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SUMMARY

Thionolactones are a recently discovered-dalss of radical ringpening
monomerghat are notabléor their ability to impart labile thioester units into polymer
backbonesvhen used as a comonome&he simple scaffold allows for structural changes

to further tune the monomerds reactivity

different monomer families and can even lead to systems capable of homopolymerization.

Thionolactones also demonstrate high degrees of control with sitdeeraddition
fragmentatiorchaintransfer (RAFT) polymerizations, and rapid reactivity with acrylates.
In this thesis, the introduction of the furan heterocycle anmemberedhionolacbne
monomer scaffolds describedand the resultingomaolymerization behaviais studied
(Chapter 2) Additionally, athermally responsivamphiphilic diblock polymer ofN,N-
dimethylacrylamideand N-isopropylacrylamide with a cleavable thioester junctie
prepared using a new -riembered thionolactone derivative with ulfest

copolymerization behavidChapter 3).

Xiii



CHAPTER 1. INTRODUCTION

It is difficult to avoid interacting withsynthetic polymersin everyday life. A
polymer is defined as a large molecule composed of many repeating subuess.
materials areso ubiquitousconsumeirproducts that a comprehensive list is impossible to
assemble.Just a few examples include packaging, textiles, auto parts, computer
components, contact lenses, and home applidriog2015, an estimated 322 million tons
of plastics were produced worldwid@emand continues to increafee these materia)s

howeverconcerns are moung for how thesgroductsare disposed of after initial use.

)
I\//Q\I"\‘ . I/\\/*\\’\ . |/\m. _R> I,e\r}:‘}l.
R R R R R R R
| = initiator

Figure 1.1 Generapropagatiormechanism for radical polymerization of vinyl monomers.

The class that dominates the plastics industry iagé polymers Thematerials are
ubiquitous; in 2009, the five highest volume polymers worldwide were vinyl polymers,
and they alone accounted for 62% of all plastics produétBroadly speaking,hese
polymers aralerived from monomengnitscontaining a carbartarbon double bond with
a wide range of pendant R groups. They polymerize through successive 1,2 olefin
additions, extending these double bonds to long chains of cadsban single bonds
(Figurel.1). The altcarbon backbone can be attributed to the resilience of these materials,

due to the overall inertness oefie bondsHowever this is a doubleedged sword, as the



chemical resistance also peess a serious challenge to letggm solutions for materials

after their initial use is over.

Modern times call for more sustainable polynsgsstems for both improving
existing materials and for designer application. Rather than completely reimadiaing t
polymers used today, significant interest has been directed towadiifying currenhigh-
volumematerials by interruptingure hydrocarbon backbontwough the incorporation
of reactive heteroatoms and functional groups. These alterations open trefalo
cleavablébackbone chemistries, introducing potential applicatioisebiomedical field,
lithography, and low shrinkage polymérs. Many incorporation techniques focus on
radical polymerization methods, asatcounts for between #45% of all industrial
polymers produced More specifically,radical ringopening polymerization (rROP) has

been proposed as a potential avenue towards the creation of these nealanateri

1.1 Introduction to Radical Ring-Opening Polymerization

R
\ . Ring-Opening X

Addltlon Fragmentatlon
y 3 N, Sromeator, o

Figure 1.2 Generalized radical ringpening polymerization mechanism.

Radicalring-opening polymerization is a class of radical polymerizaitiowhich
the monomers areyclic moleculeshat are capable offragmenting during the course of
propagation. The general mechanism of this process is initially similar to traditional vinyl
monomers and starts with the radical addition to an unsaturated functionality of the

monomer.This intermediateradical species then promoteteavage of the neighboring



bond, opening the ringand formingto a new radical for propagation(Figure 1.1)The
technique was first reported in 1961 by Errede, in whispigo-di-o-xylylene monomer
ring-opened to create polykylylene) when left in an inert environment at room

temperature Figure1.3)®

Poly(o-xylylene)
Figure 1.3 Radicalring-openinghomopolymerization o$piro-di-o-xylylene®

The first step of the polymerization is the addition of a radical texbenethylene
carbon to generate the resonastabilized radical intermediafel. Thisintermediate has
theradicalstabilizedacross five different carbon atorbeforea favorable carbenarbon
bond fragmentationccurs, promoted by th@ncurrengain of aomaticity. The resulting
primary benzylic radicatanthen further propagate through addition to ano#ipéro-di-
o-xylylene monomerThis systemhighlightsthe fundamental requirements for a rROP
monomer: (a) a radical acceptor, (b) a fragmentable timgtare, and (c) an intermediate
radical structure that can isomerize to thermodynamically favored products. Depending on
the composition of theRO monomers, the backbone of the resulting polymer can include
heteroatoms or assorted functional groupss Hlttractive featurgpurred the invention of

di verse rROP monomer f a mispearbesdedf bfhdd andi n g

E

Baileyob6s study of t he o-carbongtes¢SDES) in h9ghhithe havi o



introducedt he phr aseogiemidng apolry megr i z atopeaimg. 0 A s

monomers can be found figurel.4.

vinyl cyclopropane spiro-ortho-carbonate cyclic a-oxyacrylate cyclic vinyl ether cyclic vinyl sulfone cyclic ketene acetal

llk llR llR llR llR llR
(\/\/Z)n (JJ\/O\Q/O\/\/O)H (JLQ/ oj))n (JCJ’\/\[PE., (’\/\/\"5@)“ ‘Gio/\*n

Figure 1.4 A selection ofring-openingmonomers* 9

A common featre in these monomers is the use of an alkene as the radical acceptor,
however the driving forces and thigpe of fragmented bonds can vary. Vinyl
cyclopropanes (VCPSs) ringpenvia carboncarboncleavage driven by the releasthe
cyclopropylring strain.Ot her r ROP mo n o meoxyacrytatesc(BOAg)s cy cl
cyclic vinyl ethers (CVAs), and cyclic ketene acetals (CKAs) encourage fragmentation in
less strained systemdue to cleawage carbonoxygen single bondsforming more
thermodynamically stable canwgd bondsin their wake Initial interest in rROP monomers
was encouragedue to their potential as low shrinkage materials for application in dental
sealants, starting in 1979 with SOCs, and later with VA@PsLater iterations of rROP
monomers were targeted due their possibilities for backbone functionalization and

degradabl e polymers, witdemchkakésharo!l di ng mu



1.2 Cyclic Ketene Acetals; Radical RingOpening Comonomers for Heteroatom

Integration

In the field ofradicalringo peni ng monomer s, cyclic kete
been the most heavily explored to datee to their ability to ringopen into polyester
materialsThe f or mati on of t he eastituanyattracive®ptign ma k e s
as a comonomer for vinyl monomeas, they wouldntroduce labile sites into traditionally
all-carbon backbones. Unfortunately, challenges exighig application due inherent
reactivity issuesncluding incomplete ringopening, comonomer incompatibility, amd

lack of applicablecontrolled polymerizatiotechniques

1.2.1 Incomplete RingDpening Behavior of Cyclic Ketene Acetals

Pn Py N
' o ) i
Ring-open R
pathway o ? o Yy — > Pn\)l\on
/ .
<> R
Pn.\/)L) 1-2 1-3 1-4
Q o P" \/y . \I
/-k /\I I:'n m l:’n «
\ R R R R
p° = . ————» 0 © —>» 0 O _>, o” o
n Nm Ring-retention \ / W/ /

R R
pathway 12 1-5 1-6

Figure 1.5 Pathwaydor the radical copolymerization of a CKA

A consistent issue in CKA radical polymerization is the competition of a ring
opening mechanism with a direcopagation processigurel.5). When a radical adds to
a simple C K A @Gesoolefin, the generatedintermediate1l-2 possesses a new radical
centered on the carbon between the two oxyderthe desired process, the ring structure

fragments to generatatermediatel-3, which possesses thatendedhydrolyzable ester



group and apropagating primaryradical. This ringopening mechanisns pronoted
thermodynamicallydue to theformation of thecarboroxygen double bonand the
entropic benefits of the ring openikgThefragmentation is thermodynamicattpuntered

by the instability of theprimary radical generad overthe previoustertiary radical
Intermediatel-2 is stable enough to promogas undesirable pathwags shown on the
bottomof Figurel.5, in which thetertiaryradicaladdsdirectly into another monomer. This
results in an acetal group in tfieal copolymer(1-6), whose reactivitylacks the desired
backbonedability. In each CKA polymerization, the ratio of riogpenedrepeatunits to
ring-closed onessi heavily dependent on factors such as structure, temperature, and
concentration. Bailey, Endo, and others explored a variety of CKA structures and reaction

conditions to elucidate how tavorthe fragmentation pathway.

MDO DPL BMDO

oJ\o__ OJL OJ\_E’ -

N 6
|
wio/\/\, ~ Ao *«io ﬁ

Primary Secondary Primary
Aliphatic Radical Benzylic Radical Benzylic Radical

Figure 1.6 Early modified rROPmonomers and thenadicals

Some methods of promoting rirgpening focused on altering polymerization
conditions, as Bailey found thaigher temperatures and dilute concentrations favored

ring-opening® * However, modifying the monomer structure itself had a more direct



impact on the resulting mechanisiidure 1.6). Increasing the ringize was shown to
favored fragmentation, with a sevarembered CKA, 2Znethylenel,3-dioxepane (MDO),
exhibiting 100% ringopened repeat units in the final copolymers, compared-8583for

five and sixmembered counterpartdlt was reasoned that the increased strain present in
the severmembered ring provided the additional driving force to promote exclusive ring

opening behavior.

The identity of the propagating radicalas another focus foimprovement of
CKAOGs. Bailey proposed that stabilization
would further assist ringppening.Many early examplesncluded an unstableprimary
aliphatic radical which alongside unfavorable formationas prone to backbiting and
chaintransfer processes. Through the strategic introduction of aromatic rings to the
monomer scaffolds, resonars&bilized benzylic radicaloweredthe energy barrier to
fragmentationand impoved conversion and rirgpening'* This design element was
demonstrated clearly in-2ethylened-phenytl,3-dioxolane (MDPL), which displayed
complete ringopening behavior despiteeing composed ob5-membered ring. These
concepts were combined to make-bghze2-methylenel,3-dioxepane (BMDO), which

combined the benefits of a stabilized radical and a large fragmentabte ring.

1.2.2 Incompatibility of Cyclic Ketene Acetals with Controlled Polymerization

Technigques

The inconsistent stability giropagating radical i n «datdsdanother issue:
incompatibility with reversiblaleactivation radical polymerizatio(RDRP) methods.

RDRPcomprises a clas¥ radical polymerization techniquestlzaein | i vi ngo and c:



of producing polymers witkargetblemolecular weightand rarrow dispersies. Control
over these featurds key inobtaining predictablend cosistentmaterial properties in

resulting polymesamplesas well as the ability to form block polymer architectures

(A) (B)

Initiation o+ M —s P,

S . Ky . _ (Mo
RDRP Equilibria P, + R=X ——/—=~ P,—X + R My = Mp,
[RX]o

k
Propagation Pn + M —3 Py

Figure 1.7 (A) Generalized RDRPnechanism (B) Equation for theoretical molecular
weight in RDRP techniques; ¥ theoretical number average molecular weight of polymer
Mm = molar mass of monomer, [M¥ initial monomer concentration, [RX¥ initial

deactivator concentration

RDRP methodsaccomplish ontrol by taking advantage ofapid andreversible
reactionsin which the active radical species is briefly generated and converted back to a
dormant statgFigure 1.7A). This lowers the rate o€hain growth(kp) substantially
compared to that of indiion (ki), thus initiation happensinstantaneously relative to
propagationimportantly, this significantly lowers the overall radical concentration at any
given time sohat bimolecular radical termination events are almost entirely suppressed.
Since thepolymerchainsare all initiated at the same tinaedall propagate athe same
ratg the final polymerggrow to similarterminallengths The resultis alow dispersity
polymer sampleWith careful stoichiometric controlhé chain length can be targeted as

the resulting molecular weight(My) is directly proportional toinitial concentrationof



deactivatoy as described using the equation figure 1.7B. Several RDRP techniques
exist, the most common being atom transfer radical polymerization (ATRP), nitroxide
mediated polymeézation (NMP), and reversible additiofiragmentation chain transfer
(RAFT) among other®verall, RDRPmethodsare an importartbol for polymer scientists

to impart versatility and control over polymerizations.

A0
%5 = T L = S
Ring-Opening ) ;‘é
Figure 1.8: Irreversible termination afinstatke radicalsgenerated in aitroxide mediated

rRO polymerization

CKAbs applications are hindered due
methodsOn |l y a h an dliavelimitedfsuccess AvibhsNMP, ATRP, reversible
RAFT and some metal catalyzed controlled radical metHotise few capable of RDRP
are restrictedo structureghe handfuthat generatsufficiently stable radicalthat permit
the regeneration of the active species for continued propagatoexample, the primary
aliphatic radical generated from MD@ads tarreversible termination when empleg in
RDRP.Figure1.8 illustrates an example nitroxigdaediated polymerization (NMP) used
with a CKA that results in a primary alkyl radical. While the radical would readily be
captured by the nitroxide, there istrsufficient thermal energy to homolyze this bond and
continue the polymerizatiod. Even when RDRP methods can be employtd
combination of shortcomingsin these systems leave much to be desired for their

implementation.
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1.2.3 Limitations in the Reactivity of Cyclic Ketene Acetals with Comonomers

The poor reactivity of CKA rROP results indisadvantageous copolymerization

behavior with classical radical monomer fhes. The behavior omonomers ira given

copolymerization can bdescribedusing the reactivity ratios of the pair of comonomers.

The reactivity ratios are defined by the ratio ohm@ nomer 6 s r ate of
another of the same repeat unit otlex rate of propagatiowith its comonomerThese

reactions and the resulting values are describdeldaye1.9.

ki1

—_— M1M1*

ki2 .
e II\’|1M2 k]_]_ kzz

’
k22 k12
B — M2M2*

k21

— M2M1*

Figure 1.9 Equations for the reactivity ratios of a pair of comonomers

For a gven comonomepair, a reactivity ratiagreater than 1 indicade preference
for amonomer to homopolymerize, while values below 1 indicate a prefereneed®w
copolymerizationThe values are unique to a set of comononsrdthus give valuable
insight into incorporation and microstructufieigure 1.10). For example, Wwh a given
comonomer set Mand M, if r1 and g are significantly higher thaong the monomers
prefer reacting with themselves and will likely form two separate homopolymersanidir
r, arecloser to, but still greater thame,a blocky copolymer would be produceld.r, and

r> approach zero, they will form alternating copolymelgplicate adjacent units are
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disfavored.A set of reactivity rations with values at or neare would form a radom

distribution of units, asach monomer is just as likely to react with itself as its partner.

Feed Ratio =2 M, (®):1 M; (@)

r, > 1 090 f‘o
r,1m>1 M

T2~ 0 egegpee o @
T,y ~1 M

Figure 1.10 Impact of reactivity ratios on comonomer distribution

Depending on the desired application, an ideal copolymerization of a CKA with a
vinyl monomerwouldresult in an upgraded material that combines the material properties
of the vinyl monomer with selectively located cleavable ester linkafjise CKA. For
example, if the goal for a material is to maximize the degradability along the entire chain,
a completely random incorporation of a CKA woule neededo allow for evenly
distributed labile units. Ideallyninimal quantities of the radical rirgpening maomer
would be needed due to the cost of thedependent synthesihis type of selectivity
depends on theeactivity ratioswhich are unique tthe identites of the comonomerpair.

Heret he structure of CKAO6s restrict t heir

In practicethe steric hinderance of tiE&KA excolefin and the varied stability of

the resulting propagating radical slow the rate of copolymerization méthy common

11



commodity monomersA recent review of the reactivity ratios of various CKA
copolymerizationsfound that @aross the boardwith the exception of less activated
monomers such as vinyl acetate &d i ny | pyrrolidinone, CKAOGs
with vinyl comonomers® A simple explanation of these relative reactivities can be found

in the relative stability of the radical intermediates. The radical formed upon addition to a
CKA has a tertiary radical adjacent to two oxygen atomtschis substantially higher in
energycompared tdhe resonance stabilized propagation radicals derived dayiates,
(meth)acrylates, acrylamideand styrene.The high energy intermediate disfavors CKA
addition and subsequent propagatidhe slow reactivityalso prevents high conversion

and integration of C¥Hnl&aaepolymérs, ess thenB0% of thewi t h
CKA monomer feed will be present in the final polymer. For example, when MBO
copolymerized with methyl acrylate, 7% of the ester linkageseincorporated into the

polymer chain despite a 50:50 monomer feed rédtio.

The overall low rate of CKA addition and conversiorresults in CKA-vinyl
copolymers taking on a graduated blocky arrangement of CKA units in a copolymer
rather than randor?.Generally, nore activated monomers such as styrenes and acrylates
show slowand pooly tunable integration, while less activated monomers such as vinyl

acetate reachore quicklyand have higher rates of integration with CKA comononhers.

14
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1.3 Recent Advances in Radical RingDpening Polymerization

Free Radical or [0}

o%
—
° J\/>=o RAFT Polymerization o
* PN > 0
R
MDPL

it -
0 — Free Radical or

ﬁo RAFT Polymerization o
i ? PN - 0

\ ‘(\‘)]\
R o

Figure 1.11 Alternating CKA'maleimidecopolymers®® 21

Creative steps have been taken to addressstlseu e s w i. In Bn attekhpt dos
tackle the reactivity ratio issue, Sumerlin and coworkers copolymerized ekeicinon
BMDO and MPDL with electromeficient maleimide monomers to make alternating
copolymers (Figure 1.11).2* 22 The difference in polarity between the comonomers
encouraged a 1:1 altermagicomposition and the R group of the maleimides was tunable
to dramatically alterphysical properties such as glass transitimmperature. Further
studies were able to synthesize low dispersity alternating copolymers with RAIETO
the high CKA incorporation of these copolymers, they are also capable of complete
degradation to welllefined small molecules. However, the comoeos were highly
reactive with one another, to the powlhereautoinitiation hindered reaction setup and
cause degradation of the CKAFurthermore, alternating copolymers require Higdds

of CKA, and cannot generate random distributions forfead sgtems.
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Figure 1.12rROP ofallyl akylsulfonemacrocycles

Other studies usedlternativemethods to drig the ring-openingprocess Niu and
coworkers designed macrocyclic monomers with an allyl alkylsub@sed ringppening
trigger (Figure 1.12).2% 24 The driving force for this system is the tendency for sulfinate
radicals readily fragment to release sulfur dioxide. The sulfone is placed such that it can be
extruded to S@and generates a secondaryyhtitableenoughfor RDRP charge transfer
agentsThe technique has been further improved by using photocatalystsfdomlower
temperature polymerizations,slowing reactivity of comonomers enough for
copolymerizations with acrylatés produceandom omonomer distribution®> However,
the resulting polymers contain alkenes protruding from the backbone, waittbe
susceptible tacrosslinking issuesThe polymerizations seemestricted to conversions
below90%, potentlly because higher conversions resulted in gelation issuesersible
reactions with sulfur dioxidéVith these restrictions to previous rROP monomer platforms,

a niche for tunable and broadly compatible monemearswaiting to be filled.
1.4 Thionolactones as Radical RingDpening Comonomers

Thionocarbonylshave beerused asalternativeradical acceptoréor decadesAn
important exampleof this reactivity was the pioneering work by Barton to transform
alcohols into hydrogen atoms through-¢emtered radical additions to xanthates and

thiocarbamate® The most welknown exampleoriginates in the realm of polymer
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chemistry,in the manner othe thiocarbonyl radical accepttnat formfoundation of
RAFT. The mechanism of the RAFT exchangeh®wn inFigure 1.13A wherein the
radical concentration of propagating polymer ckamals is mediated by reversible addition
to thiocarbonyl cores. The RAR&chniqueboastompatibilitywith mostvinyl monomer
families due to the tunability imparted by thegfoup of the RAFT agent. While the
dithioester is conserved through®AFT agentdesign, the Zroupcan be replaced with
any number of functional groups doamatically alter the rates of radical addition into the

thiocarbonyl, stability of the intermediate radical addacid the rates of fragmentation

(A)
f“?
SIS S SN S__S
Pn + Pm ~— Pn Y Pm : Pn/ + Pm
z z \f
(B)
P ‘/-“\s Pn\j\ /(l)j\
n (o] —_— —0 Pn\ /.--\-"‘\ =
o = | o — AT
tunable radical acceptor reversible addition tunable propagating radical

Figure 1.13 (A) Reversible additiofiragmentation transfer (RAFT) equilibrium

(B) Radical ringopening thionolactone comonomer equilibrium

Inspired by the tunability of the RAFT system for radical addition chemistry, our
laboratory sought to identify a thiocarbonyl noomers that would lead to an irreversible
ring-opening reaction, rather than a reversible transfer pro€essintroduction of this
feature wasntended to addreske longstanding challenge to comonomer compatibility in
rROP. The general framework envisend for such a monomer is showrFigure1.13B.

The overall cyclic systenfavorably bears three features that viewed &y in the
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consideration of a rROP comonomeitst, the overall structure would require a cyclic
thionocarbonyl with an adjacent atom capable of directional fragmentation. This role was
most readily achieved by oxygen, which would lead to a thioester after radicapengng

that is inert to furtar radical reactions. The second design featur@nalogy to the RAFT
processi s t-graupo@liration of thissubstituent would be able to tutiee radical
addition to enableompatibility with different monomer families. Furthermori¢,was
propo®d that further structural tuning of this ma#tult in different reactivities that would
allow control of the resulting copolymer microstructureintentional placement of the
thioester units along a chain would impart attackables sitth locationselective tothe
whims of the scientist. Aparticular interest in a true random distributianlow rRO
monomer feeds$or fully degradable material The third feature is the R groughich
dictate the stability of the fragmenting radical. If this system were to be successful in
RDRP, this substituent would need to be both capable of reversible deactivation and also

additions into the comonomer.

Looking to the literature, a handful of reports previously brushed close to the use
cyclic thiocarbonates in radical rirgpening polymerization. A computational study in
2014 studied the reaction mechanisms of a cyclic thiocarbonate in a RAFT polymeyrizatio
considering the selectivity of the addition and fragmentation steps invdlvegatent
from 1999 discussed the production of sulfontaining polymers and their assorted

applications from the functionalization, such as a high refractive index and optical
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Figure 1.14 Dibenzo[c,e]oxepanb-thione OOT) andthionoester CTAnspiration

A particularly encouragingvork repored a sethionoester chakutransfer agents
devel oped by Meij s andTheystowedthatthbionobemzodtes e e ar
were capable of controlling molecular weights in the polymerization of styrene and methyl
acrylate(Figure1.14).?° Given the success of this CTA with two historically challenging
monomers for rROP systems, this servedaasference point for targeting an rROP
monomer. As these CTAs already possessed suitappteups and an fgroup for RDRP,
the only missing component was a cyclic framework. This was achieved by conceptually
connecting the two phenyl rings through a biaryl Ig&aThis initial monomer could be
readily synthesized on multigram scale in-at& process from commercially available
diphenic anhydride. Both our group and the Roth group simultaneously published
independentworks proposing the use dhionolactones as ringpening monomers,

specifically dibenzaf,d oxepanes-thione OOT) (Figure1.15).3%32

O, o o O, o S, fo)
1) NaBH,, DMF Lawesson's Reagent -
O Q 2) Conc. HCI O Q MeCN, 85°C O Q
70%

Figure 1.15 Synthesis otlibenzo[c,e]loxepané-thione OOT).
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Probing the copolymerization behavior @OT with vinyl monomers gave
interesting results. A notable limitation of CKA riagpening was the reduced intetpa
with more activated monomers such acrylates and styréhesugh investigations into
overall trends ilDOTO s r e ,atevasifound thgDOT copolymerized favorably with
acrylates while inhibiting the radical polymerizations of less activated mersosaich as
vinyl acetate andN-vinyl carbazole.DOT also slowed the polymerization of styrene
without being incorporated, indicating a preference for the comonomers with electron
withdrawing moieties with the exception of methyl methacrylate due to thexics
hinderance introduced to trekene.Ultimately, thoughDOT lacks compatibility with
some more activated monomers, #imlity to react with unhindered acrylatelsows that
thionolactone ringppening has the potential to greatly expand ¢beent library of

comonomers that can be upgraded with degradable moieties.

RAFT Condltlons
N M
\II‘
m

. DU Dt
(o) OCH3 Ot-Bu OBu

\I _ methyl acrylate tert-butyl Acrylate n-butyl Acrylate N,N-dimethylacrylamide

R
U D
07 NOCH,CF, 07 oBn 07 NoPEG CN

ethylene glycol
acrylate

N(CHs)z

triflouroethyl acrylate benzyl acrylate acrylonitrile

Figure 1.16 Acrylates initially copolymerized witBOT .31 32

Further investigation of the monomer focused elucidating more refined

reactivity details.The behavior oDOT was investigateevhencopolymerized withert-
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butyl acrylate {BA). In contrast to CKA monomer$)OT was shown to be highly
compatible with RDRP conditions, specifically RAFT. Due to the stable primary benzylic
radical releasedormed when DOT is ringopened, the monomer is well suited to
reversibilityin the RAFT equilibrium. This compatibility is furthered by the fact that the
thionocarbonyl chemistry that enables the fapgning inDOT is fundamentally similar

to the chemistry thapromotes RAFT equilibria (Figure 1.13A). When RAFT conditions
were applied tdow-feedtBA-DOT copolymerizatios, a variety ofmolecular weights up

to 32 kDa were accurately targetedagccompanied byigh conversions (>95% for both
comonomers) and low dispersities (:D27). Theprocess also retains higiain end
fidelity, astBA-DOT copolymes could be chain extended with the additianth other
acrylic monomers, witlcomplete reinitiation of thenacroinitiator confirmed bySEC

measurements

The kinetics of the system demonstrated thionolactonegxhibit higher activity
over their CKA counterparts and confirms treactive similarity to RAFT agentsA
kineticsstudy on the copolymerizatioof tBA andfound that the thionolactorexhibited
higher conversion thantBA at all time points(Figure 1.17). This finding is unique
compared to other rROP monomers reportediterature and illustrate®OTé s hi gh
compatibility with acrylates.A similar investigation intokinetics of thionolactone
copolymerizatiorwas performeavith DOT and methyl acrylatéMA). A reactivity ratio
analysis ofthe pairresulted infrpor = 0.003 ad rva = 0.424, suggesting a high tendency
for themonomerdo favor alternating units. The low reactivity ratio value®T in the
DOT-MA copolymerizatiompunctuatesanother property odbOT; anapparent resistance

to homopolymerizationA homopolymerization under typical polymerization conditions
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could only produce highly disperse oligomers when the monomer was heated and the
initiator constantly replenished for nearly a motitfiogether, the kinetic analyses show
that in a giverDOT/MA or DOT/tBA copolymerizationthe thionolactone is converted
slightly faster than the acrylate comonomer, leadingréalient distributiorof thioester

unitsin the polymer backbone
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Figure 1.17 Plotfrom tBA-DOT kinetics study (Reconstructetf

The DOT monomer appeared to have some revirgileactivation behavior, as
shown by a unusual lineaconversion plgtrather than the more typical logarithmic plot
expectedIn polymerization kinetics, it is common that early in the reaction coordinate,
when the monomer concentration is the hightbat,rate of reaction is also the highest.
Later in process, the monomer concentralias gotten low, toate of conversioneduces

For the copolymerization dBA-DOT, thereaction rate®arly in the process are much
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slowerthan expectedresultof the reversible addition of radicals@®T competing with
monomer propagation The deactivating nature ofDOT also explains why
copolymerizations with higher thionolactone feeds exhibited lower monomer conversions.
Too much thionolactone in theed trapped the propagating radical in an equilibrium,
reducing the number of active radicals too low to sustaificient monomepropagation.

The thionolactone feed could only be increased up to béfdrefailing completely at

higher feeds, as the tral concentration of deactivating groups functionally quenches the

polymerization.
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Figure 1.18(A) GPC trace of égradation ofDOT-tBA copolymer (Reconstructyéf (B)
Products from degradation of DA@BA copolymer by methangsis and cystiene thiol
exchange(C) Artistic depiction of gradient distribuion along a polymer chain and resulting

degredation

Degradation experiments were performed to confirm both the rmesaf the

thioester groups in thpolymer backbone and the findings in the kinetic styéygure
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1.18A). tBA-DOT copolymers were shown to undergo a reduction in molecular weight
when subjected thioester methanolysis. SEC measurements returned low, broad molecular
weight oligomers, consistent with thioester umitsat were oncdistributed in a gradient
fashion alonghe polymerbeing cleavedKigure 1.18C). Similar results were observed

when using a cysteine methyl ester to target a-thioester exchange. The cysteine methyl
ester is unlikely tohave reactedvith any functional groups that would result in this
degradation, further confirming the presence of the thioester groups in the copolymer. Roth
also performed degradation experiments on a serie®dtacrylate copolymerspplying

aminolysis also yielded similar reductions in molecular weight.

Further works havbegun investiggtg DOTO s v a s t Ingpiced by fintdings |
relating the preference OTf or el ectron withdrawing copol
with CKAs and maleimide& DOT has beewopolymerizedvith a series of functionalized
maleimides at a 50:50 feed ratmgenerateompletely alternating copolymerfEhis work
with maleimides illustrated the importance of the electron donating and withdrawing
character of the monomersnmdify the microstruture of copolymerswith thionoesters.
Other explorations withDOT have shown itis not restricted to homogenous
polymerizationtechniquesD 6 A g o s tcaworkemsdccessfully copolymerizedOT
with N-butyl acrylate and styrene in an aqueous emulsion peiyati®n, suggesting the
potential for degradable linkages in latex productfofihere are alsoosne early attempts
investigatingthe alternative physical properties tlRfDT can impart into polymers other
than cleavability. Thing advantage of the hydrophobic nature of the aromatic units,
another Roth work explored the copolymerizationDDT with assorted acrylamide

monomers to generate a new family rofterials that exhibit lower criticadolution
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temperaturdLCST) and uppecritical solution temperature (UCSbBghaviorin agueous

conditions®*

Thionolactones are a promising new class of -opgning monomers. The
thionocarbonyl radical acceptor addresses previous limitations of rROP such as incomplete
ring-opening and low ratesf aconversion when copolymerized with more activated
monomers. These monomers also fill previously unoccupied territory in radical ring
opening chemistry by being compatible with acrylate monomers. The tunable nature of the
ring structure leaves the doorespto countless modifications targietcompatibility with
a variety of different comonomerslltimately, he introduction of thioesters into the
backbones of polymers may pave the way for engineering an entgalygeneration

stimuli-responsive materials
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CHAPTER 2. FURANYLTHIONOLACTONES IN RADICAL

RING-OPENING POLYMERIZATION

2.1 Introduction

N )SL TN ‘l o
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tunable radical acceptor reversible addition tunable propagating radical

Figure 2.1 The tunability of the thionolactone monomer scaffold

Following the successful synthesis of the fitsbnolactone radical ringpening
monomer, the next step was to probe the features of the scaffold. The monomer platform
offers several handles for modification, through the radical acceptor, the radical following
propagation, and the nature of ring beopened Figure2.1). All three of these features
can be manipulated by replacing the phenyl groups on the original thionolactone monomer

with a heterocycle.

RS0 & - Eu

New Radical Acceptor New Propogating Radical
Figure 2.2: Radical features modified by introducing furans to thionolactone monomer

scaffold.

This project focused on the how the replacing the aromatic rings irttegribered
thionolactone monomespecifically with furans changes the behavior as a monomer. In

theory, substituting the phenyl ring attached to the thiocarbonyl alters the rate of addition
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to the thionolactone monomer, while substitution of the opposing phenyl ringdshoul
impact the fragmentation and propagating radieaure2.2). Either exchange will alter
the geometry of the thionolactone ri(fgigure 2.3), impacting the degree of ring strain
Ultimately, the study of these new monomers will further demystify the relationship

between the structure and the reatt of these molecules.
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Figure 2.3 Geometric features modified by introducing heterocycles into thionolactone

monomer scaffold

The choice of furanwas further influenceétom the potential for comparison o
similar series of molecules researched in this lab that focused on the use of thiophenes
instead .Between the thiophene and furan monomérs,cialculated twist anglémtween
the thiocarbonylnd the aryl ringaregeometrically similabetween théwo heterocycles
of the same substitution pattefiRigure 2.3). However,the heterocycles differ in their
electionics, aduran has a lower degree of aromaticity, a higher electronegativity, and a
higher reactivity compared to thiophefdnteresting homopolymerization behavior was
already observed by a fellow graduate student, Ronald Smith, and the furan series serves

as an analog to examine the role of the heteroatom in this behavior. Thizstudyglarify
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whether the differences observed betwedhese thionolactonesaand the parent
thionolactonecan be attributed to the reactivity of theterocycler their fundamental

geometry as five membered rings.
2.2 Resultsand Discussion
2.2.1 Synthesis of thEBuranylthionolactones

The four furanylthionolactones follad similar synthetic pathways, but ahme
with their own unique challenges due to the slight changes in reactivity. These monomers
are distinguished using two letter acronyinspired by RAFT agent nomenclaturiee Z
designation refers to a furan bonded to the alpha carbon of the lactoneytaniniie R
refers to the furan being bonded to the lactone methylene. The U or D refers to the

heteroatom position relative to the ester

(o] Br
o OH [0} Br
o] OCH, or \ or N\ \ OCHj, or 0 \
\ N\Ng N OH
\N r
Br o

Figure 2.4 Initial furan derivatives

The first steps of the furanylthionolactone syntheses focpseparing a2,3
disubsituted furan ringFigure 2.4) for aryl-cross couplingand lactone cyclization. The
cross coupling required a bromine in either ther- position depending on if the desired
| actone is designated ADO or AUO respect.i
cyclization, the nofhalogenated position reied substitution with an oxidized carbon,

eitherapr i mary al cohol f oyfe sa eorROf olra cat ofinZed ol ra cat «
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Figure 2.5 Generic furarcrosscoupling
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Figure 2.6 Generic lactone cyclization
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These precursorgerecross coupleavith a phenylboronic esteéhrough a Suzuki

coupling(Figure2.5). As each component contained an ester and an alcohol group, running

these reactions under basic conditions ideally would cyclize the coupled product to the

desiredlactoneg(Figure 2.6). The couplings were optimized by screening assorted bases

and palladium catalysts, using NMR to determine the highest yielding conditions.
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Figure 2.7 Thionatingreagentaised in thisvork.
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Figure 2.8 Generic thionation pathway

The formation of the thiocarbony{Eigure2.8) required screening of the lactones
against two of the most commonly utilized thionating reagents, diphosphorous pentasulfide
(PSsorPsSi9) and Lsareages(Bigured.7). Thionation of lactones results in a
mixture of three compounds to be separated, that being the desired thionolaktbne (
the starting lactonel(AC ), and an ovethionated dithiolactoneTL )(Figure2.9A). The
thionolactone and dithiolactone often have similar retention factors, with theladtone
being typically marginally less polar. Thus, to ensure the collection of pure thionolactone
monomers, ideal conditions maximize conversion while minimizing the-tbi@nation
Purification can be tracked due to products bright colors. Dithmtas range from red to
deep purple, while the thionolactones are yellow to bright orange, resularsgparation

that canbe tracked withthe naked eyeHgure2.9B).

(A) (B)

(o) fo) S S
(0] A\ 0 N\
~ ~
ZU-LAC ZU-DTL

Figure 2.9 (A) Possible products of AJ-LAC thionation (B) Thionation column
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2.2.1.1 Synthesis ofheZU Furanylhionolactone

Br Br
CcoO,
LDA/THF o Mel, KZCO3 OH
D2wraa®
0 78 oc O 0 DMF 50°C B(OH)Z

56% 52%
21 2-2 2-3 2-BA1
S0
Pd,(dba);, PPhy
K,CO; P4S10/HMDO
1,4 Dioxane, 90° C Toluene, 105° C o A\
53% 60% =
ZU-LAC ZU-THL

Figure 2.10 Syntheticscheme forthe ZU furanylthionolactone

ZU-THL (Figure2.10) was synthesized starting from commercially available 3
bromofuran2-1. Lithium diisopropylamid€LDA) preferentiallylithiatesat the 2position
on furan which canbe addedto carbon dioxideo yield 3bromofuran2-carboxylic acid
2-2 after acidic workupThe crude carboxylic acmixturewas then be deprotonated with
potassium carbonate {€0z) andsubsequentiallynethylated with methyl iodide to the
methyl ester2-3. The lactone iglirectly accessible through a Suzuki crasaipling with
boronic acid 2-BA1) and a 2M aqueous solution of baskese conditionsoth couple the
aromatic rings and cyclizes the lactone in one ssepeeningSuzuki couplingconditions
resulted in severahear quantitative conversionéTable 2.1), so the further syntheses
proceeded withtris(dibenzylideneacetone)dipalladium ¢Rtbay) and KCQOs, as this

combinationresulted in theasiespurificationto ZU-LAC .
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Table 2.1 Suzukiscreeningconditions forZU-LAC .

Entry Catalyst Base Conversion*
1 Pd(PPB)4 NaHCGQ 85%
2 Pd(PPB)4 NaCOs < 99%
3 Pd(PPh)4 KsPQy 99%
4 Pd(PPB)4 CsCO;s < 99%
5 Pd(PPh)4 K2COs < 99%
6 Pd(dbay/PPh K2COs < 99%
7 Pd(OAc) K2COs 48%

*determined by crudéH NMR

The thionationconditionsof the ZU-LAC was screened as discussedsection
2.2.1 Elevatedtemperatures generally favored higher conversion of the lactone, however
f or L a weagestiint@duced a higher rate of etl@pnation(Table2.2). PsSiowas
chosen for larger scales due to the higher likelihood of starting material recovery as well
asfewer byproducts that interfered with pfication. Larger scalesaw a higher rate of
dithiolactone production, buahe producZU-THL was still isolable for further testing as

a monomer

Table 2.2 Thionationscreeningconditions forZU-LAC.
Entry Thionation Reagent Solvent  Temperature THL : DTL : LAC*

1 P4sS1d/HMDO Acetonitrile 80°C 44:0 : 56
2 P4sS1/HMDO Toluene 105°C 67:0:33
3 Lawes s on 6 s Acetonitrile 80°C 65:0:35
4 Lawessonos Toluene 105°C 78:8:33
5 PaS1/HMDO Toluene 105°C 66:25:9

(Large Scale)
*determined by crudéH NMR
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2.2.1.2 Synthesis ofthe RU Furanylthionolactone

Br 0 (0]
o] DIBAL
N — >
\ oM DCM 0°C / -0
0 € B(OH), —
2-3

2-BA2 RU-LAC

Figure 2.11Initial syntheticpathwayfor RU-LAC .

In the initial attempts to yield thRU-LAC, 2-3 was reduced with diisobutyl
aluminum (DIBAL) to yield the furyl alcohd®-4. When subjected to the Suzuki coupling
screening with boroniester2-BA2, the alcohol had a low conversion to the desired lactone
(Table2.3). The previous coupling for th&U-LAC used a strongly electron withdrawing
ester group, which stabilized the furan during the oxidative addition of the palladium. The
switch to a weakly electron donating alcohol on the furan may have inhibited this step, and

by extension, the overall reaction

Table 2.3 Suzukiscreeningconditions forRU-LAC with alcohol.

Entry Catalyst Base Conversion (by NMR)
1 Pd(PPh)4 NaCOs 19%
2 Pd(PPh)4 C=2CGs 4%
2 Pd(PPB)4 K2COs 18%
4 Pa(dbay/PPh K2CGOs 0%

*determined by cruddd NMR
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Figure 2.12 Modified syntheticpathway forRU-THL .

An electron withdrawing group was proposed to combgtrisduced reactivity.
Returning to Sbromofuran2-1, the same LDA deprotonation was performed. In place of
the carbon dioxide quench, dimethylformamide was used to install an aldeipfdedrof
the carboxylic acidyielding aldehyde2-5. The al dping withe-8A2 waso
screened with different palladium catalysts Talfle 2.4), where
[bis(diphenylphosphino)ferrocene]palladium(ll) dichloride (Pd(dplj)@esulted in the
highest conversion to the biaryl prod2e6. The aldehyde was selectively reduced using
sodium borohydride (NaBHl and cyclized by heating with base to yield the lacti@hke
LAC.

An electron withdrawing groupvas proposed to combatighreduced reactivity.
Returning to dbromofuran2-1, the same LDA deprotonation was performed. In place of
the carbon dioxide quench, dimethylformamide was used to install an aldeipfdedrof
the caboxylic acid yielding aldehyde2-5. The aldehyd 6 s ¢ o u p2BAZiwas wi t h
screened with  different palladium catalysts (Table 2.4), where
[bis(diphenylosphino)ferrocene]palladium(ll) dichloride (Pd(dppf)Qlesulted in the

highest conversion to the biaryl prod2e6. The aldehyde was selectively reduced using
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sodium borohydride (NaBj andcyclized by heating with base to yield the lactétig-

LAC.

Table 2.4 Suzukiscreeningconditions forRU-LAC with aldehyde

Entry Catalyst Base Conversion (by NMR)
1 Pd(PPB)4 50%
2 Pd(dbay/PPh K2COs 35%
3 Pd(dppf)Ct 55%

*determined by crudéH NMR
Here, he synthesis of thRU-THL hit a serious roadblock with the final thionation

step.Initial screenings showeshinimal quantities of the desirdflionolactone product,
wi t h L a veagerreiunning mostly startingactone, and 5510 over converting to
the dithiolactongTable 2.5; Entries 14). As RS1o and tolueneshowed higher activity
towards thionation, it was chosen for larger scales to see if the overthionation could be
controlled or if a small amount of thionattone could be obtainefls productratios vary
depending on scalsimilar conditionson alOx scale showedlightly better conversion to
the desired productTé@ble 2.5; Entry 5), but also higher conversion to the dithionated
product. A test run wit lower temperature§ @ble2.5; Entries 67) also reslted in a higher

than preferredate of ovetiionation for both FSjpand Lawessonds reagent

Table 2.5 Thionationattempts ofRU-LAC.
Entry Thionation Reagent Solvent  Temperature THL : DTL : LAC*

1 P4S1HMDO Acetonitrile 80°C 8:46: 46
2 P4S1dHMDO Toluene 105°C 3:60:37
3 Lawes s on 6 s Acetonitrile 80°C 3:1:96
4 Lawessono6s Toluene 105°C 3:13:83
5 PaS1/HMDO Toluene 105°C 12:74: 15
(Large Scale)
6 P4sS1/HMDO Toluene 90°C 12:61: 27
7 Lawessono6s Toluene 90°C 2:8:90

*determined by crudéH NMR
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Collecting the mixed samples and attempting to purify the small amount of mono
thionated material proved ineffective. Ttleonation productfRU-DTL and RU-THL
were mordifficult to separate compared to any other thionation products discussed in this
work due to the high yield of the dithionated produntnormal phase chromatographic
purification of thionatiorreactiors, the lightly less polaDTL product elutes first, then
depending on thequality of separation, a mixture of tHeTL and THL products elte
before pure thionolactone can be obtairiguake to the high conversion BU-LAC to RU-
DTL, multiple purification attempts only collected mixed fraction&®kof-DTL andRU-

THL , as the dithiolactone was too high in volume to be separated.

All the reactions ran for ~18 housx) a shorter reaction time was considered to
potentially prefer monothionation. The other thionations performed vistrahsition
from a colorless solution to a yellow tinted one, then furtlagkento a red or even purple
toned solution. This seems to correlate to the lactone converting first to the thionolactone,
then further to the dithiolactone. A kinetics study was performed on the thionation of the

RU-LAC to probe this theorand was found to edradict that idea.
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Figure 2.13Kineticsplot of RU-LAC thionation.

Except forthe very early time points, trdithionated product appears to dominate

the conversion of the lacton&@he mechanism of the dithionation possibly follows an

electophilic ring-opening as thionolactones have been shown to be occasionally

susceptible to ringpening by &2 attack at the methylene carb(fFigure2.14).3¢ The

furan in this lactone seems to encouragenti@deophilic substitution pathwaysore than

otherlactones studiedrossibly due to thuran oxygeninterading with the phosphorous

center ofthe thionatbn reagentsor due to &avorable geometry for substitutioBue to

inability toisolate anyRU-THL , this molecule was unavailakifebe testeés a monomer

Ar\g S GON
g W (o)

Figure 2.14 Proposedlithionationmechanism
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2.2.1.3 Synthesis of the ZD Furanylthionolactone

[0} OH (o} OH (o] OMe
n-BulLi, Br, Mel, K,CO; O:\OH
—_— —_— +
° Br ° Br
{ N -78 °C \ N DMF, 50°C \ N B(OH),
o 65% o 87% o

2-7 2-8 2-9 2-BA1
O, __O S O
Pd(PPhj),, K3PO, Lawesson's Reagent
1,4 Dioxane, 90C | N Toluene, 105°C \ N
98% (o] 40% o]
ZD-LAC ZD-THL

Figure 2.15 Syntheticscheme foiZD-THL .

The ZD-THL synthetic pathway also begins with a furan substituted at-the 3
position, as the -positionis more accessible synthetic handle, as it catttiated for
further substitutionStarting with 3-furoic acid2-7, application of Abutyllithium yields the
organolithiumin-situ. The lithium is substituted following the addition of bromine to yield
the bromofuroic aci@-8. The carboxylic acid is converted to a methyl e&8rwith the

same method fror@d.2.1.1

Table 2.6 Suzukiscreeningconditions forZD-LAC .

Entry Catalyst Base Conversion*

1 Pd(PPB)4 NaHCQ;

2 Pd(PPB)4 NaCOs

3 Pd(PPh)4 K3sPQy

4 Pd(PPB)4 C=2CGs >99%

5 Pd(PPh)a K2COs

6 P (dbay/PPh K2CGOs

7 PddppfCl2 K2COs

*determined by crudéH NMR
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For the Suzuki screening dD-LAC, all conditions tested for the coupling2®
and2-BA1 had quantitative conversions By NMR (Table2.6). As a similartend of high
conversions was observed foe#iJ-LAC, thisfurther supports thahe use of an electron
withdrawing group helped promote the reactidhe 2-positionwas alscobservedo be
more reactive thaat the 3positionfor the couplingsubstitution as the inductive effects
of the ring oxyge and the methoxyester were in closer proximity to the reactiversi¢e.
catalyst chosen for larger scales (Pd(dpp))@hks selected dusase of handlings it was

morestable at room temperature.

Table 2.7 Thionationscreeningconditions forZD-LAC .

Entry Thionation Reagent Solvent  Temperature THL : DTL : LAC*

1 P4sS1/HMDO Toluene 105°C 67:6:27
2 Lawessonods Toluene 105°C 75:20:5
3 Lawessonos L. e 105°C 77:7:16

(Large Scale)
*determined by crudéH NMR

The thionatiorscreeningo ZD-THL (Table 2.7, Entries 1,2proceeded similarly
to that of the other Bide lactone, with high conversions to the thionolactone while the
overconversioro dithiolactone remained low. a w e s eagentvas chosen ovenBio
due to its higher conversion, as there was enough laat@i@ble from the short and clean
three step process that lactone recovery was not a pribhgZD-THL run on a larger

scale Table 2.7, Entry 3) was isolatenh for further testing as a monomer.
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2.2.1.4 Synthesis of the RD Furanylthionolactone

(o) OMe OH (o)
DIBAL Pd(dppf)Cl,, Na,CO
—_— B + OMe 2 2 3>
\ Ny—Br pcwm,o0°c { X\—Br 1,4 Dioxane, 90°C
(0] 72% (0] B(OH)Z 30%
2-9 2-10 2-BA2
O\ OMe_OH O o S\ _0
K,CO3, Lawesson's Reagent>
—_—
g DMF, 50°C /4 , Toluene, 105°C 74 ]
bo) / 22% 0 34% o)
2-11 RD-LAC RD-THL

Figure 2.16 Syntheticscheme forRD-THL .

The final monomer targeted was tR®-THL monomer.The pathway(Figure
2.16) starts with the bromofuran methyles?®, which waspreviouslysynthesized fothe
ZD-THL . This was reduced with DIBAL to the alcol®lLOto test as the substrate for the
Suzukicoupling with boronic aci®-BA2, to see if the low conversions observed for the
isomer of the alcohol in tHiRU-LAC synthesis would beepeated The coupling results in
a mixture of the RELAC and the uncyclized est&r11. While not as high as the couplings
for the Zside lactones, this Suzukonvertedwith appreciable enough yields to proceed

the synthesis

Table 2.8 Suzukiscreeningconditions forRD-LAC with alcohol.

Entry Catalyst Base %Conv RDLAC % Convto 2-11
1 Pd(PPB)4 K2CGOs 0% 0%
2 Pa(dbak/PPh K2COs trace trace
3 Pd(dppf)Ct K2COs 2% 11%
4 Pd(dppf)Ct NaHCG; 11% 4%
5 Pd(dppf)Ct CSCOs 7% 0%
6 Pd(dppf)Ct K3sPQy 26% 26%
7 Pd(dppf)Ct NaCOs 36% 16%
g Pd(dppf)Ct NaCOs 25% 29%

*determined by crudéH NMR “Large Scale
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Figure 2.17 Reactionscheme foRD-LAC Suzukicouplingwith adehyde

A test run was performed to see if the aldehyde analogue would cause a significant
increase in conversiamsobserved with th&®U-LAC coupling(Figure2.17). The overall
coupling conversion lowers from 52%4ble 2.8, Entry 7) to 4%, and the extra steps
required to reduce the aldehyde and cyclize the lactopeactice lostmore material than
working with the purification of the couplingith 2-10.

When thefuranol coupling was scaled up, tkenversion couplingconversion
remained the same (52% vs 54%) but the cyclization yield decréasader to maximize
lactone recovery for thionation, an extra step was to cyclize the coupling p2etiLitly
heating the sample in the presence @C®s to force lactonizatino to RD-LAC. This
sample was combined with lactone recovered from the purification of the Suzuki coupling

for further thionation.

Table 2.9 Thionationscreeningconditions forRD-LAC .
Entry Thionation Reagent Solvent  Temperature THL : DTL : LAC*

1 P4sS1d/HMDO Toluene 105°C 23:24:54
2 Lawessonos Toluene 105°C 28:23:53
3 Lawessonos Toluene 105°C 32:26:41

*determined by crudéH NMR #Large Scale

The proclivity for overthionation observed in tRJ-THL systemwas notas
problematicfor RD-THL , with comparable amounts ®HL to DTL observed with both
thionation reagentsT@ble 2.9, entries 12). The higher rate of dithionation compared to

the Zside lactones further supports the theory that the position of the furan encourages the
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S\2 ring-opening that leads to the dimbactone.The larger scale thionatiod gble 2.9,

Entry 3) was performed arRD-THL was isolated for further testing as a monomer.

2.2.2 HomopolymerizatioiBehaviorof Furanylthionolactones

2.2.2.1 Homopolymerization of Side Furanylthionolactones

Following the synthesis of the furanylthionolactones, the monomers were initially
tested for potential homopolymerization behavior, to better undertamgherformance
without the influence of vinyl comonomessad compare to the thiopene analogseZU-

THL monomer was accessible in the highest yield, so it was chosen for a screening in
different solvents to see how solvent idenditiectsthe monomemithout an added radical
initiator (Table2.10). Previousunpublishedstudies in tis lab had found thagelectamide
solventscould promote autoinittéon in other thionolactone monomese a series gfolar
aproticsolvents were screendeigure2.18). The screen included,N-dimethylformamide
(DMF), N,N-dimethybacetamide (DMAc), N-methyt2-pyrrolidone (NMP) N, N Nj
dimethylpropyleneurea (DMPUjand hexamethylphosphoramide (HMPAJoluenewas
additionally includedas anonpolarcontrol solvent Samples oZU-THL were dissolved

in each solvent in the absence of a radiméibtor andstirred while heatingo 70 °Cunder

a nitrogen atmosphefer 16 hoursNote that all GPC molecular weights are reported as

the peak molecular weight to aid in comparison to degradé/mer materials.
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Figure 2.18 Structures of solvents screened for homopolymerizatiae HL

Table 2.10 Results of solvent screening fantoinitiatedhomopolymerizatioU-THL .

Entry Solvent %Conv ZUTHL Mp®kDa) n%
1 N,N-dimethylformamide (DMF) 0% - -
N,N-dimethylacetamide (DMA) 0% - -

2
3 N-methyl2-pyrrolidone (NMP) 31% 3.9k 2.21
4 N, Nilgthylpropyleneurea (DMPU
5 hexamethylphosphoramide (HMPA
6 toluene 0% - -
*determined by cruddH NMR in CDCh
%determinedrom CHCk-GPC

Crosslinked unable to characterize

The solvent screen showed thitMP, DMPU, and HMPA can promote
autoinitiation of the thionolacton€onsumption of thionolactones during a polymerization
can qualitativelybe notedthrough the visual loss of color from the initiabyight orange
samples Following the removal of oxygen from the samplag prior to heatingthe
sampledissolvedin DMPU (Table2.10, entries4) went colorlessithin minutes While
not as rapid, the HMPA sample also lost most of its cafter the 1éhour heating periqd
resulting in a product with slightorange tin{Table2.10, entry 5) Both the HMPA and
DMPU sampledbecame extremely viscoasid couldno longerstir by the time they were
removed from theoil bath These solventspresumablyresulted in crosslinked gels that

resisted analysis due to comgleinsolubility in chloroform The ZU-THL sample
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dissolved in NMP Table2.10, entry 4)partially converted31% in the same periodue

to the muchlower conversion, the NMP sample lacked the same excessive gelation
behavior, and thus was able to undergo size exclusion chromatography to determine the
molecular weight and dispersityhe samples in toluene, DMF, and DMACc all exhibited

little to no conersion or color change, showing that interaction WP, DMPU, and

HMPA have a uniquenfluence that supportghe autoinitiation.Currently, there is no
intuitive explanation for this trendAs ZU-THL was found to autopolymerize in NMP
without an added leemical radical initiato(AIBN) devoid ofexcessive crosslinking, this

solvent was used for further testing of the monomer.

Table 2.11 Results for RAFT anéreeradicalhomopolymerization oZU-THL in N-
methyl2-pyrrolidone
%COI’IV Mtheo* Mtop%

Entry Conditions ZU-THL (kDa)  (kDa) n
1 Free Radical, 0.05 eq AIBN >99% - 8.5k 2.14
2 Free Radicalautoinitiated >99% - 13.0k 2.32
3 RAFT, 0.05 eq AIBN 98% 212k 6.7k 1.90
4 RAFT,autoinitiated 33% 7.1k 3.8k 2.59

*determined by crudéH NMR
% Peak molecular weight from CHEGPC
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Figure 2.19 GPCtraces of RAFT antreeradicalhomopolymerization oZU-THL in N-

methyt2-pyrrolidone

The ZU-THL monomer wasnitially examinedunder free radical conditions with
and withoutthe radical initiator azobisisobutyronitrile(AIBN). Another testemployed
RAFT conditions again with and without radicatl initiator, using (}phenyl)ethyl
dithiobenzoate (PEDB) dhe RAFT agent Table2.11). Mild crosslinking was observed,
as samples took some effort tostikve for characterization, but the samples did not achieve
total gelation and thusoluble fractions werable to be analyzed by NMR and GR&der
free radical conditions, the addition of AIBN as an initiator lowered the resulting molecular
weights of tke polymerization, suggestirtyat the initiator increases theverall radical
concentratiorand increase®rmination event®8y contrast, when under RAFT conditions
the addition of AIBN increaskthe resulting molecular weight of the copolymerization.
Without an externaladical sourcginitiation depends entirely aie rate of autoinitiation
of ZU-THL , whichis lowered by the PEDB as radicals tbatild initiate other monomers
arebeing reversibly deactivated in the RAFT equilibridmith the radical concentration

lowered too far, the conversion was too low to sustain propagation to high molecular
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weights. The addition of the initiataufficiently increased theadical concentratia to
sustain propagation to higher molecular weights and achievenarginally lower

dispersities

Table 2.12 Results forfreeradicalhomopolymerization oZD-THL .

%COI’IV Mtheo* Mtop%

Entr ndition lven n %
try Conditions Solvent ZU-THL  (kDa) (kDa)
1 Free Radical, 1 eq AIBN NMP Highly crosslinked, unable to
2 Free Radical, autoinitiated dissolve forcharacteriation

3 Free Radical, 0.15 eq AIB DMF 0% - - -
*determined by crudéH NMR
% Peak molecular weight from CHEGPC

TheZD-THL monomer was moneactive under homopolymerization conditions.
Free radical polymerization in NMP, with or without AIBN added, resultecomplete
gelation, with the products insoluble in chlorofofdo conversion was observeadDMF,
but crosslinkingwas observed wittNMP as the solventWhile speculative the higter
crosslinking activity of th&-side thionolactonesouldbedue to additions to the furan ring
itself (Figure2.20). Thethioester electron withdrawing group may support radical addition

into polymer chainswhich are stabilized by the aromatic rings and the ester.

Figure 2.20 Proposednechanisnof furancrosslinking
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Figure 2.21 Degradation otrosslinkedZD-THL homopolymer

Despite the insolubility of the parent homopolymetPa THL homopoymerwere
able to bedegraded tsolublesmall molecules with following methanolysasshown by
the low MW peak of GPQFigure 2.21). Analysis by*H NMR shows the product ia
complex mixture of small molecules unable to be identifigebugh it resembles a
collection of thioester small moleculeBhese homopolymers represent a new possible
field of solvent resistant coatings that can be polymerizétiout an added initiatoand

subsequentlyully degraded to small molecul@sth addition of base.

2.2.2.2 Homopolymerization of FSide Furanylthionolactone

Table 2.13 Results fohomopolymerizations dRD-THL .
%ConV Mtheo* Mtop%

Entry Conditions Solvent ZU-THL (kDa) (kDa) n
1 Free Radical, 1 eq AIB! >99% - 64.1k 2.09
2 RAFT Target DP 100 NMP >09% 214k 13.7k 1.87
3 RAFTTarget DP 200 >09% 4281 38.4k 1.74
4 Free Radical, 1 eq AIBN DMF 0% - - -

*determined by cruddH NMR
% Peak molecular weight from CHEGPC
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Figure 2.22 GPCtraces of RAFT antreeradicalhomopolymerization oRD-THL in N-
methyt2-pyrrolidone
The RD-THL monomer shows more promise as a homopolymer. Without the
electron withdrawinghioester directly bonded to the furan, theulting polymers appear
to lackthe crosslinking observedith the Zside furanylthionolactones. Both free radical
and RAFT homopolymerizations of the matestaisulted in higher molecular weights than
observed fozU-THL , with lower overall dispersitis(Table2.13). Taking advantage of
the autoinitiation behavior of these monomdRAFT polymerization wasemployed
without a radical initiata'WWhendegrees of polymerization of 100 and 20@ere targeted,
a moderatedegree ofmolecular weightcontrol was achieved with visible shift in the
molecular weights observdéxy GPC analysisshen a higher degree of polymerization was
targeted (Figure 2.22). Degradation of the RIPHL homopolymers by methanolysis

resulted in a completeonversion opolymeric materiatto small molecule speci€gigure

2.23).
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Figure 2.23 Degradation results &D-THL homopolymers

2.2.3 CopolymerizatiorBehaviorof Furanylthionolactones

For the three furanylthionolactones that were able to be synthesized,

copolymerization behavior was explored. Each monomer wasbjected toRAFT

copolymerization  conditions with

tert-butyl acrylate, styrene, and N,N

dimethylacrylamidewith a ratio of 95:5 of vinyl monomer to thionolactoithe RAFT

agent used was DOPA@nd thearget degree of polymerizatioras100.Thecopolymers

were then degraded with sodiunethoxide to evaluate thmicrostructures.
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Table 2.14 Results ofuranylthionolactoneopolymerizatiorscreenings
Vinyl THL %Conv  %Conv Miest  Migp”?

%
Entry Monomer Monomer  Vinyl THL (kDa) (kDa) "
1 t:‘itr;:tti' 79% 107k 47k  1.80
2 styrene ZU-THL 40% >99% 49k 24Kk 1.81
N,N-dimethyl 5.3k
0,
3 acrylamide 67% 14k 76.6 k 1.80
4 tz;trblzz' 9% 2.2k
y Insoluble, unable
5 styrene ZD-THL 2% >99% 1.3k to characterize
. by GPC
g  \Ndmethyl 7% 1.7k
acrylamide
7 tz;tr;‘:é' 84% 112k 122k 167
8 styrene RD-THL 40% >99% 5.0k 5.3k 1.37
-;’:;'_r?/ll:riti?g 91% 96k 95k 176

*determined by conversion in crutié NMR
% Determined from CHGIGPC

Theresults of copolymerization screenings with botkide furanylthionolactones
can be found inTable 2.14, entries 16. In all copolymerizations, the ithholactone
exhibitedfull conversionas determined by the disappearanddeimethylene peak in the
crude'H N MRBesveen theZD-THL and ZU-THL, the formerexhibited higher
homopolymerization androsslinking activity resuling in higherincidence ofinhibition
of vinyl propagation anthuslower apparentinyl conversionsThe resulting copolymer
mixtures from theZzD-THL lacked solubility in chloroform and thus were not able to be

analyzed by GPC.
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The vinyl monomers varied in their re8ng conversios due to tleir interaction
with the thionolactone Keeping in Ihe with previous observations of the parent diphenyl
thionolactone, the acrylic comonomers gave higher overall conversions in the presence of
the THL comonomergompared tetyrene in the same conditiorfsor theZU-THL , tert-
butylacrylate {BA) and N,N-dimethylacrylamide PMA) had conversions of 79% and
67% respectively, while styrer(&ty) only reached 40% in the same time fraeimilar
trend was present for tiZ-THL , with atBA conversion of 9%DMA conversion of 7%,

and aSty conversion of 2%.

SEC-CHCl,

M,: 4.7 k

n:1.81
M,: 2.4 k

. , . , .
11 12 13 14
Time (mins)

Figure 2.24 GPCtraces ofZU-THL copolymers withtert-butylacrylate (BA), styrene
(Sty), andN-,N-dimethylacrylamide DMA ).

The resulting molecular weights tell a similar story, asNheeturned from the
SEGGPC analysis showedU-THL -co-Sty was ~2.4 kDanotably lower thart.7 kDa
for ZU-THL -cotBA and 5.3 kDa foZU-THL -co-DMA (Figure2.24). Interestingly, the

addition of the thionolactone comononteduced the degree of control typically awarded
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to RAFT polymerizationswith thedispersities of all three at the high valueaofund1.8

Higher dispersitymay have been caused by the thionolactone interrupting the steps that
allow RAFT totargetlow molecular weights, that being proper of fast monomer initiation,
and the RAFT equilibriurthat slowshe propagatiorDue to the tendey forautoinitation

of the furanylthionolactonem certain solvents, those processesre disturbedby an
increasedctive radical concentration during polymerizatibiigher radical concentration

can resultin early terminationseactions such ady chainchain coupling lowering the

molecular weight achieved and decreasing the amount of congothe polymerization.

SEC-CHCI,

M;: 9.5k
n:1.67

M;:12.2 k
n:1.76

M;: 5.3k
n:1.37

— RD-co-tBA
m— RD-C0-Sty
m— RD-co-DMA

—_
T T T

11 12 13 14
Time (mins)

Figure 2.25 GPCtraces ofRD-THL copolymers withtert-butylacrylate (BA), styrene

(Sty), andN-,N-dimethylacrylamide DMA) .

As RD-THL was the only Rside thionolactonéo be successfully synthesized, it
Is the only one whose copolymerization behavior could be evaluated. The results of th

copolymerization screening witlert-butylacrylate, styrene, angN-dimethylacrylamide

5C



can be found ifTable 2.14, entries 9. TheRD-THL monomer hadeverakonsistencies

with the Zside monomersRD-THL monomer converted completely in the progress of
the reactions. The copolymerizations indicated &drigcompatibility with the acrylate
based comonomers, #88A andDMA both converted 83% and 91% respectively, while
Sty only converted to 40%. The GPC traces of the acrylate copolymers showed peaks with
higher molecular weight shouldersigure 2.25), which were not present in the
copolymerization with styrene. But in contrast to #id-THL -co-vinyl polymers, the
dispersities for th&D-THL -co-vinyl polymers were lowerthe molecular weights were
higher, and the predicted values from the conversion were more accurate to the resulting
products. This supports the idea that thsid® thionolactones are less active radical
generators and are less prone to unintended criisglibehavior. If the monomer is less
likely to create new radicals, the active radical concentration during polymerization stays

low, so the polymerization is more controlled.

The lower conversions and higher disperities were further investigated through
degradation studies, that illuminatéee copolymemicrostructures. Each copolymer was
subjected to stirring sodium methoxide (NaOMm)d GPC trace of the polymer residue

was compared to the original polymers.
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Parent Polymer Degraded Products
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Figure 2.26 Degradation results and proposed microstructdtéso-tBA.
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Figure 2.27 Degradation results and proposed microstructur@$jeto-DMA.
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Figure 2.28 Degradation results and proposed microstructRi2sco-tBA.
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SEC-CHCI, Parent Polymer Degraded Products
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Figure 2.29 Degradation results and proposed microstructur&@Dsto-DMA .

The GPC traceof the copolymerizatiosof tBA andDMA with ZU-THL andRD-
THL resulted in similar shapea, broad peak with a higher molecular weight shoulder.
Following degradation, the higher intensity peakifted to a slightly lower molecular
weight while theshouldes completely disappearedVorking backwards, théighest
intensity peals in the parensamples werethe resultof blocky acrylatecopolymeis with
early integration with the thionolactone. Thieavage of those linkages resulted in the
slight shift to lower molecular weights. The shoukiebserved \rethe result ofsome
chainchain coupling but mostlyseparate homopolymerization and crosslinkiegavior
of the thionolactonemonomes, evidened by the complete disappearance following the
methanolysisThe copolymerization witdU-THL andDMA resulted in more significant
crosslinking, which is consistent with the visible observation of the extreme viscosity of
the sampleThe homopolymerizatioactivity of theZU-THL was shown to be directly
dependent on the solvent, so-tljdxane may have been more favorable than DMF to

support the autoinitiation and polymerizati@werall, the furanylthionolactones seemed
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to showlow rates of integratiotetveen the acrylates and the thionolactones, possibly

indicative of the RAFT agent being unfavorable for the furan monomers.

SEC-CHCI,
Parent Polymer Degraded Products
—ZUssy ) Q ) o
= = -Degraded o / => _ /
) o
o @

Partial Inhibition
of Styrene Propagation,
No Integration

THL = @
: Vinvl = @
1
Time (mins)
Figure 2.30 Degradation results and proposed microstructaf&$J-co-Sty.
SEC-CHCI,
Parent Polymer Degraded Products
R D-cO-Sty
= = Degraded
o ] " ] ]
@ o ® o
Partial Inhibition
“  of Styrene Propagation,
No Integration
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l0 1]1 1'2 1'3 1I4 Vinyl = @
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Figure 2.31 Degradation results and proposed microstructur&@Dsto-Sty.

Degradation studies of styrene and the thionolactones show the coersndioh
not appear to favor copolymerize under these conditions, as degradation conditions did not
shift the major polymer peak to any notable degtemv conversion doeshows the
homopolymerization of styrene was inhibitegh observation consistenith previous
studies of thedOT monomer, which also did not integrate with styréoeexperienced

deactivation in itpolymerization.
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2.3 Conclusion

Oy 0 O, o Oy_0 0y 0
—_— o —_—

Monomer ZU-THL ZD-THL RD-THL RU-THL
Synthesized? Yes Yes Yes No
Fi orms Degradable Yos Yos Yes
Linkages?
Homog;:’); Z:Z’;I; ation Solvent-Resistant Crosslinked Networks w:;;!n;‘: g;%’:s::ﬂ /
Cop ‘;i);zzgf;ﬁo” Unsuitable for Commodity comonomers

Figure 2.32 Summary ofuranylthionolactones

Thethree outof the four targeted furanylthionolactones isomers were successfully
synthesizedThe process highlighted the difference in reactivity between the 2 and 3
position on furan, and the importance of considering the electronic effects of entire
molecule whemerforming coupling reaction$he efforts to convert thRU-LAC to RU-
THL became an unintended case study orithigations of thionationso future attempts

towards making that molecule must focus on mitigating disfavoreebpeging behavior.

Generaly, the polymerization studies introduced a handful of exciting results. They
highlighted oddly solverspecific autoinitiation and polymerizatidrehaviorthat is still
not fully understoodAs monomers, the furanylthionolactones showed drastic shifts in
reactivity depending on the location of the heterocycléne Zside thionolactones
crosslinked and were difficult to contr@omparatively, the RETHL showed promise due
to itshigher yieldslinear productsand moderate control from RAFT polymerizatiBue

to the limited amount of REPHL monomer available, the amount of polymerization
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experiments was unfortunately restrict€diture studies int&RD-THL should focus on
find ways to increase the synthetield andinvestigating the physical properties of the

resulting homopolymer.

Other future directions for these materials include direct comparison to thiophene
derivatives, kinetics testing with vinyl monomers, and screening conditions to see if

copolymeriation with vinyl monomers can be favored over homopolymerization.

2.4 Experimental

2.4.1 General Information

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise stat&ti.vinyl monomers were run through
a basic alumina column to remove inhibitor prior to USelumn chromatography was
performedon Silicycle silica gel 60 A, 466 3 & m-400 M@&sh)) ‘*H and**C NMR
spectroscopy was conducted using Bruker Avance 400 MHz spectrometer. Polymer
samples were analyzed using a Tosoh EcCoSEC HLC 8320GPC system with TSKgel

SuperHZL columns eluting CHGIlwith 0.25% NE# at a flow rate of 0.45 mL/min.

2.4.2 Synthetic Procedures

General Suzuki Coupling Condition ScreeningProcedure A series of solutionsvere
prepared in 4 mL vialsontainingone of each of the following) thefuran coupling
partner -3, 2-4, 2-5, 2-9, or 2-10) (25 mg, 1 eq) (2) the appropriate boronic acigtBA1
or 2-BA2) (1.2 erp); (3) An aliquot of 2 M bas¢l.5 eq, 0.106 mL); (4) the palladium

catalyst (0.05 eqs); and (5adioxane (0.706mL). To each vial, a stir bar was addedlan
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the solutions were flushed with nitrogen for 8 minutes. The vials were sealed and then
stirred under nitrogen at 90°€@r 1824 hours The reactioa were cooled to room
temperatureand aliquots were dried for cruld NMR. Conversionsveredetermined by
comparing relative integration of peaks associated with the furan starting nsatedishe

lactone methylerse

General Thionation Condition Screening Procedure A series of solutions were
prepared in 4 mL vials containing one of each offtliewing: (1) The lactone of interest
(ZU-LAC, ZD-LAC, RU-LAC, or RD-LAC) (15 mg, 0.075 mmol, 1 eq); (2) the
thionation reagent(s) (LawessonbREBSi@884agent
mg, 0.018 mmol, 0.25 eq) and hexylmethyldisiloxane (27Qu125 mmol, 1.67 eq)); (3)

the solvent (0.749 mL). To each vial, a stir bar was added, and the samples were lowered
into a heat bath @0°C or 105°C for 184 hours. The reactions were cooled to room
temperature, and aliquots were dried for criidlélMR. Conversions were determined by
comparing relative integration of peaks associated with the methylene peaks of the lactone,

dithiolactone, and thionolactone.
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2.4.2.1 ZU Thionolactone Synthesis

Br co Br
- o Mel, K,CO OH
LDA/THF e
0 S 4, - L - OO
o -78 °C o] OH DMF 50°C B(OH)2
56% 52%
2-1 2-2 2-3 2-BA1
o S
Pd,(dba);, PPh, o o]
K,CO P4S4,/HMDO
2-Y3 > o 4910 > o
1,4 Dioxane, 90°C \ Toluene, 105°C \
53% = 60% =
ZU-LAC ZU-THL

Figure 2.33 Syntheticscheme forZU-THL .

Br

M 3-bromofuran-2-carboxylic acid (2-2): Synthesis adapted from method

> published by Zhang et 3 A 2M solution of lithium diisopropylamide (15.25
mL, 30.5 mmol, 1.2 eq) in THF was added to a 100 mL round bottom flask under nitrogen
and cooled ta78 °C via dry iceacetone bath. After cooling, a nitrogparged solution of
3-bromoturan (2.25 mL, 25.4 mmol, 1.0 eq) in THF (20 mL) was added dropwise by
nitrogenflushed syringe. The solution was stirred for 1 houi78t°C, then poured into a
round bottom flask filled with excess crushed dry ice to form a brown slurry. The mixture
wasstirred for 1015 minutes, then poured slowly into room temperature water (100 mL) .
The solution was then transfered to a sepratory funnel and the agueous phase was washed
with DCM (3 x 100 mL). The aqueous layer was acidified to pH 3 with 1 N HCI,laand t
product was extracted with DCM (3 x 100 mL). The organic layer was dried with NaSO
and conventrated en vacuo to yield a tan powder (2.72 g, 56% Vi¢INMR (400 MHz,

CDCI 3) #J=1.8Hzl1H) 6470 (d] = 1.8 Hz, 1H).
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B Methyl 3-bromofuran-2-carboxylate (2-3): 3-Bromofuran2-carboxylic
| ; ome acid (3.64 g, 19.1 mmol, 1.0 eq), pulverizefCs (26.3 g, 190.6 mmol, 10
eq), and methyl iodide (1.42 mL, 22.88 mmol, 1.2 eq) was added to dry DMF (40 mL) and
stirred at 50 °C overnight. Excess MH was addé to quench the reaction. The mixture
was diluted with water and diethyl ether and transferred to a sepratory flask. Alilidd
extraction was performed with sat. NaHE@ x 100 mL), water (3 x 100 mL), and sat.
NaCl (3 x 100 mL). The organic layevas collected and dried with b&0; and
concentrated en vacuo, purified by column chromatography(vHexanes:EtOAc) and

recrystallized in hexanes/EtOAc to yield white crystals (2.04 g, 52% yleld)MR (400

MHz, CDCI 3 =119 HZ 1H),364 (dd = 1.9 Hz, 1H), 3.96 (s, 3H).

0L _0O Benzolc]furo[3,2-eloxepin-4(6H)-one (ZU-LAC) : A solution of methyl
°\\ 3-bromofuran2-carboxylate (2.04 g, 9.94 mmol, 1 eq)hydroxymethyl
phenylboronic acid (3.02 g, 19.9 mmol, 2 eq) indigxane (50 mL) waadded to a 100
mL round bottom flask containing Rdba} (272.9 mg, 0.298 mmol, 0.03 eq),
triphenylphosphine (495.1 mg, 1.19 mmol, 0.19 eq) and a 2M aqueous solu@@s K
(8.30 mL, 16.59 mmol, 1.67 eq). The mixture was purged with nitrogen for 15 minutes
then stirred under nitrogen at 90°C overnight. The reaction was cooled to room
temperature, diluted with water, and extracted with DCM. The organic layer was
concentrated en vacuo and purified by column chromatography:{2exanes:EtOAc).
The pure factions were further recrystallized in hexanes/EtOAc to yield white crystals
(1.05 g, 53% yield)'H NMR (400 MHz, CDC}) & 7J=8.0 HZ 1H), 7.70 (d] =

7.7 Hz, 1H), 7.62 7.44 (m, 3H), 6.94 (d) = 1.9 Hz, 1H), 5.17 (s, 2H$3C NMR (101
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MHz,CDCI 3) u 160. 30, 147. 90, 140. 45, 133. 37,

126.78, 109.85, 70.36.

SQ_0 Benzo(c]furo[3,2-eJoxepin-4(6H)-thione (ZU-THL ): Benzoflfuro[3,2-
°\\ eloxepin-4(6H)-one (500 mg, 2.50 mmol, 1 eq):S» (277 mg, 0.624
mmol, 0.25 eq), and hexylmethyldisiloxane (0.887 mL, 4.17 mmol, 1.67 eq) were
combined into 25 mL of dry toluene in a 40 mL vial. The solution was stirred at 105°C
overnight. The toluene wasemoved and the mixture was purified by column
chromatography (4:4:1:v:v Hexanes:Toluene:EtOAc). The thionolactone was further
purified by recrystallization in toluene to yield orange crystals (324 mg, 66¢4YMR
(400 MHz, CDC}) U 7J=8.D HZ 1#l), 7.71 (dtJ = 7.6, 1.0 Hz, 1H), 7.64 7.48
(m, 3H), 6.97 (dJ = 1.9 Hz, 1H), 5.32 (s, 2H)*CNMR ( 101 MHz, CDCI 3) U

149.35, 149.17, 133.15, 131.33, 130.19, 129.72, 129.39, 128.14, 126.90, 110.66, 75.13.

2.4.2.2 RU Thionolactone Synthesis

(o]
By OMe 0O
LDA/THF Pd(dppf)Cl,/DCM, K,CO;4 7
N DMF >
\ ) 78 ” 1,4 Dioxane, 90°C 7/ O
520, B(OH), 40% =
2.1 2-BA2 2-6
1) NaBH,, DMF
0°C to RT, 16 hrs
2) K,CO3, DMF 50°c
41%
RU-LAC RU-THL

Figure 2.34 Syntheticscheme forRU-THL .
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Br o, 3-Bromofuran-2-carbaldehyde (2-5): A 2 M solution of lithium

| ; / diisopropylamide (24.9 mL, 49.7 mmol, 1.1 eq) in THF was added to a 100 mL
round bottom flask under nitrogen and cooled7® °C via dry iceacetone bathAfter
cooling, a nitrogespurged solution of Bromofuran (4.0 mL, 45.3 mmol, 1.0 eq) in THF
(35 mL) was added dropwise by nitrogidushed syringe. The solution was stirred for 1
hour at-78 °C, then DMF (14 mL, 180.9 mmol, 4 eq) was added dropwisesdlb&on
stirred for an additional 1 hour a8 °C, then removed from dry ice bath to stir while
slowly rising to RT. The mixture was poured slowly into room temperature water (100 mL)
to quench, then extracted with diethyl ether. The organic layer webwlith NaSQ and
conventrated en vacuo and purify by column chromatography{rHexanes:EtOAc) to

yield yellow-brown oil (4.12 g, 52%)H NMR (400 MHz, CDC}) U 9J=D8Hz d,

1H), 7.64 (ddJ) = 1.9, 0.8 Hz, 1H), 6.67 (d,= 1.9 Hz, 1H).

° ome 0 Methyl 2-(2-formylfuran -3-yl)benzoate(2-6): A solution of methyl 3
&.& bromofuran2-carbaldehyde (1.76 g, 10.5 mmol, 1 eq),- (2
methoxycarbonyphenylboronic acid (2.17 g, 12.1 mmol, 1.2 eq) indigkane (50 mL)
was added to a 250 mL round bottom flask containing Pd(dpd)CM adduct (411 mg,

0.503 mmol, 0.05 eq) and a 2M aqueous solutigd® (8.40 mL, 16.79 mmol, 1.67 eq).

The mixture wapurged with nitrogen for 15 minutes, then stirred under nitrogen at 90°C
overnight. The reaction was cooled to room temperature, diluted with water, and extracted
with DCM. The organic layer was concentrated en vacuo and purified by column
chromatography4:1 v:v Hexanes:EtOAc) to yield a yellow oil (925 mg, 40%J.NMR

(400 MHz, CDC#) U 9J=50B HZ, tH), 8.04 (dddl = 7.7, 1.5, 0.5 Hz, 1H), 7.71

(dd,J=1.7, 0.8 Hz, 1H), 7.61 (td,= 7.5, 1.5 Hz, 1H), 6.62 (d,= 1.7 Hz, 1H)33C NMR
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(101 MHz, CDCI 3) a 177.53, 167. 16, 146. 51,

115.10, 52.23.

Oy_0 Benzo[c]furo[3,2-e]oxepin6(4H)-one(RU-LAC) : NaBHs (965 mg, 25.5
&_&’ mmol, 4 eq) was adddd 40 mL of dry DMF in a 250 mL round bottom
flask and cooled to 0°C via an ice bath. After cooling, meth{2-rmylfuran-3-
yl)benzoate (1.47 g, 6.38 mmol, 1 eq) dissolved in 20 mL dry DMF was added dropwise
to the flask under vigorous stirring. Theaotion was stirred at 0°C for three hours,
monitoring progress by TLC. After three hours, conc. HCI (2.66 mL, 31.9 mmol, 5 eq) was
added dropwise. Mixture was diluted with water and extracted with ether. The organic
layer was concentrated to yield the mtediate alcohol. The crude alcohol was added to a
250 mL round bottom flask containing 60 mL of dry DMF and pulverizgddx% (1.76 g,

12.76 mmol, 2 eq). The mixture was heated to 90°C overnight, monitored by TLC for the
production of a bright blue spotftar heating, the reaction was quenched with@GlFhnd

extracted with ether. The organic layers were washed with sat. NaCl and purified by
column chromaography (4vtv Hexanes:EtOAC) to yield a clear oil that solidifies to white

crystals at room temperai(528 mg, 41%)H NMR (400 MHz, CDC}) &4 8.J20 (dd,
8.0, 1.4 Hz, 1H), 7.64 (td = 7.6, 1.4 Hz, 1H), 7.5 7.40 (m, 3H), 6.78 (d] = 1.9 Hz,

1H), 5.09 (s, 2H)*C NMR (101 MHz, CDC$) U 1 4335,033.97, 182.73, 131.26,

130.06, 127.42, 126.70, 124.18, 118.04, 109.02, 60.08.
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2.4.2.3 ZD Thionolactone Synthesis

(o) OH (o) OH (o) OMe
n-BuLi, Br, Mel, K,CO4 ©\/\0H
—_— e +
\ -78 °C \ X—Br  DMF, 50°C \ Xy—Br B(OH),
(o] 65% (0] 87% (o]
2-7 2-8 2-9 2-BA1
(o) o S (o)
Pd(PPh,),, K;PO Lawesson's Reagent
(PPh3),, K3 g gent
1,4 Dioxane, 90C \ AN\ Toluene, 105°C \ AN\
98% (o] 40% (o]
ZD-LAC ZD-THL

Figure 2.35 Syntheticscheme foiZD-THL .

Og(far 2-Bromofuran-3-carboxylic acid (2-8): To an overdried 200 mL Schlenk

\ o flask was charged furaBrcarboxylic acid 2.80 g, 25.0 mmol, 1 eq) and THF
(80 mL). The solutiorwasdegassedby bubbling through with nitrogen, the@ooled to-
78°C via a dry ice/acetone bath14 Msolution of rbutyl lithium (32.81 mL, 52.5 mmol,
2.1 eq) was added dropwise by syringe over -anlute period forming a pale yellow
solution with white precipitate. The flask was regularly shaken to encourage mixing. The
reaction was stirred af8°C for two hours, then bromine limgl (1.42 mL, 25.5 mmol, 1.1
eq) was added dropwide yield a bright golden solution with white precipitate. The
reaction stirred for an additional two hours-@8°C, after which 40 mL of saturated
agueous ammonium chloride was added to quench theamadthe cold bath was
removedand the reaction was returned to room temperaturembttare was diluted with
100 mL of 1 M HCI solutionThe mixture wadransferred to aeparatoryfunnel and

extracted with ethyl acetate (3 x 100 mLhe combined orgaaiextracts were rinsed with
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brine, dried over N&Qs, and concentrated to afford a tan salide product can be further
purified with recrystallization from wateB(13 g 65%). *H NMR (400 MHz, CDC}) U

7.49 (d,J = 2.2 Hz, 1H), 6.85 (dJ = 2.2 Hz, 1H

O0y-OMe Methyl 2-bromofuran-3-carboxylate (2-9): To 2-Bromofuran3-carboxylic

g/e” acid (2.99mg, 15.7mmol, 1 eq), the methylation is carried out using the same
o

procedure as the methylation of methybi®mofuran2-carboxylic acid. 2.79 g,87%)H

NMR (400 MHz, CDC) U 7J.=2.8 Hz( 1tH), 6.79 (d] = 2.2 Hz, 1H), 3.89 (s, 3H).

Ox-° Benzo[c]furo[2,3-e]oxepin-4(6H)-one (ZD-LAC): A solution of methyl

g—b 2-bromofuran3-carboxylate (1.18 g, 5.77 mmol, 1 eg}hy@droxymethyl
o

phenylboronic acid1.05g, 6.93mmol, 2 eq) in 1,4ioxane 80 mL) was added to a 100

mL round bottom flask containing FRIPR)4 (333.61mg, 0.9 mmol, 0.% eq), and a 2M

aqueous solution #0s (4.33mL, 8.66 mmol, 150 eq). The mixture was purged with

nitrogen for 15 minutes, then stirred under nitrogen at 90°C overnight. The reaction was

cooled to room temperature, diluted with water, and extracted with DCM. The organic

layer was concentrated en vacuo and purified bluran chromatography (2:%:v
Hexanes:EtOAc). The pure fractiond.43 g, 98%)were further recrystallized in
hexanes/EtOAc to yield white crystalg00.5 mg, 60% *H NMR (400 MHz, CDC$) U
7.89 (dt,J = 7.6, 1.0 Hz, 1H), 7.6% 7.54 (m, 2H), 7.03 (d] = 1.9 Hz, 1H), 5.15 (s, 2H).
13C NMR (101 MHz, CDC}) a4 154. 30, 143. 01, 132. 89,

116.38, 113.40, 69.63.

Sa© Benzolc]furo[2,3-e]Joxepine4(6H)-thione (ZD-THL ): Benzo|c]furo[2,3

gb e]oxepin4(6H)}one 863.8mg,4.315mmol, 1egandL awe s sond s
o

64

12

Re a ¢



(872.62mg, 2.157mmol, 050 eq) were combined inté5 mL of dry toluene in 400 mL

RBF. The solution was stirred at 105°C overnight. The toluene was removed and the
mixture was purified by column chromatography:1( viv HexanedDCM). The
thionolactone was further purified by recrystallizationhigxanes/etyl acetateto yield

yellow crystals 892.5 mg, 40% H NMR (400 MHz, CDC}) U i 8.74Qm, 1H), 7.71

i 7.39 (m, 4H), 7.15 (dJ = 2.0 Hz, 1H), 5.30 (s, 2HJ3C NMR (101 MHz, CDC}) U
204.73, 19.75, 142.62, 132.27, 130.33, 130.08, 129.75, 129.10, 126.78, 125.31, 116.51,

74.40.

2.4.2.4 RD Thionolactone Synthesis

O._ _OMe OH o)
DIBAL Pd(dppf)Cl,, Na,CO
. OMe (dppf)Cl,, Na, 3
\ X—Br  pcm, 0°c \ X\—Br 1,4 Dioxane, 90°C
o 72% o B(OH), 30%
29 2410 2-BA2
O\_OMe_OH O 0O S .o
K,COg, Lawesson's Reagent>
—_—
g DMF, 50°C 74 , Toluene, 105°C /4 ]
bo) / 22% 0 34% o)
2-11 RD-LAC RD-THL

Figure 2.36 Syntheticscheme folRD-THL .

(gfm (2-Bromofuran-3-yl)methanol (2-10): To a 200 mL Schlenk flkswas added

\ o methyl 2bromofuran3-carboxylate (2502.3 g, 12.21 mmol, 1 eq) and dry DCM
(122.06 mL). The solution was bubbled through with nitrogen and cooled to 0°C. A1.2 M
solution of DIBAL in toluene (25.43 mL, 30.514 mmol, 2.5 eq) was added dropwise. T

ice bath wagemoved,and the mixture stirred at room temperature for three hours. A
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solution of saturated aqueouste)Rvascaddedtdb e 6 s
guench the reaction and was allowed to stir overnight. The reaction was dilthieD®

mL of DCM and transferred to a separatory funfitle organic layer was separated and
rinsed with brine, then dried with bQ:. Solvent was removed under high vacuum to
yield yellow oil. (1.56 g, 72%)H NMR (400 MHz, CDC}) U 7J =428 HZ 1H),

6.53 (d,J = 2.1 Hz, 1H), 4.49 (s, 2H).

o_omeCH Methyl 2-(3-(hydroxymethyl)furan -2-yl)benzoate(2-11): A solution of
5—%] (2-bromofuran3-yl)methanol (1.80 g, 10.2 mmol, 1 eq), (2
methoxycarbonyl)phenylboronic acid (2.4, 122 mmol, 1.2 eq) in 14lioxane {15mL)
was added to a 250 mL round bottom flask containing Pd(dpp)CM adduct (44.9
mg, 0.5@ mmol, 0.05 eq) and a 2M aqueous solutdaCO;z (7.62mL, 15.2 mmol, 15
eq). The mixture was purged with nitrogen for 15 minutes, then stirred under nitrogen at
90°C overnight. The reaction was cooled to room temperature, diluted with water, and
extracted withethyl aetateThe organic layer was concentrated eowrand purified by
column chromatography (4\tv Hexanes:EtOAC) to yield a yellow di99.2mg, 30%).

IH NMR (400 MHz, CDCY) U 7 . B=47.7,(1d,d& Hz, 1H), 7.587.39 (m, 4H),
6.57 (d,J = 1.8 Hz, 1H), 4.48 (s, 2H), 2.51 (s, 1H).

OO0 Benzo[c]furo[2,3-e]oxepin6(4H)-one (RD-LAC): Methyl 2-(3-
5—%] (hydroxymethyl)furar2-yl)benzoate §55.2 mg, 2.39 mmol, 1 eq) was
added to 400mL round bottom flask containirZ8 mL of dry DMF and pulverized KCOs
(6608 g, 4.78mmol, 2 eq). The mixture was heated to 90°C overnight, monitored by TLC

for the production of a bright blue spot. After heating, the reaction was quenched with

NH4Cl and extracted with ether. The organic layers wexgh&d with sat. NaCl, dried with

66

‘N



NaSQy, and concentrated amacuo to a yellow solid. The sample was recrystallized with
Hexanes and ethyl acetate (90:10 v:v) to yfalé white crystals 132.1 mg, 22%)*H

NMR (400 MHz, CDC}) U 8 .JEB.0, (.8, 6.51Hz, 1H), 7.76 (ddii= 7.9, 1.4, 0.6

Hz, 1H), 7.67 (ddd) = 7.8, 7.2, 1.3 Hz, 1H), 7.55 (d= 1.9 Hz, 1H), 7.47 (ddd] = 8.0,

7.3, 1.4 Hz, 1H), 6.59 (d} = 1.8 Hz, 1H), 4.99 (s, 2H}* C NMR ( 101 MHz, CDCI 3
143.25, 134.04, 132.8328.35, 128.03, 124.41, 120.63, 110.75, 60.88.

S0 Benzo[c]furo[2,3-e]oxepin-6(4H)-thione (RD-THL): To
5—%} benzo[c]furo[2,3e]oxepin6(4H)}one 611.9 mg, 2.56 mmol, 1 eq), the
thionation is carried out with the same procedure as the thionation of Benzo|[c]furo[2,3
e]oxepin4(6H)}one(ZD). Recrystallization via hexanes/ethyl acetate yields small orange
crystals. 186.3 mg 34%) '"H NMR (400 MHz, CDC}) & 8 ., 13B=28.1,(18,d.6 Hz,
1H), 7.40 (ddd) = 8.1, 7.1, 1.5 Hz, 1H), 6.60 (d= 1.9 Hz, 1H), 5.11 (s, 2H}*C NMR
(101 MHz, CDC%) a 214. 73,7, 137322, .13 31, 132.20312'K50, 125.24,

124.17, 120.38, 110.59, 66.03.

2.4.3 Polymerization Procedures

CH; O

CH, S o
S.__O Hooc” s

1 Hooc)\s)l\scnl-l25 |y

+ '

07N tBuo” o AIBN, DMF, 70°C S _SCyoHys
—

5eq 95 eq

t-BuO o

Figure 2.37 Examplethionolactonevinyl copolymerizatiorscheme(ZU-THL -co-tBA).

General Thionolactonetert-Butylacrylate Copolymerization Procedure: To a 4 mL

vial was addedhe vinyl monomef200 uL, 95 eq)the appropriate thionolactone (5 eq),
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DoPAT (1 eq),100 pL AIBN stock solution insolvent used0.15 eq), andadditional
solventto bring solution to 3.0 M overa(DMF for tBA, toluene for styrene, and 1,4
dioxane for DMA) A flea stir barwas addedo the reaction vial and the solution was
purgedwith N> for 8 minutes.The vial was sealed with superglue, electrical tape, and
parafilm The vialswere stirred af0°C for ~23 hoursthen opened to ambient air to cease
polymerization. A sample of crude solution was takenférNMR to determine the
conversionof each comonomeilhe sample was then precipitatéd 15:80 solution of
H>O andMeOH fortBA, 100% MeOH for styrene, 100% Hexanes for DM#en dried

on high vacuum. Precipitated polymer samples were further analyzéd ByvR and

CHCI; SEC analysis.

SRs) ~(S )
Free Radical \ /

0\ AIBN, NMP, 70°C

—

Figure 2.38 Examplethionolactondreeradicalhomopolymerizatiorscheme

General Thionolactone Free Radical Homopolymerization Procedurefo a 4 mL vial
was added the appropriate thionolactone (20 mg, 0.092 mmol, 100 esgd, 100 uL
AIBN stock solution in NMP@.152 mg, 0.001 mmol, dq) and additional solvent to bring
sdution to 2.0 M overall(0.467 mL). A flea stir bar was added to the reaction vial, and
the solution was purged withoNor 8 minutes. The vial was sealed with superglue,
electrical tape, and parafilm. The vials were stirred at 70°C for ~23 hours, theadip
ambient air to cease polymerizatignsample of crude solution was taken ¥arNMR to

determine thenonomerconversio. The sample was then precipitate€aD% MeOH then
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dried on high vacuum. Precipitated polymer samples were further analyZetiINiyiR

and CHC} SEC analysis.

PEDB= S

CH,
CH, O
S (o) S ©)\<S
4 | AIBN, NMP, 70°C 0 )
o N S
n s

Figure 2.39 ExamplethionolactoneRAFT homopolymerizatiorscheme

General Thionolactone RAFT Homopolymerization Procedure:To a 4 mL vial was
added the appropriate thionolactone (20 mg, 0.092 mmol, 100f acged, 5 pL 4.56

mg/mL AIBN stock solution in NMP (0.023 m@,.139umol, 0.15 eq)50 pL 4.78 mg/mL

PEDB stock solution in NMP (0.24 mg, 0.924 umol, 1 ey additionbsolvent to bring
solution to 2.0 M overall (45{dL). A flea stir bar was added to the reaction vial, and the
solution was purged with Nor 8 minutes. The vial was sealed with superglue, electrical
tape, and parafilm. The vials were stirred at 70°C-8 hours, then opened to ambient

air to cease polymerization. A sample of crude solution was takéd /MR to determine

the monomer conversion. The sample was then precipitated 100% MeOH, then dried on
high vacuum. Precipitated polymer samples werthéu analyzed byH NMR and CHC}

SEC analysis.
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Figure 2.40 Examplethioestercontaining polymer degradationscheme(ZU-THL -co-

tBA).

General Procedure for Polymer Degradation by Methanolysis:To a 4 mL vial
containing a flea stir bawas addedhe copolyme(15 mg dissolved in DCM (1 mL). To

this was added 1 mbaf NaOMe solution (25% in MeOH, 2.5 mmol). The solution stirred

at room temperature for three hours, and then was acidified to a pH less than 2 with
concentrated hydrochloric acid. Saturated sodium bicarbonate solution was added to
neutralize the solutioto a pH of 7.The solvent was removed under high vacutivan the
polymer redisue was reconstituted with 2.5 mL of GPC solvent. The sample was filtered

of inorganic solids via a (0.45 um PFTE syringe filter) and submitted for SEC analysis.
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CHAPTER 3. THERMORESPONSIVE THIOESTER-

CONTAINING DI BLOCK POLYMERS

3.1 Introduction

Thermoresponsive polymers aréype of stimuli responsive polymer that exhiat
discontinuoushange in theiphysicalpropertiesn response to a change in temperature.
Thesematerials are in a wealth of different speciatizapplicationstypically taking
advantage of a changes in intermolectiteices and miscibility Somecan be grafted or
coatedto form thermoresponsive surfaces that can shift between hydrophilicity and
hydrophobicity with temperature, useful faissue engineering® or in ii nt el | i gen
S e p a r ehrornabography® Thethermoresponsive polymeitsis chapter focuses on are

thosetake advantage of changes in solubility with temperature

°
A ° A A A
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o olubl o oluble
o Insoluble o
= [ B EEGGREEEE P FETTETTrE T=UCST
L B e = 5]
E‘ T=LCST E‘
g °° 0 g0 Analyte £ o| Analyte
L4 o, Soluble o| Insoluble
° @ T
e® o %, °
° °
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Figure 3.1 Phasaliagrams of LCST and UCSfixtures

A solutethatexhibits a loss of solubility when increased above a certain temperature

Is said to possess a lower critical solvation temperature (LCST), while one that loses
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solubility below a certain temperature possesses an upper critical solvation temperature
(UCST). As shown in the phase diagrams of these mixtéiigsirg 3.1) the transition
temperatures depend on the identity of the solute and solvent, as well as the composition
of the sampleThese transitions only include changes in weakcwmralent interactions,

so applications with thermoresponsive materials can take advantagieohigh

reversibility with heat as an easily applied trigger.

30 P K o % % XE % % %
-Y "Y ,O 6 0 00 00 .. 400 00

Figure 3.2 Flory-Hugginssolution theory; R = Universal gas constant, T = Temperature,

«¢= volume fraction of component, DP = dec

rd

parameter

Thermodynamically, dissolution of a polymer agigen temperature depends on
the competition of the entropg disrupt the intermoleculgolymerpolymerinteractions
compared to the entropy dbrming polymersolvent interactions. The Floiuggins
solution theory describes the free energy of mixXfogpolymer dissolutionas dependent
on an interaction parametes, , w éncompasses aknergetic contributiongrom
interactions betweerall componenté® If this factor changes with the change in
temperaturethe temperature at which the free energy of mixeaches zero defines a

critical solvation temperature.
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Figure 3.3 Aqueous compatibility of pNIPAM repeat unit

I'<Ticst I'> Trest

H3C CH3 H__O s
\ /
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Hydrophilic Hydrogen Hydrophobic Interactions
Bonding Interactions Dominate
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Figure 3.4 Structural contributions to the aqueous solubility of pNIPAM

Significant research has been dedicated to materialghétimal responses in water,
as these materials have promise ihioengineering applications Poly(N-
isopropylacrylamide) (pNIPAM) is of high interest due to its aqueous LCST at near 32°C,
near the internal temperature of the human BWédjhe NIPAM repeat unit consists of a
hydrophilic amide sandwiched by the hydrophobic carbon backbone and isopropyl pendant
group. Below the LCSTpNIPAM is soluble in water due to the hyden bondst can

form with the amide groupAbove the LCST, théhermal energy increases tgnamic
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motion of the backbone and isopropyl carbdoe much for the hydrogen bonds to be
sustained, resulting in abruptdrophobic collapseAs a result, pNIPAM containing

materialspossessa sharp, weldefined physical transition with a wealthof potential

applications.
LCST Polymer = @
T < TLCST Fully Soluble Polymer = @ T > TLCST
Solvent = @
(5 ()
()

A

Fully Solvated Copolymer Reversibly Forming Micelle

]
)
]
]
()

Figure 3.5 Thermally activatednicelle formation inamphiphilicblock copdymers with

an LCST active block

One of the major barriers for the application pfarmaceuticalss delivering
hydrophobic molecules into an aqueous environment and subsequently releasing them.
One proposed solution is using micelles with reversibleassémbly to encapsulate and
release payload NIPAM is a good candidate as a component in these matasaisove
the LCST of NIPAM, the collapsed of chains form local regions of high hydrophobicity in

an aqueous medialrhese regions canapture a hydrophobic moiety that would be
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otherwiseinsoluble in these conditions. Amphiphilitobk copolymers with a fullyvater
soluble block alongsidea ENIPAM block have beenestablished to form micellular

assemblies in aqueous medidh the appliation of thermal stimuft>43

N\

HO,C S . HO,C S A
HsC x + yeq HN/J\\_O + NN Chain HaC <
CH; /L | . CHy o (\\/)S\n/scz"‘s
o ';‘/CHJ HyC” CH, N . Extension oAy IR J< I
CH, <|:H3 HN” Yo
pDMA Macroinitiator NIPAM 6RTL * .

o
\_ %% 0 \_ ,/
Thermo-micellation y @ Degradation

[ T<Tcsr T> T/(sl

HOzC
o 9 W | + ( S _SCHs
0 ° 0 S %I ~CH; ‘ \Y\Lr
o HN" o
/""@ .

U J %

Figure 3.6 DMA-6RTL-NIPAM projectgoals

The target of this project was to meripe polymer chemistry ahionolactons
with the LCST behavior of pNIPAND form thermoresponsive copolymers with selective
chemically triggered degradatiorlhioestercontaining polyacriamides have been
recently discovered to exhibit LCST behavior due to the incorporation of hydrophobic
groups into the vinyl backborié,and thioester linkages are resilient to hydrolysiler
mildly acidic to neutral conditionsnaking an ideal candidate for extended solvation in

aqueousystemsA thionolactone with a6nembereding (6RTL) previously synthesized
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in our ldb was shown to mdly copolymerize with acrylaides resulting in a
microstructure reminiscent of a block copolymEmis project proposed that the synthesis
of a block copolymer of DMA chaiextended by aNIPAM -6RTL copolymerization
would result inathermoresponsivdiblock with thioester linkages in the center that could

be bisected under degradation conditions.

3.2 Resultsand Discussion

3.2.1 Synthesis of DMARTL-NIPAM Copolymers

3.2.1.1 RAFT Agent Synthesis

The proposed diblock copolymers were synthesized usen\BAT technique due
to its ability to target molecular weights while alsetaining active chain ends for
extensions with different monomer groups. For this watke RAFT agent 2
(((ethylthio)carbonothioyl)thiep-methylpropanoic acid HTMP) was employed
Trithiocarbonatébased RAFT agents show a high efficiency and compatibility with
acrylamides** > The agerit short alkyl length and thearboxylic acid group improve
water solubility of the resulting polymers and minimizaiokend effects on the observed

solvationbehavior

Aliquat 336, Acetone, CS,, SH,C CH,
50% NaOH soln, CHCI
° 3 - csz\SJ\ OH

C,HsSH
Acidic Workup

ETMP

Figure 3.7 Syntheticscheme folETMP RAFT agent
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The RAFT agent was synthesized usingnapot phase transfer catalysis (PTC)
reaction(Figure 3.7).%¢ This reactionis believed toproceed by the followindggargellini
type mechanisnt/ In the first step(Figure 3.8), ethanethioldissolved in acetonés
deprotonated witliqueousodium hydroxide in the presencetio¢ phase transfer catalyst
Aliguat 366 The thiolate ion attacks carbon disulfide to fonmeghyltrithiocarbonate ion.
Chloroform was then addedeadingto carbaniorformation andaddtion to acetoneThe
resulting tetrahedral intermediatapidly cyclizesvia nucleophilic substitution to provide

atetrasubstituted epoxide.

[0}

CHs  H 4 94 2 CoHs S © 4 + H C7AvCI
TOH —>» s + ¢ T —» C,H NS 3
SA/ . . S// 2 S\SJI\S B H,C cl

..@
0
. 4 . -wo o o HsC ’
c—crH + 9op —> ca—c: + M &% cl
4 - / H,C”; “CH HsC

cl cl U 3 3 -

\I
cl

Figure 3.8 ETMP trithiocarbonate andpoxidecascadanechanism

The epoxide was subsequently Hoggened by the ethyltrithiocarbonaba to form
an acyl chloride that can be converted to a deprotonated carboxylic acid with the attack of
a hydroxide ionAcidic workup yields thecrudeproduct which is purified by column

chromatography anckcrystallizdin hexanes to yield fine yelloarystals

SH;C CH,

s (o) . e . 9%

C,H )]\..@ + H3C7QvCI — ~s7 s b
N7 st HC S‘m Qo

S
3 3 y ¢
CoHs OH H,0* CZHS\S)LS Cl
S S - .o g\ ’\
o &% O=n7Q

ETMP P OH

Figure 3.9 ETMP mechanisntontinued

77



3.2.1.2 Diblock Copolymerization

The first block synthesized wamly(N,N-dimethylacrylamidg (pbDMA). It was
preferred as thérst block aspDMA was to be ideally to be held constant sodhanges
in the LCST behaviour of NIPAM with the addition of the thionolactone could be observed.
The macroinitiator was synthesized by RAFT polymerization oDMA with a target
degree of polymerizatiofDP) of 100, using ETMP as a chain transfer agent and AIBN as
the radical initiator. A monomer conversion of 83% yieldedaareCTA of 8.3 kDaby
!HNMR chain end analysiTlhe ETMP provided an appreciable degreeasftrol, with a

narrowdispersity of 1.5.

S _SC,H
\ 2'15
H3C\N o AIBN, Dioxane, 65°C - Hozc S
S HsC 83
éH3 H;C CH, ¢ CH,
cors. OH 7N
s s )
CH,
ETmp O

Figure 3.10 pDMA Macroinitiatorpolymerizationscheme

Table 3.1 Results of pDMAmacroinitiatorpolymerization

Target Conversion Actual Mumed®  Mcad® Miop?®  Miop®
DP DMA* DP# (kDa) (kDa) (kDa) (kDa)
1 100 83% 83 8.5 8.3 8.3 6.1 1.15

*determined by crud®H NMR #determined by pogturification'H NMR * Peak

molecular weight from CHGIGPC#%Peak molecular weight from DMEPC

HO,C
l AIBN, Dioxane, 70°C
+ 6eq
SC H
HN sczu5 2Hs
6RTL H°2C

Figure 3.11 Polymerizatiorscheme ofNIPAM/ 6RTL chainextension

Entry né&
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The chain extensions of the mad&dA were performed as a copolymerization of
the 6RTL andNIPAM, anticipating early integration of tl&RTL to result in goroduct
resembling a triblock copolymer with @h6RTL as the cemal junction. This was
accomplished bgombining one equivalent of the mad¢fd A with six equivalents of the
6RTL and a varying amount oNIPAM depending on the targeted degree of
polymerization of the chaiextensionFigure3.11). Six equivalentf thionolactone wre
used as previous experiments had shothis amountis the minimum needed to ensure
integrationof at least one thioesténto eachchain. A control copolymerthat did not
include the thionolactonavas also preparedor comparison The results of these
polymerizations areshown in Table 3.2. Due to a poor solubility of pNIPAM in
chloroform, the GP@nalygs of these polymers wengerformedin DMF (Figure 3.12).
Note that all GPC molecular weights are reported as the peak molecular weight to aid in

comparison to degraded polymer materials.

Table 3.2 Results o6RTL/NIPAM chainextensiors of pPDMA macroinitiator

Sample Target Conversion Actual  Mieo* Mcaid  Miop® e
ID DP NIPAM* DP* (kDa) (kDa) (kDa) "
1 60 83% 62 154 16.7 16.1 1.20
2 100 93% 121 20.2 234 23.0 1.40
3% 100 >99% 106 21.0 21.8 19.9 1.30
4 200 96% 239 31.5 36.8 33.9 1.51
5 400 97% 433 53.6 58.7 64.2 1.93

*determined by crudéd NMR

#determined byghainend analysis byH NMR
%Control copolymer with no thionolactone
&Peak molecular weight froRMF-GPC
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Figure 3.12 GPCtraces of6RTL/NIPAM chainextensions of pDMA macr&TA. Peak

at ~35 min is an instrumental artifact.

Increasing the target DP of the chain extensions dfitRAM /6RTL appearedo
increase the overall conversion of the NIPAM, however it caused a loss of control, as the
polydispersity increased from 1.5 at a target DP of 200 to a polydisperdit93fith a
target DPof400T he | oss of contr ol arelated fo geheesible t ar g e
deactivation behavior of the thionolactone interfering with the effectiveness of the RAFT
equilibria. The comparison of theontrol copolymer to the thioesteontaining polymer of
the same target degree of polymerizatshoowed thenclusion of the6RTL may have
decreased the overall conversion offtHBAM andincreased the dispersitiyrough a shift

of a higher weight average molecular weight.
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3.2.2 Chain Cleavage

Initial testing of the polymers included subjecting the samples to deignada
conditions to confirm their microstructure and the capability of the chemically triggered
cleavage of théhioestemnits in the new system. A sample of each polymer was dissolved
in DCM andstirredwith sodium methoxide for three hoymomoting thecleavage of all
of the thioester units in the polymer chalreresultingpolymer residugwas submitted
for SEC analysiand compared to the chromatogssshthe parent polymelt the thioester
units were successfully localized, the resulfragmentobserved by GPC analysis should

reflect two monomodal homopolymer peaks derived from pNR#hd pDMA.

HO,C s HO,C SH H;CO.
H3C 83 Hae 83
CH, o] S _-SCzH; NaOCH; _ Fs CH, + o] S _SC,H;
_CH; x \ﬂ/ DCM CH x \ﬂ/
o N Ph S o Tk Ph S
1
I
H,C” CH,4 HsC” “CH,

Figure 3.13 Scheme ofdegradation bymethanolysis of DMAgs:-6RTL-NIPAM

copolymers

As expected, the results of the degradation experiment resulted in the appearance
of the individual homopolymer segments by GPC analySigure 3.14). The peak
molecular weights measured in the parent polydaosvnshifted from their originatalues
by massebetweerb.8 to 6.5kDa. The chromatograms of each polymer residukibited
bimodal distributions, with a nesecond peakbservedvithin the same range as the peak
molecular weight for the macroinitiatofhe chromatogram fdbMA gz-6RTL-NIPAM 6.
does not appear bimodal as the bisected polymers overlap in molecular (F&giné

3.14A). These show evidence for chain cleavage centralized at the junction between the
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pNIPAM and pDMA blocks, suggesting vemapid integration of the thioractone
monomerupon chairextensoin When the same experiment was performed on the control
copolymer that lacked the thionolactone umtschange in molecular weight was observed
(Figure3.15). This indicated that the thionolactone monomer is responsible for the scission

of thechainsand placed in the intended location in the microstructure.

SEC-DMF kEC-DMF
DMAg;-6RTL-NIPAM, DMAg,-6RTL-NIPAM,,,

M, 16.1 k
£:120 .

— Parent

= = Degraded

(A)

[

Parent
= = Degraded

(B)

Time (mins) Time (mins)
SEC-DMF ISEC-DMF

DMAg,;-6RTL-NIPAM,.. DMA,,-6RTL-NIPAM,.,;

My 64.2 k
p:1.93

w— Parent

= = Degraded
. // < el e
40 45 5 40 45 5
Time (mins) Time (mins)

Figure 3.14 GPCtraces ofdegraded®MA gz-6RTL-NIPAM x copolymers x = (A) DP 62

(B) DP 121(C) DP 239(D) DP 433
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Figure 3.15 GPCtrace ofDMA-NIPAM copolymer undedegradatiorconditions
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Figure 3.16 (A) Reactionscheme foraqueousdegradation 0DMA g3-6RTL-NIPAM 433

with triethylamine.(B) GPCtraces foragueousdegradation 0DMA gz-6RTL-NIPAM 433

with triethylamine Change in retention tinsds due to change instrumentlow rate from

0.35 ml/min to 0.40 ml/min

To supportthe potential for theleavage of thesmaterials in aqueous media, the
DMA g3-6RTL-NIPAM 433 copolymer was subjected to degradation by triethylamine

(TEA) in an aqueous solutiomhe solvatedamine produces hydroxide ions that can
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perform hydrolysis of the thioest@Figure 3.16A). Two samples were run, o room
temperature andneheated to 50°Cto observe if the degradation would change when the
solubility was decreased at higher temperatudeg to the cloud point of the sample, the
heated sample exhibd the opacity immediatehAfter stirring for 20 hourdhothsolutiors
transitioned tampaque white solutian The polymer residue of each sample was isolated
and submitted for SEC analygisigure3.16B). Between the two samples, the peaks shift

by similar molecular weightshowing successful cleavage of the chains in the aqueous
media. However, the higher temperature sample showed a higher intensity of the lower
molecular weight peak associated with the pDMA block, suggesting that the heat resulted
in more efficientleavagelespite the lower solubility of the sample. This can be explained
by the heat increasing the rate of hydroxide production, providing motametxperform

the thioester hydrolysis.

3.2.3 Optical Studies of DMASRTL-NIPAM Copolymers

TheLCSTsof thermoresponsive materialan beobserved through optical changes
of the samplesn solution Depending on the systeras the temperature increasdgsove
the LCST, the transparent solutions visually shift to appear translasgoitlIPAM chains
losetheiraqueousolubility.*® This measurement is nicknamed the Cloud Point experiment
due to the milky look of the suspensio@milar to other amphiphilic NIPAM block
copolymers?? when heating samples of tBA ss-6RTL-NIPAM 4 polymers with a heat
gun, the samples become turbid, with the intensity of the change increasing with the
NIPAM chain length Figure 3.17). All samples returned taansparent when cooled to

room temperature.
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Figure 3.17 Agueoussamples 0 DMA gz-6RTL -NIPAM x copolymers after heatingntil

boiling; x = (A) DP 62(B) DP 121(C) DP 239(D) DP 433(E) DMA s>-NIPAM 106

To observe this change more quantitativedynperature dependent Us spectra

were taken of thaqueous solutiond'he percent transmittance at 400 nm betweég 25

and 45°C is shownplottedin Figure3.18 andFigure3.19.
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6RTL-NIPAM copolymersat 5 mg/ml
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The chain length of the pNIPAM in the copolymers was shown to correlate with
both the temperature at which turbidity was introduced and intensithefturbidity
observed. An increase in the percent mass of NIPAM units correlated with a decrease in
the temperature where tiretial transmittancealecline was observed. The high %NIPAM
by mass samples exhibitéuitial declinesto thatobserved fopurepNIPAM,*! with the
onset of the decline of percent transmittance was approximately 32°C for the DP 239 and
433 copolymers. Where the pDMA block was more dominant, higipeéeature were
required to invoke turbidity, as the DP 121 sample began its decline in transmittance around
36°C. The shortest NIPAM copolymer did not exhibit a sharp peak decline, but rather a
gradual decrease in transmittance between Zrfi48°C. Thiscan be explained as the
pNIPAM blocks were not significant enough in concentration that their collapse resulted
in a significant visual changeHigher concentration samples may provide better

visualization of the transition.
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Figure 3.19Dependence of temperature on the percent transmittance at 40 at-

6RTL-NIPAM 121 andDMA g=-NIPAM 106 cOpolymers at 5 mg/ml

86



The comparison of theDMAgzx-6RTL-NIPAM 121 and DMA g>-NIPAM 106
turbidities highlights the sigificance of the thionolactone units on the solubility of the
pPNIPAM blocks.A sharp declinevasobserved around 36°C whéRTL wasincludedin
the sampleDespite a similar ratio dDMA to NIPAM units, he sample lackingRTL
does not exhibit significant turbidity up to 45¢(Eigure3.19), which was surpsing as the
sample became turbid with continuous heating with a heatrggure3.17E). This implies
that the temperature required was even higher tha@. 4%e shif in the cloud point was
likely due to the inclusion of th@RTL. The hydrophobic pendant phenyl groagasl more
hydrophobic interactions to the free energy of mixireglucing the temperaturequired
to disrupt the hydrogen bonds of pNIPAMsulting in a lowecloud point. TheDMA g3
6RTL-NIPAM s2 polymer may not have contained enough 6RTL to have produced the

same phenomenon, which is why it yielded a similar plot t®¥& s>-NIPAM 106 Sample

3.2.4 NMR Studies of DMARTL-NIPAM Copolymers

The thermal transitionvas further probeavith 'H NMR. Fundamentally, NMR
spectroscopy is a quantitative method for observing atomic nbBolesolutionstate NMR,
agi ven mtengityiareldteita he nucl ei 6s moTypicAliNMR i n
samples are dissolved in solvents the analyte has high solubiligp ithe mobility is
consistent between all nuclei. Thensure thatthe integrations of the signals are
proportional to lhe number of identical nucleBy dissolving theDMA -6RTL -NIPAM
polymers in deuterium oxide, @lsolubility behaviorof the polymer chains in an aqueous
mediacouldbe directly observed by monitorisift therelative intensity oprotonsignals
as the tmperature increasedhis technique has been applied previously to help elucidate

the dynamics of similar thermoresponsive polyn{érs.
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Figure 3.20 Change offH NMR peaks with increasing temperature RiVIA g-6RTL -

NIPAM 239 at 5 mg/ml in RO.

Samples of each of the synthesized copolymers were prepared at a concentration of
5 mg/ml in deuterium oxiddzigure3.20 shows the change fidt NMR spectraof DMA g3-
6RTL-NIPAM 239as the temperature was increased incrementally 2%fi@to 40°C.The
pendant protons of pNIPANbrogressively broaden with increased temperature before
being effectively sileoed above 36°@elative to the protons for pDMA heloss in signal
intensity has beerdirectly correlate to chain aggregatiorresulting in this case ahe

pNIPAM chairs collapsingwith a pDMA corond®®!

This selfasserly can be furtheobserved usingpinspin relaxation timeswvhich
quantitatively obsem the thermal trasition of the protons inpNIPAM.** NMR

spectroscopy observespecific nuclei by measuringits responseto a pulse of
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magnetizationSpin-spin relxation time {2) is defined as the time for the magnetization
of a nuclei resonance signal to decay to 37% of its initial value following the initial magnet
pulse.The method is considered an observation of the local mobilitpetleus as signals

with higher rotational freedom exhibit longer relaxation times.
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Figure 3.21 Spin-spin relaxation times dMA -6RTL-NIPAM copolymers as a function

of temperature

Figure 3.21 illustrates how the relaxation times changed as a function of
temperature for each of tHeMA -6RTL-NIPAM polymers.The NIPAM block length
seems to be directly related to thehaviorof the polymers in solutiormhe samples with
NIPAM DPsof 239 and 433xhibit very similarbehavior Both haverelaxation times
around 100 msec at 25°C, have gradual decreasm®und 70 msec at 31°C, then have

significant drog between 31°C and 32°Curther increases in temperature resulted in
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continuous decreases in Uintil the signawassilenced. The samples witiNIPAM DP

of 121 and 62 by contrast show Values arouncb5 msec at room temperature, and
gradually decreaseithout much change in slope as the temperature is raisggther,
this suggests thaté samples with a higher percent massI®fAM exhibit a more drastic
physical transitionwhile the lower %WIIPAM samples may start from a more collapsed

state, preventing sharpself-assembly
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Figure 3.22 Spinspin relaxation times dDMA g3-6RTL-NIPAM 121 andDMA gz-

NIPAM 106 @s afunction of temperature.

Theseresults suggest these polymers exhibit a different physical transition than a
typical DMA-NIPAM copolymer, which shifts from fully solvated free polymer in
solution to miceks*® Figure3.22 compares the spin relaxation resultDMA ss-6RTL -

NIPAM 121 and DMA g>-NIPAM 106 The control polymer showed long, stable relaxation
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times of nearly 170 msecs between 25°C and 33°C before dropping precipitously. This
result is similar to measurements made on dtiBAM copolymers with micellular self
assembly*® By contrast, all thionolactoreontaining samples here exhibited lower initial
spin relaxationgimes and further temperature increases gave more graduahe®ah
relaxation time. Comparing to tH8MA g-6RTL-NIPAM 121 sample to the control, the
addition of theSRTL unit decreases the spin relaxation at room temperature by nearly 3
fold, showing theNIPAM block observed lower solvent mobility when copolymerized
with the thionolactoneOverall, the alteration of the system appears to have increased the
hydrophobic character of thdIPAM blocks to the point of altering the selésembly
behavior The more gradual nature of this transition appears to resembleeaaminuous
response than an abrupt om&eliminary dynamic light scattering measurements were
inconclusive, though they suggested aggregations may persist at both low and high

temperatures.

3.3 Conclusion

This work reports the successful chain extension of pDMA with NIPAM and a
thionolactone. Demonstrating the tunable applications of thionolactones, the rapid
reactivity of acrylates with the sitwembered thionolacton6RTL was exploited to
produce gpseudetriblock copolymer that is cleavable at the central junciitas junction
was shown to be cleavable in both organic and aqueous environments, requiring a chemical
trigger to proceed. The aqueous solubility behavior of materials was spectroscopically
probed tihough U\-Vis and NMR and compared to control materials lacking thioester

linkages. The aromatic pendant groups interrupt the traditional LCST behavior of the
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amphiphilic copolymer, hinting that a different system may be required to truly combine

thioestematerials withpNIPAM without interrupting setassembly behavior.
3.4 Experimental
3.4.1 General Information

All reagents and solvents were purchased from commercial sources and used
without further purification unless otherwise stated. Column chromatography was
performed on Silicycle silica gel (60 A, 403 & m-400 ]@&sh)))*H and**C NMR
spectroscopy was nducted using Bruker Avance 400 MHz spectrometdV.--Vis
measurements were performeda 1 cm quartz cuvettasing a AgilentCary 5000 UV
Vis-NIR Spectrophotometer equipped with a Quantum Northwest TC 225 Dual
Temperature Controllemd Peltiedriven tenperaturecontrolled dual cuvette holdérhe
macroinitiator was analyzed using a Tosoh ECOSEC HLC 8320GPC system with TSKgel
SuperHZL columns eluting CHGIwith 0.25% NE# at a flow rate of 0.45 mL/min. All
other polymer samples were analyzed usii@sd ECOSEC HLC 820GPC system with
TSKgelAlpha-M columneluting DMF doped with lithium bromide at a flow rate of 0.35

mL/min unless otherwise stated.
3.4.2 SynthetidProcedures

Aliquat 336, Acetone, CS,, SH;C CH,

50% NaOH soln, CHCI
C,HsSH ® - CoMssg s><ﬂ/0H

Acidic Workup o

Figure 3.23 Synthesis oghortchain RAFTagent(ETMP).
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$HaC CHy 2-(((Ethylthio)carbonothioyl)thio) -2-methylpropanoic acid
OH

CoHs( )LS

S
o (ETMP): Synthesis modified from Coverntine et*3Ethanethiol (4

ml, 55.5 mmol, 1 eq), dry acetone (35 ml), and Aliquat 336 (1.01 mL, 2.22 mmol, 0.04 eq)
were charged into a 200 mL Schlenk flask. The solution was bubbled through with nitrogen
cooledto 0 °C in an ice bath. Aqueous sodium hydroxide solution (50% by weight) (3.08
mL, 58.3 mmol, 1.05 eq) was then added over 20 min via syringe gAftep stirring for

an additional 20 minutesarbon disulfide (3.34 mL55.5 mmol, 1 egin acetone 71.19

mL) was added over a 20 min periaih a syringe pumpFollowing the addition,
chloroform (6.67 ml.83.2 mmol, 1.5 egvas addeth bulk, followed by dropwise addition

of 50% sodium hydroxide solution (14.65 p277.5 mmol, 5 eqover 30 min.The ice

bath wasremoved,and thereaction wastirredat room temp overnighTheacetone was
removed viaen vacuo, andesidue was then redissolved in 250 mL of walée vessel

was cooled again t0°C and oncentrated HC(5.43 mL, 166.5 mmol, 3 egyas added
dropwise The solution was transferred to a separatory funnekatrdctedwith hexanes

(3 x 100 mL). The organic layeragrinsed with water (3 x 100 mL), and brine (3 x 100
mL). The organic layer was dried further with J8&: and concentrated en vacuthe

crude product was isolated by column chromatograatlyyl acetate:hexan:1 v/v).
Product was crashed out into a fine yellowstalsfrom hexanest -20°C. (400 mg H

NMR (400 MHz, CDC§) 0  3J.=3.8 Hz( 14H), 1.77 (s, 3H), 1.37 {t= 7.4 Hz, 1H).
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Figure 3.24 Synthesis opDMA RAFT macroinitiatot

SYSCsz DMA Macroinitiator: To an 8 mL vial containing a stir bai,N-

HO,C S
Hacﬁ"/ws Dimethylacrylamide (2.5 mL, 1.77 mmol, 100 eq), EMP (54.4 mg,
[0} N

¢H, 0.243 mmol, 1 egpzobisisobutyronitrile (AIBN) (0.398 mg, 0.002
mmol, 0.01 eq), and diore (6.13 mL) were combined. The sample was purged with
nitrogen for 8 minutes. After purging, the sample was sealed with superglue, electrical tape,
and parafilm, then lowered into an oil bath at 788€four hours. After four hours, the
polymerization wa quenched through air exposure. The solution was purified by
precipitation in diethyl ether and drying by high vacudine polymer was analyzed via
NMR andSEC in CHC} and DMF M, SEC(CHCl3): 8.3k ,  n6; M, SEC{DMF): 5.4

kK, 113 Mp (calculated from CDClz NMR): 8.3 k,DMA conversion 83%.
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Figure 3.27 Scheme fochainextensiors of pDMA with NIPAM and6RTL.

General Procedure for NIPAM/6RTL Chain Extensions to DMA Macro CTA:
NIPAM was recrystallized in toluene four times prior to usdgea 4 mL vial was added
thepDMA Macroinitiator(65 mg 0.008 mmoll eq),6RTL (11.3 mg, 0.047 mmol, 6 £q
NIPAM (355.26, 3.139 mmol, 408q), 20 pL 9.67 mg/mL AIBN stock solution inl,4-
dioxane(0.193 mg, 0.001 mmoQ.15 eq), and additiondl 4-dioxaneto bring solution to

3.0 M overal(1.07 mL).A flea stir bar was added to the reaction vial, and the solution was
purged with N for 8 minutes. The vial wasealed with superglue, electrical tape, and
parafilm. The vials were stirred at 70°C for ~23 hours, then opened to ambient air to cease
polymerization. A sample of crude solution was takenférNMR to determine the
conversion of each comonomer. The pawas then precipitated0% diethyl ethethen
further purified by dialysisPrecipitated polymer samples were further analyzedHoy

NMR andDMF-SEC analysis.

All chain extensions were performed using this procedure, varying the ratio of NIPAM to

Macroinitiator to target different degrees of polymerization.
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I

Figure 3.28 Scheme forchain cleavage ofDMA g3-6RTL-NIPAM x copolymers by

methanolysis

General Procedure for PolymerCleavageby Methanolysis: To a 4 mL vial containing

a flea stir bar was added the copolymer (15 mg) dissolved in DCM (1 mL). To this was
added 1 mL of NaOMe solution (25% in MeOH, 2.5 mmol). The solution stirred at room
tempeature for three hours, and then was acidified to a pH less than 2 with concentrated
hydrochloric acid. Saturated sodium bicarbonate solution was added to neutralize the
solution to a pH of 7. The solvent was removed under high vacuum, then the polymer
redisue was reconstituted with 2.5 mL of GPC solvent. The sample was filtered of

inorganic solids via a (0.45 um PFTE syringe filter) and submitted forBHEE analysis.

HOzC HO,C SH HO
83
SCZH5 HyC CH, . o S _SC,Hs
g o i
o r‘ll’ 3 Ph S
Hy HN CH, HN” o

H;C Hj H;C CH;

Figure 3.29 Scheme for chain cleavage @A g3-6RTL-NIPAM x copolymers by

aminolysis

Procedure for Aqueous Polymer Cleavagevith TEA: To a 4 mL vial containing a flea

stir bar was added the copolymer (15 mg) dissolved in water (2 mL). To this was added
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100 pL of triethylamine. The solution stirred at either at room temperature or at 50°C for
16 hours, ad then was acidified to a pH less than 2 with concentrated hydrochloric acid.
Saturated sodium bicarbonate solution was added to neutralize the solution to a pH of 7.
The solvent was removed under high vacuum, then the polymer redisue was reconstituted
with 2.5 mL of GPC solvent. The sample was filtered of inorganic solids via a (0.45 pum

PFTE syringe filter) and submitted for SEBAF analysis.

Procedure for UV-Vis/Cloud Points To a 4 mL vial containing a flea stir bar was added

the copolymer (15 mg) disse@d in water (3 mL). The sample was stiregch high speed

until all bubbles dissipated. ThHeansmittance was measured at 300 to 800 nm ranging
from 25°C up to 45°C at 1 °C intervals. The sample stabilized at a temperature for at least

five minutes betwen each measurement.
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CHAPTER 4. CONCLUSION AND FUTURE DIRECTIONS

Thionolactones are an exciting new skeleton for monomer désgmtroduces labile
thioester units into polymer backbond3ue to their fundamental similarity to RAFT
agents, they boast a vast iety of potential compatiblenonomers bupossess tunable
handles to alter their reactivity to the whims of the polymer scientist using frerse
monomersalso fill a niche in radical ringopening polymerizatiordue to their rapid
reactivity withacrylaes and further monomer modification can expand their compatibility
as desiredin the geater polymer scienammmunity,a handful of groups amesearcing

how these modifications affect the activity of the thionolactone monomers.

Chapter 2 explored these of furan heterocycles in thionolactone monomer design. The
synthesis of these monomers created interestmghetic challenges that restricted the
production of large quantities of monomer for testing, and illustrated the vulnerability of
some lactonesomers to attack by soft thiolate nucleophiles. The furanylthionolactones
were shown to beeager to homopolymerize, with R side homopolymers able to be
controlled under RAFT conditions. These homopolymers were full degradable to small
molecules. somerswith the furan bonded to the alpha carbon of the lacfoduced
solvent resistant, fully degradable crosslinked materials, illustrating how the furan adds
new handles of reactivity for these thionolactones. Copolymerization behavior of
furanylthionolactoes showed the standards conditions used were insufficient for these

materials, and more screening is required to observe proper copolymer behavior.

Chapter 3 reported the integration of a thionolactone monomer into a amphiphilic

diblock copolymer of DMA ad NIPAM, taking advantage of the rapid reactivity of
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thionolactones with acrylates. These materials were studied for their potential use as
thermoresponsive polymers exhibiting a lower critical solvation temperature, with a
chemically cleavable centralnation. The copolymers were able to undergo chain scission

in organic and aqueous conditions. The solvation behavior in water was altered by the
addition ofthionolactone ring, a4 spinspin relaxation experiments show lower overall
proton mobility and rare continuous demixing behavior than traditional amphiphilic

NIPAM diblocks.

Moving forward, the rapid reactions of thionolactone monomers must be further probed
to achieve their potential as highly tunable monomers. Foifutaylthionolactones,
finding ways to increase the overall yields of their synthesis. More material would be used
to be probe the monomer deefmra proper comparison to other monomers in the family.
For the amphiphilic DMAGRTL-NIPAM diblicks, the selfassembly of these materials
seemed dissimilar to that of typical DMRIPAM copolymers, so further studies into the
organization of these assemblies through light scattering measurements will be needed.
Probing these systems further is key to accomplistiiagyoal of using thionolactones to

impart degradability into bespoke materials.
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CHAPTER 5. APPENDIX

5.1 NMR Spectra
5.1.1 Chapter 2 Spectra

'H NMR (400 MHz, CDQJ) of 3-bromofuran2-carboxylic acid(2-2)
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H NMR (400 MHz, CDCJ) of methyl 3-bromofuran2-carboxylate(2-3)
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13C NMR (101 MHz, CDQ) of benzof]furo[3,2-€Joxepin-4(6H)-one(ZU-LAC)
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13C NMR (101 MHz, CDQ) of benzof]furo[3,2-eJoxepin-4(6H)-thione(ZU-THL)
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H NMR (400 MHz, CDCJ) of methyl 2(2-formylfuran-3-yl)benzoate2-6)
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H NMR (400 MHz, CDCJ) of benzol[c]furo[3,2e]oxepin6(4H)-one(RU-LAC)
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H NMR (400 MHz, CDCJ) of 2-bromofuran3-carboxylic acid(2-8)
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'H NMR (400 MHz, CDCJ) of methyl 2bromofuran3-carboxylate(2-9)
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H NMR (400 MHz, CDCJ) of benzol[c]furo[2,3e]oxepinr4(6H)-one(ZD-LAC)
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13C NMR (101 MHz, CDGJ) of benzo[c]furd2,3-e]Joxepin4(6H)-one(ZD-LAC)
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H NMR (400 MHz, CDCJ) of benzol[c]furo[2,3e]oxepinr4(6H)-thione(ZD-THL)
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13C NMR (101 MHz, CDGJ) of benzol[c]furo[2,3e]oxepin4(6H)-thione(ZD-THL)
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H NMR (400 MHz, CDCJ) of (2-bromofuran3-yl)methanol(2-10)
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'H NMR (400 MHz, CDCJ) of methyl 2(3-(hydroxymethyl)furar2-yl)benzoate2-11)
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H NMR (400 MHz, CDCJ) of benzol[c]furo[2,3e]oxepin6(4H)-one(RD-LAC)
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13C NMR (101 MHz, CDGJ) of benzol[c]furd2,3-e]Joxepin6(4H)-one(RD-LAC)
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