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Abstract

The world is at a tipping point in the current Plastic Age; we cannot possibly eliminate
plastics from modern society, but at the same time, we can no longer turn a blind eye to
their negative environmental impadio addresshis planetary boundary threate must
develop sustainable polymeric materials. Levoglucosaan anhydro sugar obtained
directly from the fast pyrolysis of cellulosic biomass a promising renewable platform
chemical for sustainable polymers. The work in this theslzes levoducosan for the
synthesis and characterization of different types of unexplored sustainable polymeric
materials with versatile properties and applications. The first area of research describes the
synthesisofl,6U | i nked f unct i on haridessdndevoglocosagau | ar p
cationic ringopening polymerization and post polymerization modificatioom@ined
experimental and computational studie=re used to provideey kinetic, thermodynamic,

and mechanistic insights into tip@lymerizationof levoglucosanderivatives withlow

toxicity metal triflates The second area of research expands the usage of levoglucosan to
crosslinked networks by synthesizing a family of biobased thermosets from triallyl
levoglucosan andnultifunctional thiols via thioli ene click reaction. he structuré
property degradability relationshipf these tunable thermosetgas elucidated The
suitability of these levoglucosdrased resins for 3D printing was demonstrated using
DirectInk-Write to create degradable 3D printedtpdor sustainableapid prototyping

and mass production applicatiosnally, the third area of research details the synthesis

of unique sugarbased copolymerghrough cationic ringppening copolymerization of
levoglucosan ant¥caprolactone. These moners were polymerized to obtain functional

copolymers with a gradient architecture and a wide range of copolymer composition.
Vi
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Chapter 1. Introduction

Section 1.6 is reproduced in part from E. M. Mafnés. K. Porwaf, C. J. Ellison and T.
M. Reineke Sustainable advances in SLA/DLP 3D printing materials and procEsses,
Chem, 2021,23, 686371 6897 with permission from the Royal Society of Chemiéim;}(

first authors).



1.1 The Plastic Age

Polymers are indispensable in modern life and thabal economy, with
applications ranging from commodity items.d, furniture, fabrics, food packaging) to
more sophisticated products.g, drug delivery systems, gene therapy, flexible
electronics)'® Their prevalence is a consequence of theireiditrie versatility; they are
light-weight, lowcost, durable, chemically resistant, and have tailorable material
properties-2. Our dayto day dependence on plastics is extraordinary, probably surpassing
most other maimade materials, and resulting iretinitiation of a new era in human history
i The Plastic Agé> Unfortunately, the current production and disposal of synthetic
polymers follows an unsustainable linear economic model dependent on fossil fuels (Figure
1.1), resulting in severe worldwadenvironmental concerns and tremendous economic
losse< Between 1950 and 2015, we have produced nearly 7800 million tonnes of plastics,
out of which almost 5000 million tonnes were discarded, and are accumulating in landfills
and other natural envirorents? More recently, the COVIEL9 pandemic has led to a surge
in plastic production primarily due to the manufacturing of personal protective equipment,
coronavirus testing kits, and packaging materifsr instance, the monthly consumption

of facial masks and medical gloves across the globe has been reported to be around 129

Landfills
Fossil Take Make Use Dispose
_J'I‘ii\. .
b oo 288 Incineration Air
I . /
000 =0
Ocean

Figure 1.1.lllustration of the current unsustainable linear economic model for synthetic
polymer production. Reprinted frofdong, M.; Chen, E. ¥X. Future Directions for



Sustainable Polymerslrends Chem2019, 1 (2), 148 152 Copyright (2019), with
permission fronklsevier.

billion and 65 billion respectively, during the pandemiGlobally, the COVID19
pandemic has led to a 370% increase in plastic waste generation, further aggravating the
existing plastic problerfiit will not be an understatement to say ttrag plastic crisis is

slowly emerging to be a new planetary boundary thifea human environmental
perturbation so major that it is capable
global scalé. To address this planetary boundary threats itmiperative that polymer

scientists focus on the development of sustainable polymeric materials.

N\ DST 0C
Feedstock = <CEDSTog, *ROCESs Process
= AL
(O Renewable Feedstock ' (O Non-Hazardous
4
O Waste Feedstock Tl (O Energy/ Resource Efficient
- @99 nsr conter for
O Recycled Feedstock Foundation Sustainable Polymers (O Waste Prevention

SUSTAINABLE POLYMER

FRAMEWOREK

QO Chemically Recyclable @ & O Competitive Properties

QO Biodegradable

End-of-Use @ ("\\“-OF ~Ug, )8

O Economically Viable

O Reprocessable QO safe-in-Use

Figure 1.2.An infographic of the sustainable polymer framework depicting the four major
pillars that characterize the lifecycle of a sustainable polymeroReped from Reference

(

10, AWi ssinger, Jane E. ; EI'l i son, Chri storg

Trotta, Jacob T.; Yang, Anna B.; Bunyard, Clayton W. Sustainable Polymer Framework.

2020. https://hdl.handle.net/ 11299/ 2116430

The National S@nce Foundation (NSF) Center for Sustainable Polymers (CSP)

devel oped the HASustainabl e Pol ymer Frame wq

holistically define a sustainable polymer (Figure 1.2) so that polymer scientists can
incorporate these aspectsaitheir material desigh. The feedstock pillar suggests that
sustainable sources of feedstocks for polymer synthesis includedetned

monomers/polymeric materials, recycled materials, or waste products. The process pillar
3



considers the green chemnysmetrics of the way in which polymers are synthesized and
processed. The intended use pillar recommends that sustainable polymeric materials must

be environmentallyfriendly andshould also have properties competitive with current
commercial materiald.astly, the enebf-us e pi |l |l ar st ates -of-hat so
Use0O approaches for polymers include c¢chemi
Overall, this framework highlights three key areas of sustainable polymers reSgdjch:

the useof renewable resources as polymer feedstocks, (2) the use of low toxicity reagents

for polymer synthesis, and (3) the development of polymers with sustainabtd-kied

pathways €.g.,degradable polymers), all of which are the focus of this dissertation.
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Figure 1.3. The main structure and components of lignocellulosic biomass. Reproduced
from Isikgor, F. H.; Becer, C. R. Lignocellulosic Biomass: A Sustainable Platform for the
Productia of Bio-Based Chemicals and PolymePalym Chen2015,6 (25), 4497 4559,

with permission from the Royal Society of Chemistry.

1.2  Levoglucosan: A Promising Biomas®erived Platform Chemical

An important source of renewable feedstock is lignocellulosimasgs due to its
worldwide abundance (130 billion tons per year) and low ¥dsgnocellulosic biomass
comprises of agricultural waste.§.,sugarcane bagasse, rice straw and wood pellets) and
grass, which are the natible parts of the plait:® Lignocellulosic biomass provides an
advantage over other biomass as it does not compete with food séptiligaocellulosic
biomass mainly comprises of three polymers (Figure 1.3jgnin, cellulose, and
hemicellulosé amongst which cellulose is tingajor component (350 wt%)? Cellulose
encompasses nearly half of the organic carbon in the biosphere, thereby providing an
abundant carbebased renewable feedstock for sustainable polyidise conversion of
cellulose is hence essential to obtaauable monomer feedstocks from lignocellulosic
biomass. Thermochemical conversion processesxh as fast pyrolysisprovide an
efficient route to convert lignocellulosic biomass into renewable chemicals. Thermal
decomposition of cellulose via fast pyrsiy is widely studied and the most abundant
primary product formed during the fast pyrolysis of cellulose is levoglucosan (Scheme 1.1)

with yields as high as 80.141°

OH
o Ho—__ °H | OH
0 g 01/ Fast Pyrolsis - .
HO™ OH n Yield < 80%
OH OH OH
Cellulosic Biomass Levoglucosan

Scheme 1.1Schematic depicting the synthesis of levoglucosan from cellulosic biomass
via fast pyrolysis.
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The fast pyrolysis process for levoglucosan synthesis does not use any solvents,
catalysts, or enzymes, thus reducing waSkurthermore, the separation amsdovery of
levoglucosan from the pyrolytic liquid is relatively ed$s a result, the industrial interest
in levoglucosan production is recently increasing, and this sugar is being touted as an
attractive building block for the synthesis of highlue added chemicals, pharmaceuticals,
surfactants, polymers, eté!’ Techneeconomic assessment of levoglucosan synthésis
the pyrolysis of lignocellulosic biomass indicates that a pyrolysis plant with large capacity
is economically attractive for We@glucosan productiotl. A study by Zhenget al. found
that the internal rate of return (IRR) of the levoglucosan biorefinery process for 20 years
life span was nearly 2968 This value is higher than the typical range of IRRi gB%)
suggested by searchers and industry representatives for biofuel and biorefinery
processes, indicating that a levoglucosan biorefinery project is commercially atttéctive.
Additionally, techneeconomic analysis also reveals that levoglucosan could be produced
directly from biomass at a price point of $1.33 to $3 per kg, which is less thatemthe
its current average market price, and is competitive with petretirived feedstocks:2°

Levoglucosan or 1;anhydreb-D-glucopyranose is a relativelyntapped anhydro
sugar feedstock. This anhydsagar contains a bicyclic acetal linkage (Scheme 1.1,
highlighted in orange) that makes this sugar amenable to cationieopergng
polymerization (cCROP) for the synthesis of polysacchaktiésvoglucosaroffers rich
functionality due to its three hydroxyl groups, which can be synthetically modified both
pre- and post cROP to install a variety of pendant groups for tailored properties. The

incorporation of the rigid levoglucosan glucopyranose ring innthagerial structure can



increase the thermal stability of levoglucosan based polymeric matéritdymers
obtainedvia cROP of levoglucosan would have rich oxygen content and glycosidic
linkages, making these polymers susceptible to enzymatic and hygittiolysis, which is
attractive for a sustainable eoétlife.?¥2°> Moreover, being a natural sugar, levoglucosan
can be generally considered innocuous to human health, making the polymeric materials
derived from levoglucosan relatively benignAll the above properties motivate the
incorporation of levoglucosan into polymeric materials. Hence, this dissertation work
emphasizes the potential of levoglucosan as a feedstock for the synthesis of rew next
generation sustainable polymeric materials ramdiom polysaccharides and thermosets
to sugafbased copolymers.
1.3 Cationic Ring-Opening Polymerization (cCROP)
1.3.1 ROP and cROP Background

Ring-opening polymerization (ROP) is a charowth polymerization technique
that provides a synthetic route to producé/pers containing heteratoms in the main
chain. Various classes of cyclic monomers such as cyclic ethers, cyclic acetals, lactones,
and bicyclic acetals readily undergo ROP and have been widely st&éfédThe primary
driving force for ROP is theing strain in the cyclic monomer, that determines its
thermodynamic stability relative to its linear polymeric structure. However, ROP also
requires that there be a kinetic pathway for the ring to open and undergo polymerization.
The presence of heteroate such as O or N in the cyclic monomers used in ROP makes
them highly polar, allowing for attack tappropriatanitiators, thus resulting in initiation

and subsequent propagatfdn.



The thermodynamic criteria for the polymerizability of a given nmaovia ROP
is related to the Gibbs energy of polymerization (eqn. 1.1); whi€@eand3"Y are the
standard polymerization enthalpy and entropy, respectively. Some important
thermodynamic parameters for ROP can be derived and understood using egn. 1.1. At
equilibrium &'O 11 ; the monomer concentration assumes a value dakeelquilibrium
monomer concentration § ) determined by3'O, 3"Y, and the polymerization
temperature (eqn. 1.2).In the case of ROP, the polymerization of a monomer is only
possible whenb > 0 . Inthe case of monomers for whigl® <0 andz"Y < 0, net
polymerization does not occur at or above a limiting temperature called as the ceiling
temperaturéY (egn. 1.3%’ Similarly, for monomers wits'O > 0 ands"Y > 0, polymer

formation does not occur at or below a critical temperature called as the floor temperature

Y (egn. 1.4%7

3’0 30 "Y3Y ‘Yasé eqn. 1.1
0 Aop— — eqgn. 1.2
Y ——FF— (30 <0,3Y<0) egn. 1.3
Y ——— (30 >0,3Y>0) egn. 1.4

Advantages of ROP include no elimination offimypduct,generakcontrol over the
molecular weight of the polymer just by tuning tiago of monomer to initiator, and the
availability of a wide variety of metal and organic catalysts for initiatfddepending on

the monomer, the catalyst/initiator system, and the nature of the resulting propagating



species, a variety of mechanismancbe employed for ROP including radical, ionic

(cationic or anionic), coordination, metathesis, etc.
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Scheme 1.2Initiation and propagation of a cyclic acetal via cROP with a strong protic
acid HX28 The tertiary oxonium ion is labeled in red, m = 254

Cationic ringopening polymerization (cCROP) is a class of ROP that utilizes
electrophilic reagents as initiators and involves a positively charged intermediate in the
reaction mechanism. Commonly employed initiators are Lewis acids andtBdacids?’

Cyclic ethers and acetals are typical monomers that undergo cROP owing to the-polar C
O bond in their structure. The O atom in th&®@ond acts as a Lewis base to react with
the electrophilic initiator, and C atom acts as the cationic cemtgrépagatiort’ cROP

of most cyclic acetals proceedsa a tertiary oxonium cation propagating species as
depictedn redin Scheme 1.2 In the presence of a strong protic acid, initiation occurs by
the formation of a secondary oxonium ion via efhr@tonation, which subsequently reacts
with another monomer molecule to form a tertiary oxonium catidime U-carbon of the

oxonium ion is electron deficient due to the positive charge on the adjacent oxygen atom.



Propagation proceeds by nucleophdi¢c t ack of t he oxyg-ermonof a
of the oxonium cation in the propagating species, thereby ring opening it via2an S
reaction?’ A general feature of cROP of cyclic acetals is inérad inter molecular chain
transfer reactions, whicare facilitated by the higher basicity of the oxygen atoms in the
propagating polymer chain as compared to the monomer mofécule.

1.3.2 cROP of Levoglucosan

For a bicyclic acetal such as levoglucosan, cRO& promising polymerization
method due to both the basic nature of the acetal bond in its structure and the reduction in
steric and/or conformational strain by opening of theahBydro linkage&® Levoglucosan
monomers are in thkC4 conformation, inwhich all the substituent groups are in the axial
position. This gives rise to unfavorable -tidxial interactions between atoms at Cz
and G as well as between atoms at &d G. After ring-openingvia the 1,6anhydre
linkage the pyranose ring of the monomer converts td*@eonformation, in which all
substituents are equatorial, decreasing the overall steric congefioR. will therefore
be employed in this work to synthesize homopolymers from levoglucosan.

In generalthe three hydroxyl groups of levoglucosan must be protected prior to
cROP as they can participate in chain transfer reactions and lower the degree of
polymerizatior?® In literature the cROP of alkyl or aryl protected levoglucosan derivatives
was firstreported over 50 years ago by Ruckel and Schiérctiowed by subsequent
investigations by Uryd Kobayashit*, Yoshida?? and Wu3® The general synthetic route
employed by these reports is depicted in Scheme 1.3. The hydroxyl groups aidegagl

were first protected by reaction with an alkyl or aryl halide in the presence of sodium
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hydride (NaH) in dimethylformamide (DMF). Benzyl groups were the most commonly
utilized protecting groups, followed by allyl groups in a few stuéiéscROP of protected
levoglucosan derivatives was usually performed in the presence of phosphorous
pentafluoride (P§) or trimethylsilyl trifluoromethanesulfonate (TMSOTf) as an initiator,
in anhydrous dichloromethane at low temperature®0( ). These polymezation
conditions typically afforded high molecular weight levoglucosan polyfiefor
instance, a maximurd  of 777kDa has been reported so flar the polymerization of
benzyl protected levoglucosan monorfer.

0 ) R=
ﬁa% NaH/DMF ﬁ% cROP —Rngf ;O %M

RX PF5/TMSOTf RO

OH OH OR OR RO,

Scheme 1.3General synthetic scheme employed in literature for the synthesis and cROP
of alkyl or aryl protected levoglucosan ethers.

The primary purpose of these earlier investigations was to utilize levoglucosan for
the synthesis of polysaccharide mimeti@debenzylation after cROP, to understand the
role of these polysaccharides in biological processes such as energy ¥étdge.
Although these initial investigations are very promising in terms of cROP of levoglucosan,
there are some major concerns agsged with the synthetic routes employed. Botls PF
and TMSOTTf are highly toxic initiators. Moreover, &fan only be generated-situ by
cracking a diazonium salt3’ In these previous studies, stereoselective cROP of
levoglucosan to obtain polysaeoides with 1,8J-glycosidic linkages required rigorous
conditions such as high vacuum and very low temperafufarthermore, the sodium
hydride in dimethylformamide mixture used for hydroxyl group functionalization is known

to be thermally unstablend undergoes uncontrollable exothermic decomposition even at
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low temperatures with the generation of gad&ghis mixture has been reported to cause
runaway reactions with increasing scale making it a very hazardous synthetié®route.
Lastly, apart fom molecular weight analysis, the basic thermal, mechanical and physical
properties of levoglucosdmased polymers have not been characterized and understood.
This discussion underscores that the current route for levoglucosan functionalization and
polymeiization is unscalable, and this has potentially limited the use of levoglucosan in the
sustainable polymers field as compared to other biocuhasged feedstocks. These factors
highlight the need to develop benign and scalable pathways for the synthesis of
levoglucosarbased polysaccharides, and this will be the focus of Chapters 2 and 4 of this
dissertation.

1.4 Cationic Ring-Opening Copolymerization (cCROCOP) of Levoglucosan

~9 0
/\/\O Na

b éé MA
X 4 4

< é 2 QV%M?
L ANy

o 0

J SN
Figure 1.4.Chemical structures of the different comonomers employed for cROCOP with
tribenzyl levoglucosan in literature.
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Cationic ringopening copolymerization (cCROCOP) is a powerful synthetic strategy
for the development of highly functional and tunable copolymers from different types of
cyclic monomers. In literature, the cROCOP tilzeenzyl levoglucosan monomer was first
reported more than 50 years ago. In these earlier studies, commonly used comonomers
included other protected levoglucosan derivatives such as trioctadecyl levoglucosan, as
well as protected isomers dévoglucosan such as {ghhydre4-O-benzyt2,3-di-O-
dodecytb-D-mannopyranose (Figure 1.#)}%4 For these copolymerizations as well, the
highly toxic Pls was employed as the polymerization catalyst at very low temperatures of
-60  3%404 Although these levoglucosdmased copolymers were successfully
synthesized, their material properties were not characterized and understood. In terms of
copolymerization of levoglucosan with other types of cyclic monomers, there has only been
one study by Uryat al. where they copolymerized tribenzyl levoglucosan with dioxolane
and epichlorohydrin with Rfat- 60 .*® Their studies revealed that the copolymerization
of tribenzyl levoglucosan with dioxolane resulted in a blocky copolymer, whereas the
copolymerization of tribenzyl levoglucosan witkpichlorohydrin led to a gradient
architecturé’® To the best of our knowleddkis report byUryu et al.is the only example
of cROQOP of levoglucosan with other types of cyclic monomers. Therefore, there is
ample space for the development of levoglucdsased copolymers and improving the
fundamental understanding and activity of copolymerization of levoglucosan with
chemically diffeentmonomers.

Cyclic esters are an interesting class of cyclic monomers that can undergo both

cationic and anionic ringpening polymerization to form mathain aliphatic
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polyesterg! Polyesters are one of the most versatile polymers with widespread
applications ranging from drug delivery, tissue engineering, medical devices, and sutures
to plastics, elastomers, fibers, coatings,*et With a large number of bibased cyclic
ester monomers available, as well as extensive choices for the retdyekpzation
catalysts and processes, cyclic esters are very promising comonomers for polymerization
with levoglucosan. Remarkably, the cROCOP of cyclic acetals with cyclic esters has been
the subject of a handful studits>? For example, Koset al. polymerized a cyclic acetal
1,3-dioxolane withL-lactide in the presence of triflic acid catalyst to afford copolymers
with up to 27 mol% incorporation of dioxolan®. Qiu et al. synthesized multiblock
copol ymer s f r o ncapmlactoreothreughelanasnpdlymétization in the
presence of Tm(OT4)or Er(OTfk as polymerization catalysté.Similarly, Higuchi and
coworkers copolymerized a series of cyclic esters and cyctitals in the presence of
protic acids to obtain alternating copolymeigvacuum or temperature driven unzipping
and scrambling reactiort$>! Although these studies demonstrate successful formation of
copolymers from cyclic acetals and cyclic esténe, monomer reactivity ratios were not
determined for a robust assessment of the copolymer microstructure. Therefore, in Chapter
5 of this thesis, we e Xx pl o rcaeproladiore tacoRt&IMC OP o f
novel sugabased copolymers and improvthe fundamental understanding of
copolymerization of levoglucosan with different types of cyclic monomers.
1.5 Thiol-Ene Photopolymerization Chemistry

The thiolene reaction is a fremadical addition reaction between the sulfur
hydrogen bond of a thiol arttle reactive carbenarbon double bond of an alketelhe

thiol-ene reaction can be readily initiated by exposure to UV light, hence the name thiol
14



[ Initiation J Pl + hv —— PI°
RSH + PI* —— RS’

. + D — °
[Propagation 1] RS \ RS/\
R' R'

[Propagation 2} RSﬁ' + RSH & + RS H
R’ iy
[Termination} RS + R —— RS-SR
RS + RS/\' . SR
R' R’
R’
RS™ Y + RS —— oo
R R R' SR

Scheme 1.4Thiol-ene photopolymerization mechanism, adapted from Hetydd>*

ene photopolymerization reaction. An interesting advantage of photopolymerization
chemistry is that it provides spatial and temporal control over the reaction. An overview of
the thid-alkene stegrowth polymerization is given in Scheme $32%In the initiation

step, the photoinitiator (PI) is irradiated with UV light to generate photoinitiator radical
(Plﬁ. This radical abstrasta hydrogen atom from the thiol (RSH) to formhéyt radical

(RS). The first propagation step involvadditionof the thiyl radical on the carbon of an
alkene monomer to form a carboantered radical. In the second propagation step, the
carboncentered radical abstracts a hydrogen atom from thetthi@generate the thiyl
radical. Termination occurs via radigaldical coupling. Some important advantages of
thiol-ene reaction include rapid reaction rates, quantitative yields, and the ability to perform
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the reaction under ambient conditions withoxygen inhibition issue® Another feature

of thiol-ene chemistry is the availability of a large library of commercial thiols which can
be selected based on the desired properties andpatidation of the final material. The
thiol-ene reaction can beed for the synthesis of thermosets by employing multifunctional
thiols and alkenes, as well as for ppstymerization modification by using
monofunctional thiol§3**Notably, thermosets formed via step growth tienk reactions
have high network hoogeneity, and the resulting networks usually have a nafgow*
Thiol-enephotopolymerization chemistry will be employed in Chapter 2 of this thesis for
postpolymerization modification of levoglucosdrased polysaccharides, and for the
synthesis of levoglucosdrmsed thermosets in Chapter 3.

1.6 3D Printing

1.6.1 Background

The field of 3D printing, also known as additive manufacturing, has recently
emerged as an important tool for rapid prototyping and scaled manufacturing applications
in the automotive, aerospace, and public health se®tétghe 3D printing market has
experienced an annual growth rate of over 10% in the past few years, and this trend is
expected to continu®:>’ An increase in the creation and therefore disposal of the plastics
produced from the 3D printing process will further aggravate the ptadtidion problem
discussed in Section 1.1. Hence, mitigating the production and accumulation of plastic
waste is a crucial step for the 3D printing industry, and it can be achieved by making 3D
printable plastics more sustainable. One plastic 3D printiethod, Fused Deposition

Modeling (FDM), already incorporates multiple aspects of sustainability in its material
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design, which prevents these 3D printed products from being immediately landfilled after
use. FDM creates thermoplastic parts that can eecepsed and reused which prevents
waste. Furthermore, one class of commercially available FDM filament is made from
polylactide, which is a biobased (derived from corn starch) and biodegradable material,
allowing for both a renewable feedstock and-efitife composting methoef’

Many different types of 3D printing techniques exist such as stereolithography
(SLA), digital light projection (DLP), direenk-writing (DIW), microstereghermat
|l ithography (eSTL), d i-phaon phtopotymegizationv(TRP), i n ¢
etc. In almost all of these printing techniques, UV light is predominantly used to create
chemically crosslinked polymeric materials (also known as thermosets) that are mostly
derived from petroleum feedstocks. Unfortunately, sitloese materials cannot be
degraded or reprocessed, they are landfilled or dumped in the environment after use, further
contributing to plastic waste. In this section, the sustainability status of plastic materials
made through different 3D printing processs evaluated by considering the categories of
renewable feedstock and degradable materials as discussed earlier in Section 1.1, Figure
1.2. Section 1.6.2 describes how different renewable chemicals from lignocellulosic
biomass have been utilized to diyesustainable 3D printing resins by eliminating the
reliance on petroleurhased feedstocks. Section 1.6.3 focuses on 3D printing materials that
can be degraded through acid/base hydrolysis of sensitive linkages, thereby providing a

potential solution t@lleviate the problem of 3D printed plastic waste.
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1.6.2 Renewable Feedstocks from Lignocellulosic Biomass for 3D Printing
1.6.2.1 Biobased Phenolics and Saccharides

Biobased phenolics derived from lignin have been used to synthesize
photopolymerizable SLA resins. Lignhas been used in SLA resins in several different
ways, such as using acrylate functionalized bulk lignin or breaking down lignin into
individual monomers to create monofunctional (meth)acrylates. The lignin network can be
broken down into bialerived plenolic monomerse(g, guaiacol, eugenol, and vanillin),
which can be functionalized to obtain (meth)acrylatigsout the use of organic solverits
The resulting monomers can serve as replacements for traditional SLA materials, or they
can be used toadelop an entirely new renewable resin formulation. For example,dding
al. demonstrated that monofunctional guaiacol acrylate can be blended with renewable
(meth)acrylates €.g, di-functional eugenol acrylate and -fdinctional vanillin
methacrylate) omixed with a commercial trimethylolpropane-tnethacrylate monomer
to produce SLA resins, as shown in Figure 1°6&hese SLA resins were used to print
highly intricate and detailed parts as shown in Figure 1.5B. In this study, a ternary mixture
of guaacol acrylate, eugenol-@icrylate, and trimethylolpropane-triethacrylate allowed
tailoring of the Youngés modulus from 0. 83
2.8% to 8.2% just by increasing the amount of guaiacol acrylate and reducingotingt am
of eugenol diacrylate, as seen in Figure 1.80n contrast, an analogous fully renewable
monomer system that replaced themethacrylate with vanillin dmethacrylate exhibited
Youngbés modul i and strains at .®%te8&88%,from
respectively (shown in Figure 1.5F)Compared to theensile propertiesf a commercial

SLA resin Formlabs clear resjistrain at break of 10.1% and tensile strength of 83.4 MPa)
18



Figure 1.5D showthat the propertiesf these biobased phenolic materelevery similar

indicating they could be suitable replacements folFtbrenlabs clear resin
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Figure 1.5. A) Synthesis of dfunctional eugenol acrylate (E), chemical structure of
guaiacol acrylate(G), vanillin dimethacrylate (V), and trimethylolpropane - tri
methacrylate (T). In the synthesis of E the photoinitiator utilized isdin2thoxy2-
phenylacetophenone (DMPAJB) Top i mage i s a -tBiesmadd nt ed
from60mol% G,20mol%e, and 20 mol % V. Bottom i mages
with the scale bar in the left photo being 100 mm and the scale bar in the right photo being
100 m. C) and D) Tensile studies of networks comprising of guaiacol methacrylate (G),
eugenol diacrylate (E), and trimethylolproparig-methacrylate (T) (pGET) or vanillin
di-methacrylate (V) (pGEV). Numbers listed after pGEV/pGET indicatdar ratiosof

each respective component incorporated into the network. FL clear resin is the Formlabs
commerciaklear resirf® Reproduced from ReBOwith permission from the Royal Society

of Chemistry

19
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Figure 1.6. A) Photosensitive resin solution. B) Schematic representing chain growth
polymerization due to ECM, HEA and DAGMA, and C) step growth polymerization due
to HDI. Chemical structure of the resulting D) chginowth and E) step growth networ¥s.
Reprintedwith permission fronC. Lu, C. Wang, J. Yu, J. Wang and F. Chu, T8tep 3
D-Printing Approach toward Sustainable, Repairable, Fluorescent -8t&pery
Thermosets Derived from Cellulose and RosdmemSusChen2019, 210037, illl
Copyright E R\eedagGrbHKR €y KGAL, Weinheim.

Anothermajor component of lignocellulosic biomassllulose(35-50 wt%)? has
also been utilized as a renewable feedstock in 3D printing formulations. RecergtyallLu
developed a duaiure resin from cellulosend rosin (a renewable feedstock obtained from

waste wood and pine tre&5)and 3D printed this resin via SLA to develop thermo%ets.
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In this study, a twestep polymerization strategy was employed combiningttitygered
chaingrowth polymerization andhermally triggered stegrowth polymerization. The
dualcure resin solution comprised of methacrylatetiulose crosslinker (ECM), rosin

derived methacrylate monomer (DAGMA}h®droxyethyl acrylate (HEA), and
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Figure 1.7. A) Synthesis of sucrodgased resins MBSS, DMESS, and AESS for SLA
printing.%3 B) From left to right: tensile strength, tensileastrn t o f ai | ur e
modulus®® Reprinted with permission from {S. D. Silbert, P. Simpson, R. Setien, M.
Holthaus, J. La Scala, C. A. Ulven and D. C. Webster, Exploration oB&sed
Functionalized Sucrose Ester Resins for Additive ManufacturiagStereolithography,

ACS Appl. Polym. Mater2020, 2, 2911918} Copyright {2020} American Chemical
Society.
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hexamethylene diisocyanate (HDI) (Figure P®%)he dualcure thermoset exhibited
thermally triggered shapmemory due to the combination cfiemical (acrylate groups)
and physical crosslinking junctions (hydrogen bonding from free hydroxyl groups of ECM
and urethan@rrethane/urethanester linkages). Interestingly, the thermosets also
exhibited fluorescence due to the presence of the aromragie in the rosin, hydroxyl
groups of ECM and HEA, and amine groups of polyurethane, since these groups €nable n
A® or A-A® aggregatiof! This fluorescence property is especially attractive for LED and
sensor applications

The disaccharide usrose has also been incorporated into 3D printing
formulations®® In a recent study, epoxidized sucrose soyate (ESS) was used as a building
block to synthesize three types of {nased resinsunder solvenfree conditions
methacrylated butylated ESS-metharylated ESS, and acrylated E§Sgure 1.7A.
Three different SLA formulations were developed by mixing 42 wt% of these sucrose
based resins with reactive diluents. The resulting SLA formulati@me 3D printedinto
samples for flexural and tensile testingdifferent orientations (0° or 90° with respect to
the build platform)The properties of 3D printed parts suchlgsYoungd s mo,dnd | u s
tensilestrength could be widely variellv er t he range of 40. 9 t
1670 MPa, and 8 MPa to 17 MPa, respectiiepalteringthetype ofsucrosebased resin
as seen belovin Figure 1.B.%% The acryated and methacrylaid sucrose soyateene
compared to three commercial resitgo urethane acylate resins (Ebecryl 1290 and
Ebexryl 220) and Moai Bl ue resin. As not e

modulus could be tuned to be similar to the commereshsdepending on the structure
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of the sucrose soyate pendant gro@sshownin Figure1.7B.22 The print orientation of
the tensile bars also dramaticall yd-change
methacrylatedESS such that it was simileo the conmercial Moai Blue and greater than
Ebecryl 1290 when printed in the 90° orientatiasshown in the far right graph &igure
1.7B%3

The abovedD printing resins satisfy many aspects of sustainability, such as being
derived from renewable lignocellidir biomass, reduction of solvent use during synthesis,
and eliminating photoinitiator, while exhibiting a range of attractive properties. However,
most of these examples form ndagradable or noereprocessable linkages, such as
poly(meth)acrylates. Adddnal work with lignocellulosic biomass derived materials could
investigate incorporation of chemical linkages that impart degradability to addresf end
life concerns.

1.6.2.2 Terpenes and Diacids

Diacid$"®* and the terpene limoneRé’ have also been ergyed as renewable
feedstocks in 3D printing. Diacids, can be obtained from lignocellulosic sugars through
processes such as fermentafiGhyhereas limonene can be derived from citrus wastes
such as orange peél® However, not all terpenes can lfirectly derived from
lignocellulosic biomass. It was recently demonstrated that terpenes other than limonene
could be synthesized from lignocellulosic biomass using yeast (specifically
Rhodosporidiumtoruloideg.®” Therefore, additional terpenes wilk ldiscussed in this
section as they are an important class of renewable cheffi@als. major advantage of
terpenes and diacids over other renewable feedstocks is that they serve as sources of double

bonds in 3D printing compositions and they can betgguymerized with either a
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monoacrylate or a thiol. Choosing the structure of the terpegeyithin an individual
monomer, as shown in Figure 1.8%9r within a polymer chaing(g.linear or branched’

can allow for large variations in propegieshen photopolymerized with the same thiol (in

this case a tetrlunctional thiol, pentaerythritol tetrakis(@ercaptopropionatg) For
example, it was demonstrated that limonrased thermosets (Figure 1.8A) underwent
plastic deformation and had a much higher strain at break and tensile strength (195% and
24 MPa, respectively) than gerantmsed thermosets which deforms eladifcahd are

more brittle (strain at break of 110% and a tensile strengtiM®&), as shown in Figure

1.8B%8
A) B)
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Figure 1.8. A) Chemical structures of different terpenes: limonene, terpinene, linalool,
nerol, geraniol, and thiol: pentaerythritol tetraRisfercaptopropionate) used in this study
for thermoset synthes§ B) Tensile stress vs strain curves of the different terbased
thermoset§® Reproduced from Ref68 with permission from the Royal Society of
Chemistry.

In addition to unsaturatgublyesters, diacids can be used to create shaahditri
functional acrylate monomers as shown in Figure %M this example, glycidyl
methacrylate was reacted with renewably sourced succinic and itaconic acids under
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Figure 1.9. A) Process to phopolymerize difunctional and trfunctional acrylates
obtained from diacid&B) Heat deflection data for diacid based networks. BHMP2 is from
the difunctional acrylate and BHMP3 is from thefinctional acrylaté® C) Comparison

of tensile strentp and tensile modulus of the BHMP2 and BHMP3 m&iReprinted with
permission from{J.-T. Miao, S. Peng, M. Ge, Y. Li, J. Zhong, Z. Weng, L. Wu and L.
Zheng, Thredbimensional Printing Fully Biobased Heldesistant Photoactive Acrylates
from Aliphatic Biomass,ACS Sustain. Chem. Eng020, 8, 9418424 Copyright
{2020} American Chemical Society.

solventfree conditions to generate-acrylate monomer®. An additional benefit of this
synthetic technique was that the obtainecatylate monomers could be directly used
without any purification steps, further eliminating the use of atditmnal chemicals.

These materials could then be photopolymerizedotan very intricate and precise
structures with a DLP 3D printer. In this study, Miab al. evaluated both the heat
deflection temperature (which assesses the ability of a material to maintain its shape under
both heat and stress) and tensile properdied,found that thermosets from-finctional

itaconic acrylates had superior mechanical properties than those basetuoctidnal
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succinic acrylates, as shown below in Figure 1®B For example, the heat deflection
temperature was 50 °C higherdkre 1.9B), and the tensile strength was 15 MPa higher
for the trifunctional acrylate as compared to thdutictional variant (Figure 1.9CY.The

authors believe this improvement in heat deflection temperature and tensile strength is due
to thehighercrosslink density of networksased on tifunctional acrylate$?

The examples described in this section reveal that limonene (and potentially other
terpenes) and diacids can bsedasrenewablesources of double bonds in 3D printing
resins Due to he versatility in the structure of these feedstocks, the properties of 3D
printed parts can be tunddom stiff to ductile. These materials can hence serve as
sustainable replacements for a variety of commercially available 3D printing resins.

1.6.3 Degradable Chemistries for 3D Printing

An important sustainable esaf-life pathway for 3D printed materials is
degradation post use. 3D printed parts that contain degradable moieties are an attractive
alternative to conventional 3D printed thermosets as thesmitgate the accumulation
and cost of waste management. Degradable thermosets can incorporate recovery and reuse
of starting materials, diverse degradation behavior depending on the type of degradable
linkage, different types of degradation triggers suit&meend applications, and recovery
of high-value components from thermoset composited. very common mode of
thermoset degradation is chain cleavage through abioticgnoymatic) hydrolysis or
enzymatic hydrolysi$> Environmental biodegradation of thermosets through
microorganisms is also encountered in natural environments such as soil and marine
water/? This section will provide an overview of select studies that have incorporated

degradable linkages in 3D praa networks. To make 3D printing formulations degradable,
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one strategy has been to synthesize photopolymerizable macromers from existing synthetic
polyesters or polycarbonates. Such degradable and UV curable resins have been commonly
derived from PLA,”>™ poly(trimethylene carbonate) (PTM®/® poly(propylene

fumarate) (PPE} PCL,">"®®sand poly(glycerol sebacate) (PGS).
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Figure 1.10. A) Synthesis of PP B) Mass loss of PPF scaffolds during degradation tests
demonstrating the effeof PPF molecular weight and scaffold pore architecture (course
vs fine)/” C) Optical micrographs of PPF scaffolds degraded in 0.1M NaOH. It is shown
that after 30 days, scaffolds with PPF molecular weight of 1500 Da and a fine pore
architecture are the most heavily degraded (top part of the imageFL50Banels A
reprinted with permission from { Y. Luo, C. K. Dolder, J. M. Walker, R. Mishra, D. Dean
and M. L. Becker, Synthesis and Biological Evaluation of Videlfined Poly(propylene
fumarate) Oligomers and Their Use in 3D Printed Scaffolds, Biomacromolecules, 2016,
17, 690697. https://pubs.acs.org/doi/abs/10.1021/acs.biomac.6b00014} Copyright
{2016} American Chemical Society. Further permissions related to the material excerpted
should be directed to ACS. Panels B and C reprinted with permission from {J. M. Walker,
E. Bodaner, O. Krebs, Y. Luo, A. Kleinfehn, M. L. Becker and D. Dean, Effect of
Chemical and Physical Properties on the In Vitro Degradation of 3D Printed High
Resolution Poly(propylene fumarate) Scaffolds, Biomacromolecules, 2017, 18, 1419
1425} Copyright {2017}American Chemical Society

SLA has been used to develop hydrolysable tissue engineering scaffolds from
homopolymers containing ester bonds instead of block copolymers. For instance, Walker

et al. utilized only PPF for the development of scaffolddn this study, PPFwas
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synthesizedy ring-opening copolymerization of propylene oxide and maleic anhydride
(Figure 1.10A). e carborcarbon double bond in the PPF backbahews forprinting
without any further synthetic modifications when mixed with ectiea diluent. The
printed PPF scaffolds could be readily degraded inNd.NaOH solution due to the ester
linkages in the polymer backbariEhe degradation ratef these thermoset®uld be tuned
with polymer molecular weight and scaffgddre architectue (coarse vs fine), as depicted
by the mass loss data in Figure 1.10B, and optical micrographs of degraded scaffolds in
Figure 1.10C. Additionally, the degradation products of PPF hydrolysis aretoxic
propylene glycol and fumaric acid, which israttive from the point of view gbrinted
parts that may end up in the environment and dedrade

Carbonate linkages have also been incorporated in 3D printing to impart
degradability. Oesterreicheret al. synthesized 6 noveletminal alkyne carbonate
monomers (Figure 1.11A) and crosslinked them with commercially available
multifunctional thiols (Figure 1.11B) to create thermo$étdydrolytic degradability of
these networks due to the carbonate linkages in the alkyne monomers, and ester linkages
in the thiol crosslinkers, was studied by immersing them in 1M NaOH or 1M HCI solution
at 45 . The degradation rate waslectivelyst er u
tuned by the choice of alkyne and thiol monom@esgure 1.11C¥! Degradation results
under basic conditions were further extrapolatedstimate full degradation tin&f the
different thermosetswhich ranged from a week to a month depending on the monomer
and crosslinker choséh.An additional benefit of this stegrowth thiotalkyne system

from the point of view of sustainability is that the degradapisoducts aréow molecular
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weight fragments. This is in contrast with chgmowth acrylate systemsn which high
molecular weight polyacrylate chains are fornasddegradation products. This study also

demonstrated successful DLP printing of the TCBC/DIPETMP alilyioé combination

with an accuracy of 407140 em as shown in
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Figure 1.11. A) Synthesized alkynearbonate monomefs. B) ThIO|S used in
photopolymerizatio§? C) Weight loss of alkyn¢hiol thermosets in 1M NaOH (a)
4PC/PETMP, (b) 4BC/PETMP, (c) 4AMPC/PETMP, (d) 4PC/5TMPS, (e) 4PC/10TMPS, (f)
4PC/20TMPS, (g) 4PC/EDT, (h) BC/EDT, (i) MPC/EDT, and control BL®) DLP
printed patterns é&m TCBC/DIPETMP formulatiod! Reproduced from Ref81 with
permission from the Royal Society of Chemistry.

Overall, the studies described in this section demonstrate that to render 3D printed
parts degradable, hydrolytically sensitive estecaronate linkages are introduced in
monomers or polymers capable of UV crosslinking. The resulting 3D printed thermosets
are susceptible to hydrolytic degradation due to the ester/carbonate linkages in the polymer
backbone. However, as mentioned previguall the studies described in this section focus

on 3D printed materials intended for vivo biomedical applications, which do not

contribute to environmental plastic waste. Hence, implementation of these strategies in
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formulationsdirectedtowardsnonbiomedical 3D printing applications is crucial, as it will
ultimately aid in reducing environmental 3D printed plastic waste by making these parts
degradable after eraf-life. For instance, 3D printing formulations to be used
predominantly foiprototyping applications could incorporate more degradable chemistry
such as PLA/PGS platfornms ester linkages atiscussed in this section. This will enable
prototypes, which have a shorter lifetime than manufacturing/biomedical materials, to be
rapidly degraded through ester hydrolysis after printing, thereby preventing their
contribution to plastic wast&hus, in Chapter 3 of this thesis, we developed levoglueosan
based thermoset resins through -Uitiated thioteneclick andutilized these resinst
create hydrolytically degradable 3D printed par&ésDIW.
1.7 Thesis Outline

The following four chapters detail work focused on the utilization of levoglucosan
for the synthesis and characterization of different types of unexplored sustainable
polymeric materials. Chapter 2 describes the synthesisl6fU | i nk e d funct
stereoregular polysaccharides from levoglucosan cROP using biocompatible and
recyclable metal triflate catalystsof@bined experimental and computational studiese
utilized to povidekey kinetic, thermodynamic, and mechanistic insights into the cROP of
levoglucosan derivatives with metal triflates Postpolymerization modification of
levoglucosarbased polysaccharidesasperformedto obtain polymers with a wide range
of solubilty and thermal properties. Chapter 3 expands the usage of levoglucosan to
crosslinked materials by synthesizing a family of biobased thermosets from triallyl
levoglucosan andnultifunctional thiolsvia thioli ene click chemistry The thermoset

structuré propertyi degradability relationshipf these tunable thermosetss elucidated
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The suitability of these levoglucosdased resins for 3D printing was demonstrated using
DIW 3D printing to create degradable 3D printed parts for sustaimapieé prototyping

and mass production application€hapter 4focuses on higthroughput screeningf
additional polymerization catalysts, initiators, proton trapsl comonomers for the cROP

of tribenzyl levoglucosan to identify polymerization conditions that could leddgto
molecular weight polymersChapter 5 details the synthesis of unigeggarbased
copolymersthrough cROCOP of tribenzyl levoglucosan, triallyl levoglucosan, @nd
caprolactone. These monomers were polymerized to obtain copolymers with a gradient
microstructure and a wide range of copolymer composition. The copolymer glass transition
temperature, thermal stability, and crystallization behavior could be tailored based on the

copolymer composition.
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Chapter 2. Stereoregular Functionalized Polysaccharidesgia Cationic Ring-Opening

Polymerization of BiomassDerived Levoglucosan

*Reproduced in part from M. K. Porwal, Y. Reddi, D. J. Saxon, C. J. Cramer, C. J. Ellison
and T. M. Reineke, Stereoregular functionalized polysaccharides via catiorapengg
polymerization of biomasderived levoglucosarGhem. Scj.2022,13, 45127 4522 with

permission from the Royal Society of Chemistry.
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2.1 Overview

In this chapter, we report the facile synthesis and characterizationdf1J6i nked f unc't
stereoregular polysaccharides from biorrdssved levoglucosan via cationic ring

opening plymerization (cCROP). We have employed biocompatible and recyclable metal
triflate catalystsi scandium and bismuth triflaté for green cROP of levoglucosan
derivatives, even at very low catalyst loadings of 0.5 mol%. Combined experimental and
computatiorl studies provided key kinetic, thermodynamic, and mechanistic insights into

the cROP of these derivatives with metal triflates. Computational studies reveal that ring
opening of levoglucosan derivatives is preferred at the 1,6 anhydro linkage and cROP
proceeds in a regicand sterespecific manner to form 156 gl ycosi di ¢ | i nk
calculations also show that biocompatible metal triflates efficiently coordinate with
levoglucosan derivatives as compared to the highly toxic UBEd previously. Post
polymerization modification of levoglucosdrased polysaccharides is readily performed

via UV-initiated thiol ene click reactions. The reported levoglucosan based polymers
exhibit good thermal stabilityTg> 2 50 ) and a wide glgass tr
window (<150 to 32 ) t hat is accessible with
pendant groups. This work demonstrates the utility of levoglucosan as a rendesdabdyl

scaffold, enabling facile access to tailored polysaccharides that could be mhpontany

applications ranging from sustainable materials to biologically active polymers.
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2.2 Introduction

Polymers are indispensable in modern life and the global economy; however, more
than 90% of current synthetic polymers are derived from féssis and 87% of these
produced polymers contribute to plastic waste, usually after a singl&®ii8e.
Lignocellulosic biomass is one of the most promising renewable feedstocks for sustainable
polymers due to its worldwide abundance and availaBifity®® The major component
of lignocellulosic biomass is cellulose, and thermochemical conversioegsef such
as fast pyrolysi& provide an efficient route to convert biomass cellulose into renewable
chemicals>?®>8The major product of cellulose fast pyrolysis is levoglucosan (Figure
1A), which can be obtained with yields as high as 80%1%° Not surprisingly,
levoglucosan has been identified as a building block for high aadded chemicals,
pharmaceuticals, and surfactatft$’*°As a result, there has been increasing interest in the
commercial production of levoglucosan from biomakechneeconomic analyses indicate
that levoglucosan could be produced by thermochemical conversion at a low cost of
$1.33/kg to $3.0/kg, which is competitive with many petrolederived
monomerg-20:89.90

Structurally, levoglucosan is an attraetifieedstock for the synthesissafstainable
polymers This anhydresugar contains a bicyclic acetal linkage (Figure 1A, highlighted in
orange) that is amenable to cationic foyening polymerization (cCROPByLevoglucosan
also offers rich functionalitgue to its three hydroxyl groups, which can be synthetically
modified prior to cROP to install a variety of pendant groups for tailored properties.
Furthermore, the incorporation of the rigid glucopyranose ring in the polymer backbone

via cROP can increasthe thermal stability of levoglucosan based polysaccharides.
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Stereoregular polysaccharides are also of interest in biological and biomedical applications
such as drug delivery and blood aciagulation due to their biocompatibility, multiple
functionalities, and stereochemistry dependent propeiti®s? In addition,
stereoselective cROP of levoglucosan to obtain polysaccharides withgly6osidic
linkages is attractive from a sustainability standpoint since these linkages have

demonstrated usceptibility to enzymatic and acidic hydroly$i$® Despite these

advantages, levoglucosan has received considerably less attention in the sustainable

polymers field as compared to levoglucosenShé€* another anhydrosugar than can be
obtained irsmall quantities from cellulose pyrolysfs.

The cROP of protected levoglucosan derivatives was first reported more than 50
years ago, however the synthetic routes employed had some major drattiEukse
derivatives are generallgynthesized from levoglucosan by reaction with alkyl/aryl
bromide in the presence of sodium hydride in dimethylformamide, which is hazardous due
to its thermal instability®3%19%197 Benzyl and allyl derivatives of levoglucosan have been
two of the mat widely studied monomers with cROP proceeding at low temperatures in
the presence of Rer TMSOT{33198109The resulting polymers were dbenzylated/de
allylated for use as polysaccharide mimetics and HPLC stationary phases,
respectively?>33119These polymerization conditions can afford high molecular weight
polymers M, of 50 kDa), however reaction times were generally long (80 h) and initiators
(PR & TMSOT) that are both highly toxic and difficab-handle were uset:'!!
Additionally, in these previous studies stereoselective cROP of levoglucosan required

rigorous conditions such as high vacuum and very lowtemperatur@ ( f or t he t
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monomer, O f or 2R3 1%0weral, idéntffitatiomaf altermatve |pw.
toxicity catalysts for cROP of levoglucosan under mild conditions has remained a
challenge, thereby hindering their large scale and sustainable synthesis. This has potentially
limited the use of levoglucosan in the sustainable polymers field as compap#uket
biomassderived sugars such as levoglucosenone.

Despite the initial investigations in cROP of levoglucosan, the material properties
of the resulting polysaccharides have not been characterized and computational insight into
the thermodynamics andhechanism of levoglucosan cROP has not been provided.
Additionally, very limited work has been done to utilize the rich hydroxyl functionality of
levoglucosan for the synthesis of functional polysaccharides.etral synthesized
amphiphilic polysaccharidesby ringopening copolymerization of tripropargyl
levoglucosan, followed by aziewkyne cycloaddition modification of the copolyntér.
However to the best of our knowledge this is the only example of reactive levoghucosan
based materials, providing ample space for the development and characterization of
functional levoglucosan polymers. Taken together, these factors have led us te explor
methods to improve levoglucosan polymerization conditions while preserving reactive
functionalities for polymer modification.

Herein, we report a synthetic platform for stereoregulatll,6] i nked 1 evogl |
based polysaccharides with different pendanttional groups. An array of catalysts was
screened for the cROP of levoglucodmsed benzyl (Bn2 and allyl (All) 3 functional
monomers (Figure 2.1A) to identify green alternatives. Scandium and bismuthdriflate

which are biocompatible and recyclablgalyst® were identified as promising candidates
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and used for further studies to understand the kinetics, thermodynamics, and mechanism

of ring-opening for2 and3. Postpolymerization modification gboly(3) was performed
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Figure 2.1.A) Schematic depting synthesis of levoglucos#h) from cellulosic biomass
via fast pyrolysis. In this work, tribenzy{®) and triallyl levoglucosan monome{3) are
subjected to metal triflate catalyzed cROP to synthgmiag2) andpoly(3) respectively.
UV-initiated thol-ene click reaction is utilized for further modification of poly(3). B)
Isodesmic reaction for ringpening of2 and3 with dimethyl ether and the corresponding
ring strain free energies (kcal/mol) at the  Siydm/M06-2X/6-
311++G(d,p)//SMIbcm)y/M06-L/6-31+G(d,p) level.

with UV-mediated thidlene click chemistry to afford functional polymers with a range of
solubility and thermal properties. This work paves the way for future development of this
renewable platform, enabling facile access to tailored pobtysrides for sustainable
polymers to biomaterials applications.

2.3 Results and Discussion

2.3.1 Monomer Synthesis

Monomer 2 was purchased from a commercial supplier and mond@mneas
synthesized on a mulgram scale using a modified method for ¢tieerification of starch
(75% vyield, Section 2.5.3}2 This synthetic route is safe with easy to handle reagents,
empl oying NaOH as a mild base in di methyl
synthetic pathway fo8 using NaOH, a phadeansfer catigst, and water as the reaction
medium3the monomer was successfully prepared with this method, albeit in lower yield
(36% vyield; Section 2.5.3).
2.3.2 Screening of cROP Conditions

Combined molecular mechanics and density functional theory (DFT) calcslation
were performed to determine the risfyain free energies for isodesmic reactio2 ahd
3 with dimethyl ether. Unsurprisingly, both the monomers have comparablstraig
values, and for bot2 and 3 ring-opening is energetically favored at the -&fhydro

linkage over the 1finkage (Figure 2.1B), supporting polymerizatior2aind3.
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To identify less toxic catalysts to promote cROR @hd3, and to understand the
effect of solvent and catalyst loading on cRORP2a@nd 3, a library of polymerizéon
experiments was performed. We initially screened a range of metal and organic catalysts
due to their commercial availability, low toxicity, and ability to ring open cyclic ethers for
the polymerization o2 (Figure 2.2, Table 2.2}:11111#119 Cationic initiators BEOEL and

MeOTfthat are conventionally employed for cROP of cyclic acetals were also screened in
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Figure 2.2.Structure of cROP catalysts used in this study.

addition to the array of catalysts for direct compari&di All screening reactions took
place at room temperature for 72 h in dichloromethane (initial monomer concentration [M]
= 1.0 mol I'Y). Successful catalysts were then used to screen cRE®)RBxaf metal triflates
[Sc(OTf)x and Bi(OTfg] were identifed for cROP of bot and3 (Table 2.2, entries 1, 2,

7, 8). Both metal triflates provided comparable conversion to th®©BE and MeOTf

controls (Table 2.3) and provide the additional benefit of being recyclable (via a simple
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agueous extraction) while not releasing corrosive byproducts such as triflic acid commonly

released by alkyl triflate8! However, these metal triflates have lied solubility in

dichloromethane and hence further studies were performed to understand solvent effects.

Table 2.1. Summary of cROP catalyst screening foand 3, green indicates nerero
conversion?Polymerization conditions for 2: [2F 1M in CHCl>a t
time = 72hPPolymerization conditions for 3: [8F 1M in CH.Cl.a t
time = 72h. . Red = zero conversion; Green =perm conversion; NA = Not applicable.

Cat al yst

Bismuth subsalicylate

Diphenyl phosphoric aci
Ti(iOPr)4
Al(iOPr)3
BF:OEt
MeOTf
Fe(OTfg
Sc(OTfk
Al(OTf)3
Bi(OTf)s
La(OTf)s
Y(OTf)3
Zn(OTf)

We investigated the addition of varying quantities of acetonitrile (Me@Nich is

a better solvent for the catalyst, in the polymerization mixtiiee.our surprise, no

26\
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NA
NA
NA
NA

NA

NA

NA

NA
NA

25
25

2
3:

Cat
Cat

polymerization occurred when >10% MeCN by volume was present in the reaction

medium. Moreover, monomer conversion generally decreased with increasing afmount o

MeCN from G10% (Tables 2.4 and 2.5) and we hypothesize this is due to the better

solvation of the ionic active species by MeCN, as reported in the litefafiifave then
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studied the effect of varying catalyst loading on cROP2adnd 3 and found tht
polymerization of both monomers could be conducted at MEdddings as low as 0.5
mol% (Table 2.2, entries 4, 6, 10). Notably, the pendant groups do not seem to drastically
impact conversion, as similar values were observed for both the monomers likely due to
their comparable ringtrain (Figure 2.1B). With thedentified metal triflates, M values

up to 18.6 kDa fopoly(2) (DP = 31) and 12.5 kDa f@oly(3) (DP = 24) could be achieved
Table 2.2. Summary of cROP of and 3 under various polymerization conditions.

aMonomer conversion determined B NMR spectrgcopy. °Molecular weight and
dispersity determined by SE@ALS in DMF.

o

OR M(OTf),, 25°C +o 0
Q - RO%F
Sr bg  CH:Cl/MeCN, 72 RO 7
2, R=Bn poly(2), R =Bn
3 R=Al poly(3), R = Al
No. Monomer cat. Solvent [M]o  [M]:[cat] Conv¢ DP* M,> D’
CH>Cl: : MeCN (mol L) (%) (g/mol)
1 2 Sc(OTH)s 100:0 1 50:1 74 16 11030 1.6
2 2 Bi(OTf)3 100: 0 1 50:1 84 8 4400 1.3
3 2 Sc(OTH)s 100:0 2 100 : 1 82 17 12200 1.6
4 2 Sc(OTh)3 100:0 2 200:1 71 27 16500 1.4
5 2 Sc(OTHs 991 2 100 : 1 57 31 18600 1.4
6 2 Sc(OThH)3 99:1 2 200:1 34 22 13400 1.4
7 3 Bi(OTf)3 100: 0 1 20:1 86 13 6100 1.7
8 3 Sc(OTh): 100: 0 1 20:1 77 12 7900 23
9 3 Bi(OTf)3 100:0 Bulk 100 : 1 75 2410500 1.5
10 3 Bi(OTf)3 100:0 Bulk 200:1 71 21 9500 1.7
11 3 Bi(OTf)3 99:1 2 100 : 1 68 16 6600 1.5
12 3 Bi(OTf)3 99:1 Bulk 100:1 97 24 12500 1.9
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with moderate dispersities (Table 2.2, entries 5 and 12). These moderate molecular weights
are most likely caused by intermolecular chain transfer andltitiol reactions which are
common features in cROP of cyclic acetfiChain transfer reactions are favored in the
cROP of cyclic acetals due to the higher basicity of oxygen atoms in the polymer chain as
compared to the monom#&rMoreover, it is hypothesized that metal triflateediated

cROP of levoglucosan derivatives follows a catalytic approach as reported in the
literature!'® In a catalytic approach, one metal triflate molecule catalytically produces a
large number of polymer molecules, thereby leading to shorter polymaans!'® Since

the metal triflate mediated cR@Plevoglucosan follows a catalytic approach, calculating

a desired or target molecular weight for a given set of polymerization conditions is difficult.
Table 2.3.Results of hit cROP catalysts fBand3. Polymerizations were performed for

72h in CHCI, at RT, [2p = 1M, and [3} = 1M. @Monomer conversion byH NMR
spectroscopy’Molecular weights and dispersity determined by S#A&LS in DMF.

Monomer Catalyst Monomer :ConversioA  My° Mu° pP
Catalyst (%) (g/mol)  (g/mol)
2 BF:OE® 50:1 66 8700 14500 1.7
2 MeOTf 50:1 70 4300 6300 15
2 Sc(OTfs  50:1 74 6700 11030 1.6
2 Bi(OTf)s 50:1 84 3500 4400 1.3
3 MeOTf 20:1 92 3600 9100 2.5
3 Sc(OTfs 20:1 77 3500 7900 2.3
3 Bi(OTf)3 20:1 86 3600 6100 1.7

Table 2.4. Summary of cROP solvent screening foand 3, green indicates nerero
conversion®Polymerization conditions for2: [@F 1M at 25 3550:2tingec ( OTf )
= 72h PPolymerization conditionsfor3: [8F 1M at 25 3520:3, tinBi=720.Tf )

Red = zero conversion; Green = rzgro conversion; NA = Not applicable.

Sol ves£t: QU 22 3P
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100:0
0:100
50 :50
80:20
90:10
99:1

Table 2.5. Results of hit cROPsolvent systems foR and 3. Polymerizations were
performed for 72h at RT, [2F 1M, and [3} = 1M. @8Monomer conversion byH NMR
spectroscopy’Molecular weights and dispersity determined by S&&LS in DMF.

Monomer Catalyst Solvent Monomer :Conversiof  M° Mw® PP
CHCl>: Catalyst (%) (g/mol)  (g/mol)
MeCN
2 Sc(OTfy  100:0 50:1 74 6700 11030 1.6
2 Sc(OTfk 99:1 50:1 66 8800 12500 1.43
2 Sc(OTfy  90:10 50:1 58 9630 12700 1.32
3 Bi(OTf)s 100:0 20:1 86 3600 6100 1.7
3 Bi(OTf)s 99:1 20:1 89 3400 5020 1.6
3 Bi(OTf)z 90:10 20:1 74 2300 3000 1.3

2.3.3 Thermodynamics of Polymerization

DFT calculations were employed to provide insights into the mechanism of
levoglucosan cROP catalyzed by Bi(Gs[c(OTfg, and PE (as a control for comparison
to previous studies), as well as to understand catalyst efficiency. Various mechanistic
pathway were considered (higher energy pathways are provided in the Sectidt¥42,5.
and the lower energy pathway is depicted in Figure 2.3A. First, mor&on8ris activated
by the catalysto form a thermodynamically stable complék)( When PFE is utilized as
the catalyst, activation & or 3 is unfavorable relative to the metal triflates due to poor

coordination of P& This suggests that PExhibits less efficient initiation, leading to the
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high M, observed in previous studigs'® After the first step)1 undergoes ring opening

of 1,6-anhydro linkage to generate the carbenium intermetilatierough a TS structure

TS1, and the activation free energies are similar for mon@oei3 with their respective

catalysts, Bi(OTH and Sc(OT)s (Figures 2.3A, 2.3B and Z7). Next, the nucleophilic

addition of another molecule of monomer to the electrophilic carbon of intermé2liate
generates intermedial® via a pseudoaxial approach througB2. Il n this step,
values for nucleophilicaddition of 2 and 3 are similar in all cases (Figure 2.3B).
Interestingly, it is evident that computed energetics of the nucleophilic addition of
monomer td2 to form the alternative intermediate structl#€Figure 2.3A) indicate it as

energetically tsfavored (possibly due to the steric hindrance between the incoming
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OR ®
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Figure 2.3. A) Key mechanistic steps for cROP ®fand 3 catalyzed by Lewisacid.
Transitionstate structures for the rirgpening of 1,éanhydro linkages T(S1) and
nucleophilic additions of monomeg&and 3 (TS2) catalyzed by various Lewis acids.
Computed energetics indicate that nucleophilic addition of monao2m@r8 to 12 to form
intermediatel4 (pseudeequatorial approach) is energetically disfavored compared to
formation of intermediaté3 (pseudeaxial approach; Figur2.39. B) Table depicting
computed energetics in kcal/mol for key mechanistic steps. C) Alternative gyafow
CROP of 2 catalyzed by Sc(OT§)and the cROP of3 catalyzed by Bi(OT® The
corresponding free energies of activation (kcal/mol) with respectiltoat the
SMD( DCM) /-D/d®RRTZXP, def2ZTzVP| SDD(Bi )/ / SMb( DCM) [/
31+G(d,p), LanL2DZ(Bi) level.

monomer and catalyst), thereby leading to stereospecific cRD&haf3 (Section 2.512.3

and Fig. 238). Further, Figure 2.3C shows that the monomer addition at @&wofi3 is
energetically disfavored compared to the anomeric carbon. This indicatesRDP

proceeds in a regiospecific manner with attack on the anomeric carbon to ferm 1,6
glycosidic linkages. Finally, computational mechanistic insights also provide some
understanding of the moderate molecular weights observed experimentally. Spgcifical

higher energy barrier pathways may contribute to slower propagation leading to shorter
polymer chains (Figure 20) . Final ly, G&adnétheiincreasein shargei n o
separation between the active ionic species with increased chain lengthimday
propagation to high molecular weight polymer.

2.3.4 Polymer Stereoregularity

H NMR analysis ofpoly(2) and poly(3) compared to the respective monomers
indicates that the polymers possess,6 gl ycosi di ¢ stereoregul ari
resonancegin the b-configuration) appeared at 4.94 ppm (Figures 2.4B and 2%D).

Additionally *3C NMR ofpoly(2) andpoly(3)al so showed the U confi
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Figure 2.4.*H NMR spectra of A) monome, B) poly(2), C) monomeB, and D)poly(3).
Corresponding integrations are depicted in grey numbers.

anomeric carbon resonances appeared at 97.8 ppm and 97.4 ppm, respectively (Figures 2.5

and 2.6Y%10"The stereoregularity of the polymers was also confirmed via optical rotation

measurementd.he optical rotation values f@oly(2) andpoly(3) were measured to be

BnO
BnOB f
|
5 |
a -configuration
carbon at 97.89 ppm
[ ]
1‘40 1‘35 150 1I25 1‘20 1‘15 15.0 165 1I00 E;S 50 éS 80 7I’5 7;0

Figure 2.5.23C NMR spectra (100 MHz, CDg)lof poly(2).
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+91.53—8 and +84J—8 respectively, with the optical rotation values foand 3 being

- 31.5‘]—8 and- 45 ‘]—8, respectively. Overall, these results indicate that the cRQP of

and 3 with metal triflates yields highly stereoregular levoglucosan polymers yéh)
glycosidic linkages. Notably, this work demonstrates that highly stereoregular

levoglucosan polymers can be synthesized under mild conditions without the need for an

= /
for , AI=eNF
AllO ° |
AllOQ 10 1 i

o -configuration
carbon at 97.41 ppm

97.41

- 1-?-5I 1-?-DI 1-}_‘5- 1‘20- 1‘15- 1r10' 165I lbﬂl 9-5- 90 8I5- 8-0‘ 7‘-'5 I 7-'0' 6-5-
Figure 2.6.3C NMR spectra (100 MHz, CDg)lof poly(3).

energy intensive process involving high vacuum and low temperatures, as reported
previously.!H NMR analysis also indicates that the alkene functionalipply(3) is intact

during cROP with the vinyl proton resonances at 5.91 ppm, 5.27 ppm and 5.1%hgpm.
successful synthesis pbly(3) while preserving multiple pendant allyl groups will further
allow for click-chemistry modifications.

2.3.5 Kinetics of Polymerization

Apart from understanding the rirgpening mechanism, we were also interested in
investigatig the cROP kinetics for each mononterdetermine optimum reaction time

(seeSection 2.5.5 fodetails). We observed a short induction period of ~ 20 min during
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Figure 2.7. A) Conversiortime plot for cROP of2 with Sc(OTfg. Polymerization
conditions: ¢ = 2M, 2: Sc(OTf} = 200:1. B) Conversictime plot for cROP o8 with
Bi(OTf)3. Polymerization conditions: = 7M, 3: Bi(OTfr = 100:1. Monomer

conversion determined bYH NMR spectroscopy. Error bars based on true values. C)
Coordination modes for momer 3 with LA (Bi(OTf)3) and the corresponding binding

free energies (pGy in kcal/ mol) are provid

cROPof 2 (Table 2.9), which reaches an equilibrium conversion of 64&2# h(Figure
2.7A). Conversely, cROP & has a much longer induction period of ~ 4 h (Table 2.10)
and reaches an equilibrium conversion of 83% ir2 h (Figure 2.7B). Remarkably, the
indudion period for cROP a8, as evidenced bjH NMR spectroscopy, was accompanied

with a drastic color change in the solution throughout the 4 h period (Figur@.23%4
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We hypothesize that this long cROP induction perio® & due to the noproductive
coordination oBi(OTf)swith the allylic ether oxygens and the glucopyranose ring oxygen.
This was supported by DFT energetics calculations depicting thajpnodnctive
coordination of Bi with the allylic ether oxygens and the glucopyranose ring oxggen i
favored at multiple locations (Figure 2.7C). Furthermore, while compaang3, we find

that the relative free energies of binding the M(QTd)each of these respective oxygen
atoms vary slightly (Figure 2.7C and Figur86&). However, the free energy trends and

magnitudes are similar across batand3.

A) B)
2 7 v r T 25
1.8F
[ ]
2 3
16F
[a]
e O
14F ®
° ® o
1.2F [
1 1 . ; ; .
10 20 30 40 50 60 0 20 40 60 80 100
Conversion (%) Conversion (%)

Figure 2.8.A) Mn-conversion plot for cROP &. B) Ms-conversion plot for cROP &

Along with tracking conversion over time, the molar mass and dispersity of the
growingpolymer chains was also monitored throughout this kinetic studydip2), the
Mnincreased up to 40% conversion (Figure 2.8A), angddy(3) the Mnincreased up to
60% conversion (Figure 2.8B). Lastly, narrow dispersities were maintaingublfg2)

throughout the reaction duration (~1.2 to 1.4, Figure 2.9A), wherepsligB) dispersity
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was higher in the initial stages and gradually decreasedstabée value (~1.5, Figure

2.9B).
A) B)
11000 6000
10000 f 5500 F
9000 | ® 5000
3 3 .
g 8000} Y £
) ° D 4500F o [ ]
= 7000} o] c
°
& = sooo}
6000 | 1 L
e
5000 F 4 3500 F
4000 : . . . 3000 : : . .
10 20 30 40 50 60 0 20 40 60 80 100

Conversion (%) Conversion (%)

Figure 2.9.A) B-conversion plot for cROP & B) B-conversion plot for cROP &

2.3.6 Thiol-Ene Post Polymerization Modification

The allylic pendant groups enable facile ppslymerization modification of
poly(3), which weenvisioned could serve as a steraod regieregular scaffold for rapid,
UV-initiated thiol ene click reactions for further tailoring polymer propertieSich a
renewablyderived and stereoregular scaffold is attractive for many applications such as
sustainable polymers and biologically active polymers. Thioglycerol and lauryl mercaptan
were chosen as model thiols as they are structurally similar to reneyatdeol and lauryl
alcohol?121122pdditionally, the contrast in hydrophilicity/hydrophobicity of these thiols
was expected to provide starkly different properties after modification (Figure 2.10A).
Realtime Fouriertransform infrared (RIFTIR) spetroscopy was used to study the
kinetics of thiol ene reactions witpoly(3). Figure 2.10B depicts the kinetic data for the
cCoC fu

formation ofpoly(4) andpoly(5) basedonthe onver si on of t he

poly(3). Both the reactions reach a plateau conversion of >99% in ~1 min, suggesting near
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full consumption of the allylic pendant groupspoly(3). *H NMR analysis of purified

poly(4) andpoly(5) indicates complete disappearance of vinylic proton signals as shown

in Figures 2.10C and 2.10D. Analysis @bly(4) and poly(5) by sizeexclusion
chromatography also showed an increasiliras compared tpoly(3), but some of this
increase may be due foactionation as a result of purification steps (Table ZT6e
solubility of synthesized polymers was tested in a range of solvents (Table 2.7). As
expectedpoly(4) andpoly(5) display starkly different solubility properties, wigoly(4)

being the onlywatersoluble polymer in the synthesized libralyotably, mostof the
levoglucosan based polysaccharides are soluble in less hazardous solvents such as methyl
tert-butyl ether, and green solvents such as acetone and ethyl cktate.

Table 2.6.SECanalysis opoly(3) after postpolymerization modification

Polymer poly(3) poly(4) poly(5)
Mn 6.76 kDa 27 kDa 25.4 kDa
Mw 10.5 kDa 31.4 kDa 37.3 kDa
b 1.54 1.2 1.47

Table 2.7.Solubility test of polymers in solvents with differeyularities

Polymer/ poly(2) poly(3) poly(4) poly(5) eat :
Solvent

Hexanes U V U V 1.9
MTBE \ \ U \ 4.5
CHCl V V U V 4.8
EtOAC V V U V 6.02
THF \V/ \V/ U vV 7.6
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CHClI>
Acetone
Ethanol
Methanol
DMF

Water

< cc <K<

U

c < < < <K K<

< < << <K C c

cCccc <K<

9.1
20.6
22.4
32.6
36.7
79.7

2.3.7 Thermal Properties

Lastly, the thermal properties of the synthesized polysaccharides were examined
via thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) to
understand thermal stability and thermal transitions respectively. Dextran, a natural and
commercial polysaccharide, was used as a control because it also contdigytésidic

linkages andglucopyranose ringsExcept for poly(3), each of the homopolymers

demonstrated excellent thermal stability witfsao>

with the thermal stability of dextran and trimethylakeebglucosanpolymer {Tq,100= 347

) 22 Comparatively,poly(3) had a slightly lowerTgi0% ( 2 5 0

attributed to the fragmentation of pendant allylic ether groups at this temmeera
consistent with literatur&® In general, levoglucosarbased polysaccharidegpossess
excellent thermal stability even at moderate molecular weights, likely due to the rigid
glucopyranose ring in the backbone. The glass transition temperag)iref (poly(2),

poly(3), andpoly(4) was observed to be 32, 5

2.23-2.25); noTgwas observed fgroly(5) down to- 150

lauryl-pendant polymer§112” The T4 values of poly(2), poly(3), and poly(5) are

whi ch

(Figure

whi ch

respectively

S

.10
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predictably | ower than that of the control
hydrogen bonding between unsubstituted dextran chains. Surprigiotyl{4) exhibited a
subzeroTg despite the presence of pendant hydraxglups, potentially due to the added
flexibility of the aliphatic methylene units. Additionally, tfig for poly(2) is lower than

that of trimethylatedevoglucosarpolymer o ~ 3 0 @2 It is)hypothesized that this

result can be explained based oa steric bulk of pendant groups. As compared to methyl
groups, benzyl groups possess higher steric bulk, leading to higher free volume between
adjacent polymer chains. A higher free volume will allow polymer chains to slide past each
other more easily, theby resulting in a loweFg. Overall, DSC analysis demonstrates that

the Ty of levoglucosarbasedpolysaccharidesan be tailored based on the identity of the
pendant groups, with a remarkablgvi ndow o f >180 accessi bl

groups evaluated in this study.

DSC analysis also revealed an interesting double melting pep&ljgb) as shown
in Figure 2.10FTm1=-5  Tm2= 9 ) . The poly5yismostlikelyduée t y of
to lauryl side chain crystallization, also observed in other polymeric systemawig
side chaing?*?"However, the double melting phenomenon could be caused by multiple
factors. One explanation is the lamellar thickness model, which attributes the double
melting behavior to the presence of lamellae with two different thickn&€5€8 Other
potentialexplanations include the crystallizationpafly(5) chains with varying degrees of
side chain functionalization and some extent of polysaccharide backbone crystallization.
is also worth highlighting that even at moderate molecular weigbtg(3) offers very

high functionality for modification (foM, = 6.7 kDa the number of allyl groups = 72),
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enabling the facile synthesis of highly functional materials. The high thermal stability, wide
range of accessibldy values, and the potential crystallization phenomena of these
derivatives demonstrate thatoly(3) is an excellent renewable scaffold for post
polymerization reactions to tailor properties to desired applications in a variety of
applications. Furthermorehe levoglucosan platform provides easy access to fully
functionalized dextran derivatives with the ability to install the desired pendant group both
pre- and pos{polymerization.
2.4 Conclusions

In conclusion, we have synthesized functional stereoreglléU l i nked
polysaccharidewvith tunable thermal properties from cellulederived levoglucosan via
cROP and pogpolymerization thidlene click reactions. Through systematic screening
experiments, we have identified green and recyclable metal triflate statédy cROP of
levoglucosan derivatives under mild conditions. We have also provided Kkinetic,
thermodynamic, and mechanistic insights into cROP of these derivatives. Computational
studies reveal that initiaing-opening of levoglucosan derivatives is eyatically favored
at the 1,6anhydro linkage and subsequently nucleophilic addition of monomer to the
carbenium intermediate leads to-1]6 gl ycosi di ¢ -landrsteragpecdic i n a
manner.The allytfunctional polymer has been identified as excellent scaffold for
synthesis of highly functional materials via rapid, {héditated thidlene modifications.
Levoglucosarbasedoolysaccharidegenerally demonstrate excellent thermal stability and
avasfflywi ndow of >180 i speralantgeoaps highliglted imthis h  t h e

study.We believe that levoglucosan exhibits great potential as a renewable feedstock for
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the development of next generation sustainable and biocompatible polymers with tailored
properties.
2.5 Experimental Methodsand Suppotting Information

2.5.1 Materials

Levoglucosan was purchased from Biosynth CarbosynthAdhgdro-2,3,4tri-O-
benzytb-D-glucopyranose was obtained from Synthose Inc. Anhydrous dichloromethane
(CHCl,, O 99.8%) was purchased from Sigma an
polymerizations. MeCN purchased from Fisher was dried over @at3 days, followed
by three freeZzgoump thaw cycles, and vacuum transferred before use. Photoinitiator
Omnirad2 00 ( mi xt ur e o f-tridebhylBemzéyl)pbenyiiphokphizate 4nd 6
51T 10% p h e ntynethylbenzdyl)pHospbine oxide) was generously provided by
IGM Resins. Dextran (number average molecular weidhof 18700 Da) was purchased
from BiosynthCarbosynth. Bismuth(lll) subsalicylate (99.9% trace metals basis, catalog
# 480789), diphenyl phosphoric acid (99%, catalog # 850608), boron trifluoride diethyl
etherate (catalog # 175501), methyl triflu
scandiun(lll) triflate (99%, catalog # 418218), iron(lll) trifluoromethanesulfonate (90%,
catalog # 708801), zinc trifluoromethanesulfonate (98%, catalog # 290068), and aluminum
i sopropoxide (098%, catalog # 220418) were
Trifluoromethanesul fonate ( 09 8 %, catal o
trifluoromethanesulfonate (99%., catalog # AC343910010), aluminum
trifluoromethanesulfonate (99%, catalog # AAB2078506), and titanium(lV) isopropoxide
( 09 8 %, cat al og # ukclased 4ranDHisbed Bc)entifiv.eBismuth(ll)

trifluoromethanesulfonate (99%, catalog # L19687) was purchased from Alfa Aesar. All
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solid polymerization catalysts were dried under vacuum for 24 h before use. All other
reagents and solvents were purchasemmfrcommercial sources and used without
additional purification.

2.5.2 Characterization

Nuclear Magnetic Resonance (NMR)A Bruker Avance Ill HD 400 spectrometer at the
University of Minnesota Twin Cities was used to obtaintdlland**C NMR spectrums
except fo theH NMR spectrum of poly(4). For better resolution theNMR spectrum

of poly(4) was obtained on the Bruker Avance Il 500 MHz spectrometer at the University
of Minnesota Twin Cities'H NMR spectra were referenced to residual solvent shifts of
CHCI; = 7.26 ppm or CkDH = 3.31 ppm, and®C NMR spectra were referenced to
residual solvent shifts of CHEE 77.16 ppm. All NMR spectra were analyzed using
MestReNova.

Mass Spectrometry:High-resolution mass spectra (HRMS) of synthesized monomer was
collecied on a Bruker BioTOF Il (ESTOF) instrument in electrospray ionization (ESI)
mode using PPG as an internal calibrant/standard on an Agilent 7200 GC/QTOF
instrument. The sample was dissolved in methanol.

Glovebox: All polymerizations were carried out und@trogen atmosphere in an MBraun
Labmaster glovebox.

Size Exclusion Chromatography (SEC):

Molecular weight K, and Mw) and dispersity Nlw/Mn) of poly(2), poly(3), andpoly(4)

were determined in DMF containing 0.05M LiBr at a flow rate of 1 mL per minute using
an Agilent Infinity 1260 HPLC. The SEC was equipped with a Wyatt DAWN Heleos I

multiangle laser light scattering detector (3 angles from 10° to 180°) and a Wyatt
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OPTILAB T-rEX refractive index detector— was calculated from the refractive index

signal using a known sample concentration and assuming 100% mass recovery.
Mn, Mw , andMw/M, of poly(5) was determined in THF with a flow rate of 1 mL per minute
on an Agikent Infinity 1260 HPLC with Waters Styragel (HR6, HR5, and HR1) columns

connected to a Wyatt DAWN Heleos Il multiangle laser light scattering detector (18 angles
from 10° to 180°) and a Wyatt OPTILAB-fEX refractive index detector— was

calculatedfrom the refractive index signal using a known sample concentration and
assuming 100% mass recovery.

Thermogravimetric Analysis (TGA): TGA analyses were performed on a TA
Instruments Q500 at a heating rate of 10 °C' hinder nitrogen atmosphere.

Differ ential Scanning Calorimetry (DSC): Thermal properties of the polymers were
characterized using the Mettler Toledo DSC 1 instrument under nitrogen atmosphere.
Real Time i1 Fourier Transform Infrared (RT -FTIR): The thiolene post
polymerization modificationiketics ofpoly(3) were studied via R-FTIR using a Thermo
Fisher Scientific Nicolet 6700 FTIR spectrometer. A drop of the freshly prepared mixture
containingpoly(3), thiol and Omnirad 2100 was sandwiched between two polished NaCl
plates. Once the samplas exposed to UV light, spectra were recorded every 20 ms at an
average of 1 scan with a spectral resolution of 16.¢ho calculatgoly(3) ene conversion

due to UV irradiation (OmniCure S1500 Curing System, 100 m\j/cthe intensity
reduction ofC=C double bond peak at 925 ‘énas compared to the initial peak was

calculated. The double bond peak area was normalized to theactive CH stretches

58



at 2976 cm*for the thioglycerol mixture, and 2926 thfor the lauryl mercaptan mixture
respectivey.

Optical Rotation: The optical rotation was measured at 20°C in GH& theRudolph
Research Analytical Autopol Il Automatic Polarimeter. The measurement was performed
in triplicate.

2.5.3 Preparation and Characterization of 3

Two synthetic routes were investigated 3as described below.

Synthetic route 1- In a 250 mL rounéottom flask, levoglucosan (5 g, 30.84 mmol, 1
equiv.) was dissolved in dimethyl sulfoxide (30.84 mL) by stirring at room temperature.
Sodium hydroxide @llets (4.07 g, 101.8 mmol, 3.3 equiv.) were ground into a fine powder.
Freshly powdered sodium hydroxide was added to the levoglucosan solution while stirring
at the rate of 400 rpm. The solution was
mmol, 33 equiv.) was added dropwise over the course of 15 min. One additional aliquot
of powdered sodium hydroxide (3.3 equiv.) and allyl bromide (3.3 equiv.) was added to
the solution at the 24 h and 48 h time points. After-A@0r reaction, the aqueous layer
was extracted with diethyl ether (3 x 200 mL). The organic layer was dried over Na2S0O4
and the filtrate was then concentrated via rotary evaporation. The crude mixture was
subjected to column chromatography on silica gel (4:1 Hexanes:EtOACc) to isolate 3 as
yellow oil (Yield = 75%).

Synthetic route 2- In a 50 mL rounebottom flask, levoglucosan (2 g, 12.34 mmol, 1
equiv.) and the phase transfer catalyst tetrabutylammonium bromide (TBAB, 240 mg, 0.74
mmol, 0.06 equiv.) were weighed out. Sodium hydroxidéee(2.97 g, 74.04 mmol, 6

equiv.) were dissolved in DI water (11.88 ml) to obtain a 25% NaOH aqueous solution.
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The levoglucosalTBAB mixtures was dissolved in the 25% NaOH aqueous solution by
stirring at room temper at wndallyl bibrhide (6s5anl, ut i o n
74.04 mmol, 6 equiv.) was added dropwise over the course of 15Afém. 24-hour

reaction, the aqueous layer was extracted with dichloromethane (3 x 100 mL). The organic
layer was dried over N&QO, and the filtrate was then casrtrated via rotary evaporation.

The crude mixture was subjected to column chromatography on silica gel (4:1
Hexanes:EtOAC) to isolatas a yellow oil (Yield = 36%).

IH NMR (400 MHz, CDCl3): i 51. 588 (m, 3H-O-CH2-CH=CHy), 5.43 (s, 1H;O-

CH-0), 5.34i 5.16 (m, 6H;0-CH-CH=CH>), 4.57 (d, J = 8 Hz, 1H), 4.174.07 (m, 6H,
-O-CH2-CH=CHy), 3.92 (d, J = 4 Hz, 1H), 3.70 (t, J = 6 Hz, 1H), 3.51 (s, 1H), 3.30 (s, 1H),

3.27 (s, 1H).

13C NMR (400 MHz, CDClz): i 134 . 81, 134. 7, ,113838,.16081, 117.
77.36, 74.88, 71.42, 71.21, 70.64, 65.69.

HRMS (ESI-TOF): [3 + Na]+ : calculated 305.1359; found 305.1361
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2.5.4 cROP Procedure
2.5.4.1 Representative polymerization procedure of 2 in 100% CH2CI2 or MeCN

In a nitrogerfilled glovebox, the requiredmount of catalyst(g.0.01 mmol for 2
mol% catalyst loading) was weighed out in an 8 ml scintillation vial. A Teflon coated stir
bar was added to this vid@.(0.5 mmol) was dissolved in CBl> or MeCN €.9g.500 ¢ L
for initial monomer concentration of 1M) and added to theaoataining the catalyst. The
vial was sealed with a Teflon lined cap and the polymerization solution was stirred at RT
inside the glovebox. After 72 hours, the vial was removed from the glovebox. The
pol ymerization was quenchbdtwithl mebhbbno¢fllO
stirred for an additional 10 mins. The crude reaction mixture was analyztdl iR
spectroscopy to determine conversion. The polymer was then precipitated twice into cold
methanol. The methanol was removed, and the polymgidwed under vacuum overnight.
Typical poly(2) yield ranged from 65 to 90%.

2.5.4.2 Representative polymerization procedure of 2 in a mixed solvent system

In a nitrogenfilled glovebox, the required amount of Sc(Gl(®.g.0.01 mmol for
2 mol% catalyst loadingyas weighed out in an 8 ml scintillation vial. MeC&d.5 0 ¢ L
for 10% MeCN) was added to the vial containing Sc(@Efipng with a Teflon coated stir
bar.2 (0.5 mmol) was dissolved in CBl>.(e.g4 50 ¢ L f ghan@fortal@niial
monomer cacentration of 1M) and added to the vial containing Sc(9Tie vial was
sealed with a Teflon lined cap and the polymerization solution was stirred at RT inside the
glovebox. After 72 hours, the vial was removed from the glovebox. The polymerization
wasquenched with met-banhgl elLooOohelL) (D00t eLj}

additional 10 mins. The crude reaction mixture was analyzédl INMR spectroscopy to
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determine conversion. The polymer was then precipitated twice into cold methanol. The
methanol was removed, and the polymer was dried under vacuum overnight. Typical
poly(2) yield ranged from 37 to 68%.

2.5.4.3 Representative polymerization procedure of 3 in 100% CbCl2

In a nitrogerfilled glovebox, the required amount of catalysig(0.017 mmolfor
5 mol% catalyst loading) was weighed out in an 8 ml scintillation vial. A Teflon coated stir
bar was added to this vié8.(0.354 mmol) was dissolved in GBIl ( 354 €L for i1
monomer concentration of 1M) and added to the vial containing the statBihe vial was
sealed with a Teflon lined cap and the polymerization solution was stirred at RT inside the
glovebox. After 72 hours, the vial was removed from the glovebox. The polymerization
was quenched withtet u t vy | al cohol ( 1a0 &dditorial) 10 mimsdThes t i r r
crude reaction mixture was analyzedByNMR spectroscopy to determine conversion.
The polymer was precipitated into a cold mixture of 50:50 water : methanol. The
precipitation solvent was then removed, and the isolated polyrasrredissolved in
CHCl>. Water was removed by drying overJS&x, followed by rotary evaporation of the
filtrate and finally drying the polymer under vacuum overnight. Typpay(3) yield
ranged from 38 to 91%.

2.5.4.4 Representativepolymerization procedure of 3 in a mixed solvent system

In a nitrogerfilled glovebox, the required amount of Bi(O3{e.g.0.017 mmol
for 5 mol% catalyst loading) was weighed out in an 8 ml scintillation vial. MeGiN35.4
eL for 10% MeCN) was add esdalongavithtafeflonedatad ¢ o n 1
stir bar.3 (0.354 mmol) was dissolved in GEl.( 318 . 6 & Q@HCl> and fordn@idlo

monomer concentration of 1M) and added to the vial containing Bi§OTHhe vial was
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sealed with a Teflon lined cap and the polymerization solution was stirred at RT inside the
glovebox. After 72 hours, the vial was removed fromdlovebox. The polymerization

was quenched withteit u t vy | al cohol (100 e€L) and stirr
crude reaction mixture was analyzedByNMR spectroscopy to determine conversion.

The polymer was precipitated into a cold mixture @50 water : methanol. The
precipitation solvent was then removed, and the isolated polymer was redissolved in
CH:Cl.. Water was removed by drying overJdS&x, followed by rotary evaporation of the

filtrate and finally drying the polymer under vacuum ovgit Typical poly(3) yield

ranged from 53 to 87%.

2.5.5 Polymerization Kinetics
2.5.5.1 Overall cROP kinetics of monomer 2

In a nitrogerfilled glovebox, 4.27 mg of Sc(OTf)0.009 mmol for 0.5 mol%
catalyst loading) was weighed out in an 8 ml scintillation vial. Aohecoated stir bar was
added to this vial. 750 mg @f(1.74 mmol) was dissolved in GEl, ( 8 7 Ofor itial
monomer concentration of 2M) and added to the vial containing the catalyst. The vial was
sealed with a Teflon lined cap and the polymerization solution was stirred at RT inside the
glovebox. At each specified time point, an aliquot was takem fthis reaction mixture
inside the glovebox and was quenched by adding methanol. The crude reaction mixture
was analyzed byH NMR spectroscopy to determine conversion. This study was done in
triplicate.

Table 2.8.Conversion vs time data for each repte
Time point (h) Conversion (%) Conversion (%) Conversion (%)
Replicate 1 Replicate 2 Replicate 3
1 19 24 32
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2.5

10
24
28
31
48
74
124
144

35
42
50
53
64
64
65
65
68
67
70

45
50
57
53
68
63
67
66
70
70
76

37
43
53
53
56
61
66
60
69
68
72

2.5.5.2 Determination of rate law for cROP of 2

Based on the results of the previous study, it was decided that conversion data

between 0 and 4 h will be utilized to evaluate the reaction order for cRQH ofobtain

sufficient time points within this region, the kinetic study was repeatéedpficate for a

total reaction time of 3 h. In a nitrogéitied glovebox, 5.13 mg of Sc(OT}0.0104 mmol

for 0.5 mol% catalyst loading) was weighed out in an 8 ml scintillation vial. A Teflon

coated stir bar was added to this vial. 900 mg of 2 (2.08Inmwas dissolved in CECl2

(1040 L for

ni ti al

monomer concentrat.

catalyst. The vial was sealed with a Teflon lined cap and the polymerization solution was

stirred at RT inside the glovebox. At each specifiggk point, an aliquot was taken from

this reaction mixture inside the glovebox and was quenched by adding isopropanol. The

crude reaction mixture was analyzed'ByNMR spectroscopy to determine conversion.

Table 2.9.Conversion vs time data for each lregte

Time point (min)

Conversion (%)

Replicate 1

Conversion (%)
Replicate 2
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0 0 0

5 0 0
20

30 12 17
45 17 28
65 29 33
75 33 38
90 33 40
105 37 42
120 38 43
135 38 46
150 44 47
165 47 51
180 44 44

2.5.5.3 Fitting plots to determine rate law for cROP kinetics of 2

To investigate whether the cROP2follows zero, first or second order kinetics with
respect to monomer concentration, the following plots were constructed.

Zero Order Kinetics

For zero order kinetics, a plot of vs t should be linear-  was determined from

conversion using the followg equations:

#1171 OAOGEI+ egn. 2.1
- - zp ATT OAOOET I eqgn. 2.2

First Order Kinetics

For first order kinetics, a plot af &— vs t should be linear.
ae— 1Tp 0éE&LQI i Q& eqn. 2.3

Second Order Kinetics
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For second order kinetics, a plot-ef vs t should be linear.

— - eqgn. 2.4
25
® Replicate 1
Replicate 2
29:@.. =& 2 Linear (Replicate 1)
- e Linear (Replicate 2)
S > 9.
2
= oSl S wag me
= y =-0.0084x + 2.0245 )
e R?=0.9738
9
[ 1
-
~z y =-0.0098x + 1.9935
> R?=0.9639
0.5
0
0 20 40 60 80 100
Time (min)
Figure 2.11.Zero order fit for cROP a2
0.60
® Replicate 1
¥ = 0.0051x - 0.0225 Replicate 2
R:=0.972
oso T Linear (Replicate 1)
¥ = 0.0062x - 0.0086 Linear (Replicate 2)
0.40 R*=0.977 ° °
= o .
2 0s0
E 8
=
N .
0.20 @
0.10 S
0.00 00—
’ 20 40 60 80 100
-0.10 Time (min)

Figure 2.12.First order fit for cROP o2
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® Replicate 1
os Replicate 2
—~a ¥y =10.0032x + 0.4817
g R*=0.9663 o -+ Linear (Replicate 1)
= ® e
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= 0.7 R*=0.9837 e
g :
?
— .
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Figure 2.13.Second order fit for cROP @f
For cROP o, kopbscould not be calculated and it is hypothesized that the cROP kinetics

for 2 may follow more complex rate laws.

2.5.5.4 Overall cROP kinetics of monomer 3

In a nitrogerfilled glovebox, 28 mg of Bi(OT#)(0.043 mmol for 1 mol% catalyst
loading) was weighed out in an 8 ml scintillation vial. A Teflon coated stir bar was added
to this vial. 1.2 g oB (4.27 mmol) was dissolvedinC8l2( 6 1 0 €L f or i ni ti e
concentration of 7M) and added to the W@ahtaining the catalyst. The vial was sealed
with a Teflon lined cap and the polymerization solution was stirred at RT inside the
glovebox. At each specified time point, an aliquot was taken from this reaction mixture
inside the glovebox and was quenchgdllding isopropanol. The crude reaction mixture
was analyzed b¥H NMR spectroscopy to determine conversion. This study was done in
triplicate.

Table 2.10.Conversion vs time data for each replicate

Time point  Conversion (%) Conversion (%) Conversion (%)
(min or h) Replicate 1 Replicate 2 Replicate 3
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0 min 0 0 0
15 min 0 0 0
30 min 0 0 0
45 min 0 0 0
60 min 0 0 0
75 min 0 0 0
90 min 0 0 0
105 min 0 0 0
120 min 0 0 0
180 min 0 0 0

4 h 6.3 6.3 5
6 h 11 11 9

22 h 55 55 57

24 h 57 55 55

32h 63 65 67

49 h 75 74 78

73 h 83 85 83

121 h 79 93 83
144.5h 90 94 91
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Figure 2.14.Photograph depicting color change in the polymerization solution for all the
replicates as a function of time. The left most vial corresponds to the 0 min time point, and
the right most vial corresponds to the 4 h time point.
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Figure 2.15.'H NMR (400 MHz CDCk) spectrums for time points 0 min to 3 h depicting
no polymerization within the first 3 h despite of the color change in polymerization
solution.

2.5.5.5 Fitting plots to determine rate law for cROP kinetics of 3

To investigate whether the cROP of 3 follows zero, first or second order kinetics with

respect to monomer concentration, the following plots were graphed as per section 2.5.5.3.
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Figure 2.18.Second order fit for replicate 1 in cCROP3of
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Figure 2.19.Second order fit for replicate 2 in cROP3f
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Figure 2.20.Second order fit for replicate 3 in cROP3f

The fitting results for3 indicated a secahorder rate law with respect to monomer
concentration and aof 0.0104 Mh! was determined for this monomer.

2.5.6 Synthesis and Purification of poly(4)

In a 4 mL vial,poly(3) (100 mg,Mn = 6760 Dafene= 72, 0.015 mmol, 1 equiv.)
was dissolved in ethanol (750 €L) by vorte
vial, Omnirad 2100 (19.6 mg, 9 wt% of total formulation weight) and thioglycerol (117.5
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mg, fimior = 1, 1.08 mmoles, 72 equiv.) were weigleaed to maintain an alkene:thiol of 1 :

1. The solution opoly(3) in ethanol was then added to the vial containing thioglycerol and
further mixed by vortexing at room temperature. The formulation was irradiated with UV
light (OmniCure S1500 Curing Systed00 mW/cn3) for 10 min to synthesizpoly(4).

poly(4) was isolated from the crude mixture via a step purification method. In the first
step, the crude mixture was redissolved in excess water and extracted thrice with
dichloromethane to remove unreatimly(3). The aqueous layer was then dialyzed in
water (1 kDa RC dialysis tubing) to remove any unreacted thioglycerol. The purified
polymer was concentrated by rotary evaporation and finally the polymer was dried under
vacuum for 48 h.

2.5.7 Synthesis and Purication of poly(5)

In a 4 mL vial,poly(3) (100 mg,Mn = 6760 Dafene= 72, 0.015 mmol, 1 equiv.)
was dissolved in dichloromethane (750 ¢€L)
4 mL vial, Omnirad 2100 (28.7 mg, 9 wt% of total formulation w8ighnd lauryl
mercaptan (218.6 mdhio = 1, 1.08 mmoles, 72 equiv.) were weighed out to maintain an
alkene:thiol of 1 : 1. The solution pbly(3) in dichloromethane was then added to the vial
containing lauryl mercaptan and further mixed by vortexingoam temperature. The
formulation was irradiated with UV light (OmniCure S1500 Curing System, 100 m¥v//cm
for 10 min to synthesizpoly(5). poly(5) was isolated from the crude mixture by dialysis
in dichloromethane (6 to 8 kDRC dialysis tubing) to remove unreactedly(3). The
purified polymer was concentrated by rotary evaporation and finally the polymer was dried

under vacuum overnight.
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2.5.8 RT-FTIR spectra

2-5 | | L} L} L} |
Reaction time:
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Reference
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Wavenumber (cm'1)
Figure 2.21.FTIR spectra fopoly(3)-thioglycerol as a function ofradiation time.
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Figure 2.22.FTIR spectra fopoly(3)-lauryl mercaptan as a function of irradiation time.
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2.5.9 DSC Traces

|-
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Figure2.23.DSC t hermogram (secormpaylheating, 10
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Figure2.24.DSC t her mogram (secompadyBheating, 10
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2.5.10 Copies of NMR
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Figure 2.26.'H NMR spectra (400 MHz, CD@) of monomer2.
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Figure 2.27.'H NMR spectra (400 MHz, CDg)l of monomes.
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Figure 2.28. ©*C NMR spectra {00 MHz, CDC}) of monomer2.

AU pJL

M

T T T T T T
134.8 134.7 134.6 134.5 134.4 134

T T T T T T T T
117.8 1175 117.2

L
BN

T " T g T - T " T . T - T . T - T - T . T - T . T - T . T
135 130 125 120 115 110 105 100 95 90 85 80 75 70 65

Figure 2.29.23C NMR spectra 100 MHz, CDC}) of monomes.
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Figure 2.30.'H, IH COSY NMR Spectruntd00 MHz, CDC}) of monomes.
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Figure 2.31 H, C HSQCNMR Spectrun{400MHz, 100MHz, CDG) of monomer3
(blue: negative phase, GHed: positive phase, CH).
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2.5.11 SEC Traces
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Figure 2.32.SEC trace opoly(2).
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Figure 2.33.SEC trace opoly(3).

80




dRI

13 14 15 16 17 18 19 20
time(min)

Figure 2.34.SEC trace opoly(4).
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Figure 2.35.SEC trace opoly(5).
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2.5.12 Computational Methods

Extensive conformational analysis of reactant$ @ioducts was carried out using
procedures in the MacroModel package from Schrédidyiand the Merck Molecular
Force Field (MMFF). Mont&Carlo Molecular Mechanics (MCMM) was employed with
an extended torsional samplifg:1*3Conformers within a range of 10 kcal fobf the
global minimum were considered for further analysis using Density Functional Theory
(DFT). All DFT optimizations were e¢aed out using the Gaussian16 electronic structure
suite!3* Following DFT optimizations were carried out at the MJ6-31+G(d,p) level in
solvent phase using SMD solvation motfélchosen to take advantage of the speed of the
local functional. Heredichloromethane (DCM) solvent was used for the optimizations.
Solvent single point calculations were further carried out for all conformers having
electronic energies within a range of 5 kcal thto identify global minimum at the MG6
2X138level of treory along with 6311++G(d,p) basis set.

All reactants, products, intermediates, and transsiate structures (TSs) were
optimized at the MO& level of theory using LanL2DZ for Bi and the33+G(d,p) basis
set for all other atoms in the solvent phasimg SMD solvation model. Experiments were
performed in DCM solvent hence SMD is defined for DC&1=(8.93) was used for
computations. To verify the nature of stationary points, as well as to compute vibrational
partitions functions for use in free energlculations, vibrational frequency computations
were carried out at the same level of theory. TS structures were confirmed with one and
only one imaginary frequency. Intrinsic Reaction Coordinate (IRC) calculations were

carried out for the TS structurés confirm that they are connected to their respective
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reactants and products. Further solvent single point calculations were carried out using the
SMD solvation model at the M&% andwB97X-D% levels of theory along with def2

TZVP and SDD as a psea potential for Bi and defZZVP basis set for all other atoms.
Gibbs free energies for all stationary points were obtained by adding th@aeto
vibrational energy (ZPVE) and thermal energy corrections from standard statistical
mechanics approximatisrat 298.15 K and 1 atm pressure, except that vibrational modes
below 50 cm' were replaced with a value of exactly 50 tim vibrational partition
function calculations. The binding free energies and Gibbs free energies of stationary
points are discussed at the SMEn/wB97X-D/def2TZVP, def2
TZVP|SDD(Bi)//SMDpcmy/M06-L/6-31+G(d,p), LanL2DZ(Bi) level of theory.

2.5.12.1Coordination of Monomer 2 or 3 with Lewis Acid (Bi(OTf)zor Sc(OTf)3)
o

LA
o) o
OR OR
OR = OR o R R
(OTf)3
6.7
4.3
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,.'———o
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OR 0 0 OrR RO "OR
'a
LA = Sc(OTf

R =All -3.6 -2.5 1.5 -19.6
R=Bn -7.3 -1.3 -1.0 -22.9

LA = Bi(OTf);

R = All -3.3 1.7 -2.1 -0.1 -26.7
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R =Bn 6.5
Figure 2.36. Variety of coordination modes for mononteor 3 to Lewis acids Bi(OTH
or Sc(OTf}) and their corresponding binding free energies (in kcal/mopranaded.
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2.5.12.20ptimized ring-opening transition state structures

TS13 i (9.4) TS12 Bi (9.6)

TS1s sc(14.8) TS12_sc(14.5)
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TS1s3 prs5(14.0) TS1 pr5(15.9)

Figure 2.37. Optimized ringopening transition state structures of allyl and benzyl
substituted levoglucosan derivatives catalyzed by various Lewis acids (Bi(SafpTf}

and Pk) and their respective free energy of activations (kcal/mol) with respéttace
provided in the parenthesis. Distances are in A.

2.5.12.3Nucleophilic Addition of Monomer to 12

The carbenium intermedial2, is formed after the ring opening of allyl or benzyl
derivatives of levoglucosan step. Subsequently, The nucleophilic addition of another
monomer to the carbenium intermediate generates n@nlidkage through TS structure
TS2. The nucleophilic addition gp can occur either backside atta€2a) or frontside
attack T S 9 BFigure 2.26). We have considered a variety of conformations for this
nucleophilic additionTS2a andT S 2 $iep using Bi(OTgfor allyl and benzyl monomers
(Figure 2.27). Interestinglythe computed energetics evident that the formation of
intermediate3 (1,6-a linkage) throughTS2a is preferred ovet4 throughT S 2(b,6-:b

linkage).
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