng DMF, 40°C
o
|

N-acetyl-L-cysteine methyl-ester functionalized N-acetyl-L-cysteine methyl-ester functionalized
poly(ONB-g-PMMA-co-ONB-Br-co-ONB-OTs) poly(ONB-g-PMMA-co-ONB-g-PEG-co-ONB-g-PCL)

The'H NMR spectrum of the final heterograft brush copoér is shown irFigure
4.55. The DPn of the grafted PEG is calculatedasel2 by comparing thategrals

of the C=OOCHCH,N, C=00H; of cysteine, NEI,CH,OC=0, NCHCH,OC=0,
OCH,CH; of PEG, OGi; of PEG, G,0H of PCL and O€&3 of PMMA (3.60 and
3.70 ppm) to EI,0 of PCL at 4.07 ppm, thus confirming the assumedctire of
heterograft copolymer, while tHeP,s of the grafted PMMA and PCL are assumed
to be 18 and 28, respectively.
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Figure 4.55 :*'H NMR spectrum oN-acetyl-L-cysteine methyl-ester functionalized
poly(ONB-g-PMMA-co-ONB-g-PEG€0-ONB-g-PCL)y  heterograft
brush copolymer in CDGI

The formation of PCL graft block copolymer was hat confirmed by FT-IR
spectroscopyFigure 4.56).A strong stretching of azide at 2100 trdisappeared

afterin situ azidation and CuAAC-NRC click reactions.
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Figure 4.56 :FT-IR spectrum ofN-acetyl-L-cysteine methyl-estdunctionalized
poly(ONB-g-PMMA-co-ONB-g-PEG€0-ONB-g-PCL),o  heterograft
brush copolymer.

The GPC trace oN-acetyl-L-cysteine methyl ester-functionalized {aIiXNB-g-
PMMA-co-ONB-g-PEG-c0o-ONB-g-PCL),o shifted to the higher molecular weight
region compared with its pecursors, thereby indaaihe successful synthesis of
brush copolymers as depicted kigure 4.57. Furthermoréhe molecular weight
distributions are relatively narrow and in the rangf 1.24-1.27 from the
conventional GPC. However, it was observed thatGRE trace of th&l-acetyl-L-
cysteine methyl-ester functionalized poly(ONB-aatt@neco-ONB-Br-co-ONB-
OTs)odid not shift to the higher molecular weight regmympared to its precursor.
This may be attributed to disappearance of the P@iiB backbone rigidity, thus
leading to a decrease in the hydrodynamic volurter afiodification withN-acetyl-

L-cysteine methyl-ester via radical thiol-ene clielaction51].

157



Figure 4.57 :Evolution of GPC traces of poly(ONB-anthracasee©ONB-Br-co-
ONB-OTs)o, N-acetyl-L-cysteine  methyl-ester  functionalized
poly(ONB-anthracenee-ONB-Br-co-ONB-OTSs),, N-acetyl-L-
cysteine methyl-ester functionalized poly(ONHE2MMA-co-ONB-Br-
co-ONB-OTs)o and N-acetyl-L-cysteine methyl-ester functionalized
poly(ONB-g-PMMA-co-ONB-g-PEG-€0-ONB-g-PCL),.
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Table 4.7 :GPC characterization of random copolymers and gagfolymers.

Polymer Yield Mw/Mp, Mn.cpc' Mn.NMR M theo
(%) (g/mol) (g/mol) (g/mol)

Poly(ONB-anthraceneeo-ONB-Br-co-ONB-OTS);0 ? 99" 1.21 13400 12000 12100

N-acetyl-L-cysteine methyl-ester functionalized 97 1.24 8300 17300" 17400¢

poly(ONB-anthracene€o-ONB-Br-co-ONB-OTS)10”

N-acetyl-L-cysteine methyl-estefunctionalized 67 1.27 22400 37400 35500"

poly(ONB-g-PMMA- co-ONB-Br-co-ONB-OTS)y ¢

N-acetyl-L-cysteine methyl-ester  functionalized 50 1.25 54300 76000 74900"

poly(ONB-g-PMMA- co-ONB-g-PEG-co-ONB-g-PCL)1,°

 Synthesized by ROMP using Grubbs’ catalyst (B{8l),-RUCHPh and monomess 7, 15at room temperature for 1 h. fM[M]o/[M15]0=1; [Me]o/[1] 0 =10.
® Obtained by Thiol-ene click reaction by thermatiaior, ABCVA for 16 h at 80C.

¢ Diels-Alder click reaction was carried out at ’0for 43 h.

4 Obtained byin situ azidation, CUAAC-NRC reactions at room temperafare4 h.

€ Determined by gravimetrically.

"Determined by conventional GPC using linear PSdstes.

9 M, nvr= (9.56 X MW 0f6) + (10.067 x MW of7) + (10.37 x MW of15).

h Mnnvr= (9.56 X MW 0f6) + (10.067 x MW of7) + (10.37 x MW of15) + (30 x M, of N-acetyl-L-cysteine methyl-ester).

"Mnamr= (9.56 X MW of6) + (10.067 x MW of7) + (10.37 x MW 0f15) + (30 x M, of N-acetyl-L-cysteine methyl-ester) + (1@, calculated frontH NMR X M,, of
repeating unit) + (10 x Mof initiator).

"M theo= (10 X MW 0f6) + (10 x MW 0f7) + (10 x MW 0f15).

k Mn theo= (10 X MW 0f6) + (10 x MW 0of7) + (10 x MW 0f15) + (30 x M, of N-acetyl-L-cysteine methyl-ester).

™M theo= (10 X MW 0f6) + (10 x MW 0f7) + (10 x MW 0f15) + (30 x M, of N-acetyl-L-cysteine methyl-ester) + (10, me.Of graft polymers).

" This value was referred to herein as conversion.
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4.4 Synthesis ofN-acetyl-L-cysteine methyl-ester Functionalized 3-Mitoarm
Star Terpolymer via Quadruple Click Reactions

In this work, the linear arms of the star polymesravsynthesized first followed by
the click reactions between arms containing a neacthain end group and a
multifunctional coupling agent (core) using couglionto method to create
functionalized miktoarm star polymer. Synthetic hyedy is summarized as the
Figure 4.58.

\AOHA kh N ,‘ @i ik pee s \/‘OH/\ ”\b M}ﬁ

0:50 0=SO

OJ\(\ Thiol-ene Click
insitu azidation
o o ° o 0 o CuAAC Click
NRC Click
D A e e a N0 R — A
Oy NH o o ° 5 0 o
Y Ny Q o A o
%}\D /ﬁo —ﬂolj\/\/\,oll‘-‘ o _5 o

gg X ROSVS FPS

Figure 4.58 :Synthetic pathway for the preparation of functigred 3-miktoarm
star terpolymer via quadruple click reactions.

All the linear precursors used in the synthesiduoictionalized 3-miktoarm star
terpolymer via quadruple click reactions were tabed inTable 4.8.
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Table 4.8 : The results of linear polymers used in the synthesifunctionalized 3-
miktoarm star terpolymer.

Polymer Conv? MM, Mnope  Mnoanvr  Mnitheo

(%) (9/mol) (9/mol)  (g/mol)

PMMA-MI 2 29 1.25 3206 2300 1800°
PEG-TEMPO® 83 1.07 870 - 800"
PCL-Alkyne © 90 1.09 3500 3300 3100

& [M]o:[1] :[CuCI:[PMDETA] = 50:1:1:1; polymerization was ¢ad out at 46C. MMA / toluene =
1 (v/v). Tributyltinhydride was added after predetmed time and the reaction was contiuned for

further 30 min.
® Obtained by an esterification reaction between REBOH and 4-hydroxy-TEMPO at room

temperature for overnight.

¢ [M][11o = 30 ; [ll/[cat]y = 50; polymerization was carried catt110°C.

 Determined by gravimetrically.

®Determined by conventional GPC using linear PMManstarts.

" Determined by conventional GPC using linear PSdstets after applying a correction formula
(MnpcL=0.259 XMn,crc 0.

IMnstheo = ([M]o/[1] o) X conversion % X MW of monomer + MW of initiator.

" Mn theo= M theo Of PEG-COOH + MW of-Hydroxy-TEMPO -MW of H,0.

' This value was referred to herein as yield.

In the first step, multifunctional coupling agewbfe) was synthesized by carrying
out a series of reactions. The initial reaction Wees esterification reaction between
2,2,5-trimethyl-[1,3]dioxane-5-carboxylic ac{8) and allyl alcohol in the presence
of DCC/DMAP catalyst system and @El, as solvent. Next, the product, allyl 2,2,5-
trimethyl-1,3-dioxane-5-carboxylatel§) was hydrolized in THF by adding HCI

solution stirring for 12 hours at room temperati4&0).

O, o
>_€ DCC, DMAP
K + /\/O w]/é
HO 0] CH2C12, r.t. O><

(9]
(4.50)
HCI, THF OH
Y€ <K ——> /\/‘)Y{‘:
O OH
17

'H NMR spectroscopy confirmed clearly the structafel7 by appearance of the
signals of allylic and vinylic protons at 5.90 (&HH), 5.40-5.20 (€1,=CH) and
4.65 ppm respectively. It is obviously seen that fleak of methylene protons
neighbouring to hydroxyl group are between 3.65&8&ppm (Figure 4.59).
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Figure 4.59 :*H NMR spectra of) allyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate
(16) b) allyl 3-hydroxy-2-(hydroxymethyl)-2-methylpropanedi.7) in
CDCls.

Next, an esterification reaction was accomplishedwben allyl 3-hydroxy-2-

(hydroxymethyl)-2-methylpropanoate(17) (1 equiv) and 2,2,5-trimethyl-

[1,3]dioxane-5-carboxylic acid8) (0.95 equiv) in the presence of DCC/DMAP

catalyst system and GAIl, as solven(4.51). Thepurification process was realized

by column chromatography (silica gel) eluting wetyl acetate and hexane solvent

mixture (1:4) to give the final product as colodesl.

0] EO
/\,O\“/é »_6 >< DCC, DMAP L0 \n/€ (4.51)
OH HO CH,Cly, 1.t OH

'H NMR spectrum of compounii8 clearly showshe signals of methylene protons
of the recently added acetal group (OC=08{);) appeared at 4.15 and 3.pgm.
Also, the methyl protons were detected at 1.437 pm (COC(El3),), 1.24 ppm
(C=0OC(CHOH)(CH3)) and 1.13 ppm (C=0OC(CGH(CHz)). The methylene protons
adjacent to OH groups concerning compod&dat 3.90 and 3.70 ppm completely
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shifted to 4.46-4.29 ppm (O=CC3)OC=0) and 3.72 ppm (O=CCK;)OH)
indicating monofunctional hydroxyl group. These ules confirmed thatl8 was

successfully synthesizggigure 4.60).

Figure 4.60 :'H NMR spectrum of 3-(allyloxy)-2-(hydroxymethyl)+2ethyl-3-

oxopropyl 2,2,5-trimethyl-1,3-dioxane-5-carboxyl§i8) in CDCk.
Synthesis of 3-(allyloxy)-2-methyl-2-(((methylsutfgl)oxy)methyl)-3-oxopropyl
2,2,5-trimethyl-1,3-dioxane-5-carboxylat€l9) was performed betweerd8 and
methanesulfonyl chloride by usingsB{DMAP as a catalyst system and £&Hp as
solvent at room temperature for 12 h. Then acetatepted compound9 was
deprotected by using 0.65 N HCI to yield compo@6d4.52).
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Again, the structures of compount®and20 were confirmed byH NMR spectrum
(Figure 4.61).A new signals of methyl protons at 3.03 ppm (QS&;) and
methylene protons adjacent to ester groups at4.Zbppm (OC=0C(8,),) proved
the esterification reaction of methanesulfonyl cide. And also the achievement of
hydrolysis reaction was confirmed by the signals 383 and 3.71 ppm

(OC=0C(@H,0H),) indicating two functional hydroxyl groups.

Figure 4.61 :'H NMR spectra ofa) allyl 3-((3-hydroxy-2-(hydroxymethyl)-2-
methyl propanoyl)oxy)-2-methyl-2-(((methylsulfongRy)methyl)
propanoate (20) b) 3-(allyloxy)-2- methyl-2-(((methylsulfonyl)
oxy)methyl)-3-oxopropyl  2,2,5-trimethyl-1,3-dioxadecarboxylate
(19)in CDClb.
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Afterwards, bromide functionality was provided tetcompound0 (1 equiv.) via
esterification reaction by using 2-bromo-2-methgjpmnoyl bromide (1 equiv.) as a
reagent, BN as a catalyst and Gal, as asolvent (4.53).The purification process
was carried out by the column chromatography oiuleasgel eluting with hexane
and ethyl acetate solvent mixture by increasingpblarity of mobile phase to give
21 as a pale-yellow oil.

o} EOH o OH
O m/€o OH )(?><Br Et;N o m/éo: E0 .
— > T
0 o + Br CHyCl,rt. 27 0. o 0“2 E (4.53)
0 \<?
_S?
o\

20 21

As can be seen itH NMR spectrum(Figure 4.62), théncrease in the integration
value and the appearance of a new signal at 42B-$pm and also the
disappearance of the signal at 3.83 ppm indicatedfunctionality at one of the
hydroxyl group. The peak at 1.92 ppm integrated6 ggrotons according to the

integrated peak at 5.92 ppm (1H, &&H) proved that the bromide functionality
was accomplished.
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Figure 4.62 :*'H NMR spectrum of allyl 3-((3-((2-bromo-2-methylmanoyl)oxy)-
2-(hydroxymethyl)-2-methylpropanoyl)oxy)-2-methydmethyl
sulfonyl)oxy) methyl)propanoai@l)in CDCk.

As a final step for the synthesis of multifunctiboare (22), esterification reaction
was accomplished between compo@id1 equiv) and (1.2 equiv) in the presence
of DCC/DMAP catalyst system and QEl, as solvent(4.54). The purification
process was realized by column chromatography siliea gel eluting with hexane
and ethyl acetate solvent mixture by increasingptblarity of mobile phase to give
final product as a pale-yellow oil.

O>_€OH O \%
/Voworﬁ\gp SH'“ */ﬁr"“ ey, V\"Hﬁ J\b Jk/\'r (4.54)
o\

O-S-O
21

'H NMR spectrum of multifunctional cor2) displays clearly the characteristic
signals of anthracene protons at 8.53-7.49 ppmmagttlylene protons adjacent to the
anthracene ring at 6.18 ppniFigure 4.63). Moreover, methylene protons
(OC=0H,CH,C=00) are detected at 2.65 ppm. Then again, thbyhesie protons
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adjacent to the hydroxyl group at 3.71 ppm beloggmthe compoun@2 shifted to
4.45-4.27 ppm as it is also understood from the imésgration value.

Figure 4.63 :'H NMR spectrum of 3-(3-(allyloxy)-2-methyl-2-(((netl sulfonyl)
oxy)methyl)-3-oxopropoxy)-2-(((2-bromo-2-methyl jpanoyl) oxy)
methyl)-2-methyl-3-oxopropyl(anthracen-9-ylmethsgl)ccinate Z2) in
CDCls.

As a first click reactionDiels-Alder click reactiorwas carried out between cdzg

andthe PMMA-MI precursor in toluene at 130 for 40 h(4.55).

WW*KM ﬂd Rapt)

"S O
2 110 °C PMMA-MI
Br toluene
(4.55)
\/\O JJ\/\[r tH
O

l
O‘?'O
PMMA-allyl/OMs/Br
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The structure of PMMA-allyl/lOMs/Bwas confirmed vidH NMR spectrun{Figure
4.64). From the spectrum, a complete disappearahcan aromatic proton®f
anthracene between 8.53-7.49 ppm and methylenensratext to this ring at 6.18
ppm were observed. Moreover, new peaks correspgridi@Hz protons adjacent to
new adduct and a bridgehead protof)©f the compound were primarily detected
at 5.50 ppm and 4.77 ppm, respectivelyie DP,, value for the PMMA can be
calculated to be 19 by comparison of the integnatiof the signals of the PMMA (
3.60) and CH2 protons adjacent to cycloadduct at 5.50 pfigure 4.64).This is
close to the value (20) dtMMA-MI precursor, indicating that an efficient Dge
Alder coupling reaction occurred betwemre22 andthe PMMA-MI precursor.

Figure 4.64 :'H NMR spectrum of allyl-mesylate-bromide-terminat&MMA
(PMMA-allyl/OMs/Br) in CDClL.

The formation of Diels Alder click reaction was@lsonitored by UV spectroscopy
by following the disappearance of characteristiefiinger absorbance of cog2
between 300-400 nrtFigure 4.65). The efficiency of DA reaction wasuma to be
98 % forallyl-mesylate-bromide-terminated PMMA (PMMA-all@Ms/Br) after 40
h.
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Figure 4.65 :UV spectra of cor@2 during the synthesis of PMMA-allyl/OMs/Br (t
= 0 h) and PMMA-allyl/lOMs/Br (t = 40 h) (& 4.7 X 10° mol/L in
CH.CL,).

Using the thiol-ene click reactiomallyl-mesylate-bromide-terminated PMM#as

further reacted with 5 equiv. dfl-acetyl-L-cysteine methyl ester together with

DMPA as photoinitiator in toluene via irradiation365 nm for 2h (4.56).

(0]

0 0 0 ‘@ 0 o~
S (9) O. H
\/\OH/\O)J\E\OJJ\/\[r ’. N/\/ M N OJ'\K\SH
(o} o o
Q A
0=S=0 OJ\K
l Br DMPA

PMMA-allyl/OMs/Br to];lene
oo (4.56)
- (0] (0] ‘0
O)\/\S/\/\OH/\OKKOJ\/\WO ’. N/\,OMH
Oﬁ/NH o o fo) Q o d 0

The complete disappearance of the allyl and vingignals at.89 ppm, 5.35-5.24
ppm and 4.63 ppm respectively and appearance daigmal (C=OEi(CH,)NH of
cysteine)at 4.82 ppm confirmed the structure R¥MIMA-cysteine/OMs/Br (Figure
4.66). Importantly, the ratio of integrated signals3.60 ppm (OCH3 of PMA) to
4.85-4.72 ppm @=0OCH(CH,)NH of cysteine, € of cycloadduct) found to be 19
which is noted that this value is almost consistétt theDP,, = 20 of PMMA-MI.
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Figure 4.66 :'H NMR spectrum ofN-acetyl-L-cysteine methyl ester-mesylate-
bromide-terminated PMMARMMA-cysteine/OMs/By in CDCl.

As a final stepin situ azidation and CUAAC-NRC click reactions were apglio the
preparation of N-acetyl-L-cysteine methyl-ester functionalized 3«toarm star
terpolymer (PMMA-PEG-PCL-cysteine). The OMs groupf oPMMA-
cysteine/OMs/B1i(1 equiv) werdn situ converted to azide, followed by the reaction
with PCL-alkyne (1.2 equiv, based &, e = 3100 g/mol) and PEG-TEMPO (2
equiv., based oMy eo = 800 g/mol) precursors in the presence of paBl(0),
CuBIr/PMDETA in DMF at 46C for 24 h to yield the final product, PMMA-PEG-
PCL-cysteine miktoarm star terpolymer. The crudedpct was purified by
dissolution—precipitation in THF-MeOF1.57).
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From 'H NMR spectrum(Figure 4.67), itwas revealed that the protons related to
CH,0 and C=O@®i, of PCL and the observed at 4.06, 2.30 ppm respgtiThe'H
NMR spectrum of the functionalized 3-miktoarm starpolymer displayed % 50
conversion of the PCL incorporated into #EIMA-cysteine/OMs/Biby the ratio of
the signals at 4.06 ppm KZO of PCL) and 4.26 ppm (OC=0C(30)(CH-
triazole), OC=0C(#,0),, NCH,CH,0C=0) to 3.87-3.26 ppm (Q;CH, of PEG,
OCH3z of PMMA, CH-CH, bridge protons, NB,CH,OC=0, SCHCH,CH,,
C=0OOH; of cysteine). It is noted th&P, value of PCL determined from tHe
NMR is not consistent with thBP, = 28 value of linear PCL precursor when the
DP.,s of grafted PMMA and PEG are assumed to be 19 Edrespectively

confirming the inefficient incorporation of the PCL
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Figure 4.67 :'H NMR spectrum oN-acetyl-L-cysteine methyl-ester functionalized
3-miktoarm star terpolymer (PMMA-PEG-PCL-cysteinme)lCDCls.

The GPC traces of all polymers exhibited a monorhdddribution and shifted to
the higher molecular weight region as compared witbir starting polymers,
proving the synthesis of functionalized 3-miktoastar terpolymer as depicted in
Figure 4.68and furthermore the molecular weight distributians relatively narrow
and in the range of 1.18-1.25 from the conventi@®@C. On the other hand, it was
observed that the GPC trace of tNeacetyl-L-cysteine methyl ester-mesylate-
bromide-terminated PMMARMMA-cysteine/OMs/By did not shift to the higher
molecular weight region compared to allyl-mesylatemide-terminated PMMA
(PMMA-allyl/OMs/Br). This may be due to an adsogptiof theN-acetyl-L-cysteine
methyl-ester segment on the stationary phase thased a shift to the lower

molecular weight region.
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Figure 4.68 :The evolution of GPC traces of PMMA-MI, PMMA-
cysteine/OMs/Br,PMMA-allyl/OMs/Br, PCL-Alkyne, PMMA-PEG-
PCL-cysteine in THF at 3C.
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Table 4.9 : The results of polymers used in the synthesis ottionalized 3-miktoarm star terpolymer and funcéiized 3-miktoarm star

terpolymer.
Polymer Yield® Mn,GPCb Mn.NMR M theo M./M. P
(%) (g/mol) (g/mol) (g/mol)
Core (22) 56 - - 807 -
PMMA-allyl/OMs/Br 97 4000 2900° 2500 1.18
PMMA-cysteine/OMs/Br 99 4300 3100¢ 2700° 1.20
PMMA-PEG-PCL-cysteine 67 7900 5100° 6500" 1.25

& Determined by gravimetrically.
® Determined by conventional GPC using linear PSdstets.
*Mnnmr= (DP, of PMMA-MI calculated fromH NMR spectrum x repeating unit of PMMA-MI) + MW dfitiator + MW of core(22) - MW of furan group.

d Mnavr = M avr Of PMMA-allyl/lOMs/Br + MW of N-acetyl-L-cysteine methyl ester
® Mn.nmr = My, nvr Of PMMA-cysteine/OMs/Br+ M, 1ne,0f PEG-TEMPO +DP,, of PCL alkyne calculated frotd NMR spectrum x repeating unit of PCL alkyne) + M@V

initiator +. MW of mesylate group — MW of azide gmp— MW of bromide group.
f Mh theo= Mn thecOf PMMA-MI + MW of core(22) - MW of furan group.

9 My, theo= M theoOf PMMA-allyl/OMs/Br + MW of N-acetyl-L-cysteine methyl ester
h Mh theo™= Mn theoOf PMMA-cysteine/OMs/Br M, 1ec0f PEG-TEMPO M}, 11.00f PCL-alkyne - MW of mesylate group — MW of azigiwup — MW of bromide group.
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5. CONCLUSION

The demands for the construction of complex macteoubar structures by robust,
efficient, and orthogonal click chemistries prongpfmlymer chemists to search for
alternative routes, such as a combination of dlggctions with different natures. In
this PhD thesis, linear multiblock polymers, hetgedt brush copolymers, miktoarm
star polymers were obtained via quadruple clicktiea combinations.

In the first studyN-acetyl-L-cysteine methyl ester was first clickedhw -allyl- -
azide-terminated PS by a thiol-ene reaction totereaysteine- -azide-terminated
PS. A subsequent CuUAAC reaction witkanthracene--hydroxy-terminated PCL,
followed by the introduction of the PMMA-MI ortBA-MI, and PEG-TEMPO
blocks by Diels—Alder and NRC, respectively, yieldmrresponding linear cysteine-
terminated multiblock copolymers. The efficiency thie click reactions for the
introduction of the segments to the linear polymeese determined frofH NMR
spectrum by the calculation BiP, values and comparison of them with E,s of
homopolymers. Moreover, both quaterpolymers displagrow, monomodal GPC

traces and relatively slight shift to lower retenttimes as depicted.

The next step of this thesis was the successfupapation of model graft
copolymers: mercaptoethanol-phenyl functionalizety goxanorborneneimide) and
phenyl functionalized polycarbonate copolymers byng quadruple click reactions;
Diels-Alder, CuAAC, NRC and Thiol-ene (through reai or nucleophilic
mechanism). First, poly(oxanorbornenyl-anthracesm®) polycarbonate-anthracene
were properly prepared with controlled moleculaeight, low polydispersity index
(PDI) and desired anthracene pendant groups. Tbhers-Alder and azidation
reactions were performed sequentially and CuAACCNRactions were performed
in one-pot. Finally, thiol-ene click reaction thgdu nucleophilic mechanism was
applied to the preparation of PONB-phenyl and P€ngh In addition to the
Michael addition of thiophenol, thiol-ene click oti@n was carried out through
radical mechanism for the synthesis of mercaptoethghenyl functionalized poly

(oxanorborneneimide). The PONB with two differermthogonal functionalities,
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acrylate and vinyl groups, was postfunctionalizedithw thiophenol and
mercaptoethanol using the sequential nucleophiliol-ene coupling via Michael
addition and radical thiol-ene click reactions,pedively.It was demonstrated that
side chain acrylate functionalities were only redcwith thiophenol and the main
chain vinyl groups of the PONB remained intact dgrithe Michael addition
reaction. The structures of the model graft cop@sstwere confirmed exactly Bi
NMR, GPC and TD-GPC analyses. It was observed ttetGPC trace of the
mercaptoethanol functionalized PONB-Ph did not tstof the higher molecular
weight region compared to its precursor. This mayatiributed to disappearance of
the PONB main backbone rigidity, thus leading tdegrease in the hydrodynamic

volume after modification with mercaptoethanol kadical thiol-ene click reaction.

Furthermore, heterograft brush copolymers werehggited via combining ROMP,
thiol-ene, DA, NRC and CuAAC reaction strategieI.R®, ROP and esterification
reactions were used for the synthesis of lineaymets. Herein the ROMP generated
PONB polymer was used as a versatile main backfmrtailoring of the main chain
vinyl, and the pendant anthracene, bromine and @@wgonal groups. Next, this
PONB backbone was first reacted withacetyl-L-cysteine methyl-ester via radical
thiol-ene click reaction and then sequentially laid with a furan protected
maleimide-terminated PMMA-MI, and PEG-TEMPO, PCkyale via Diels-Alder
and NRC/CuAAC reactions respectively to yield therresponding cysteine
functionalized-heterograft brush copolymer. All yokers as evidenced via NMR
and GPC measurements were found to be compatiltke expected structures and
displayed monomodal traces with low molecular weidjktributions. Therefore, the
quadruple click reaction strategy involving thioleg Diels-Alder, CUAAC, and NRC
reactions was demonstrated as a highly efficieotgss for the synthesis of cysteine-
functional heterograft brush copolymers. Howeverere though 1-propanethiol
functionalized poly(ONB3-PMMA-co-ONB-g-PEG€¢0-ONB-OTs), heterograft
brush copolymer was carried out via radical thioéeDiels-Alder and NRC click
reactions, succesfully in a sequential way, 1-pnepiziol functionalized poly(ONB-
g-PMMA-co-ONB-g-PEG€0-ONB-g-PCL)o heterograft brush copolymer was
synthesized with inefficient incorporation of th€IP using thein situ azidation-

CUAAC click reactions.
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Finally, the quadruple click reactions were alstiagtd for the preparation df-
acetyl-L-cysteine methyl-ester functionalized 3-tadm star terpolymer. In the first
step, multifunctional coupling agent (core) wastbgsized by carrying out a series
of reactions.'H NMR spectroscopy confirmed clearly the structofethis core
having four different orthogonal functionalitiess A first click reactionDiels-Alder
click reactionwas carried out between caadthe PMMA-MI precursor in toluene
at 110C. The efficiency of DA reaction was found to be 98fé6 allyl-mesylate-
bromide-terminated PMMA (PMMA-allyl/lOMs/Br). Usinghe thiol-ene click
reaction, allyl-mesylate-bromide-terminated PMMA#Avas further reacted withN-
acetyl-L-cysteine methyl ester together with DMP#\ @hotoinitiator in toluene via
irradiation at 365 nm for 2lAs a final stepin situ azidation and CuUAAC-NRC click
reactions were applied to the preparation NMacetyl-L-cysteine methyl-ester
functionalized 3-miktoarm star terpolymer (PMMA-PHEEL-cysteine). It was
noted thaDP, value of PCL determined from tfiel NMR is not consistent with the
DP, value of linear PCL precursor confirming the imgént incorporation of the
PCL although the GPC traces of all polymers exéthia monomodal distribution
and shifted to the higher molecular weight regiencampared with their starting

polymers.

As a conclusion, it was demonstrated that, the quoel click reactions involving the
thiol-ene, CuAAC, Diels-Alder, and NRC were an @&nt combination for the
synthesis of linear quaterpolymers with cysteimenteal group, functional model
graft copolymers and cysteine-functional heterdgoafish copolymer. Because the
thiol-ene reaction has its own limitations basedh@polymer-polymer conjugation,
instead of polymers with thiol functionality, orgammolecules such as propanethiol,
mercaptoethanol, thiophenol ahdacetyl-L-cysteine methyl-ester were used for the
combination of quadruple click reactions. Moreovahis quadruple click
combination will be effective to prepare a varietyfunctional polymer structures
from molecules with thiol functionality. Thus, tht®mbination displays a potential
strategy in which biomolecule-polymer conjugatemlfpbrids) from biomolecules
with thiol functionality can be prepared. But stilh addition to the limitations of
thiol-ene reaction, there are some challenges ontdd during the thesis work. The
inefficient incorporations of the polymer segmemtghe last step of the quadruple

click reaction method during the synthesis N{acetyl-L-cysteine methyl-ester
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functionalized 3-miktoarm star terpolymer and swysih of 1-propanethiol
functionalized heterograft brush copolymer in aussgial way may be attributed to

the steric hindrance.

It is obvious that quadruple click reaction strgtéga versatile and efficient method
for the preparation of a variety of different wdlfined macromolecular constructs
in a modular fashion. In addition, the orthogonhaaracters of thiol-ene, CUAAC,
Diels-Alder, and NRC reactions have offered thettsgsis of well-defined more

complex macromolecular architectures in one-pah gequential ways.
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