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Abstract

The compoundig environmental effects of nategradable plastidsave attracted
increased attention to sustainable polymd@iss dissertation is focused on producing
polymers from planbased, renewable feedstocks while also emphasizing novel methods
to chemicallyrecycle polymers into valuable fragmentBlantbased feedstocksrovide
reagents withncreased oxidation relative petroleum anaffer the opportunity to access
traditional monomers withovelfunctionality. In this documentapproaches tproducing
biobagd monomersin addition to ring-opening transesterification polymerization
(ROTEP) are introduce@Chapter 1) After, my research i Part } on the twestep
synthesis and ROTE®f 4-carboalkoxyvalerolactones discussed. ThROTEPof these
monomerswhich are derived from malic acidan either providéi) tough andlexible,
semicrystalline polyestethat can be chemically recycled by two independent pathways
(Chapter 2 and 4) or (ii) an amorphous, hyperbranched polyester also caphbiegof
chemicaly recycked(Chapter 3)The architecture of the product polymer is determined by
the catalyst used for ROTEIP the position of the carboalkoxy on the lactone ring (Chapter
5). These characteristics are unique to this relatively unstudielg ffrmonomersin Part
2, anhydromevalonolactone, which can be fermented from glucose, is converted into
isoprenecarboxylic acid, isoprenecarboxylate esters, and isoprenecarboxamides. These
isoprene derivatives aradically polymerized to provide linegyolymers (Chapter 6) or
crosslinked superabsorbdntdrogels(Chapter 7)This series of polymensiay provide a

biobased alternative to polyacrylates.
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EPART 1E

Carboalkoxylated polyvalerolactones

from malic acid



Chapter 1. Approaches to bioderived monomers and ammtroduction to

ring -opening transesterification polymerization

1.1 Plastics today

Plastics play a vital role in our everyday lives. Due to their low cost, numerous
varieties, and endless applications, approximately 300 to 350 million tqulasbic are
produced annually worldwideTo put this into perspective, the height of the worldwide
annual production of plastic piled in a city block (200 m x 100 m) would be ca. 15 km
talld equivalent to thirtythree John Hancock Towers. Forty to fiftyrpent of this vast
amount of plastic is singlese packaging, which is thrown away, recycled, incinerated, or

leached into the environmeht.

The compounding effects of nalegradable plastics on our environment are-well
documented, and our dependence amderoil to produce commodity polymers is a
growing concern. A broad range of expertise from scientists and engineers are currently
being used to produce polymers from sustainable, {plased feedstocks and also to
develop novel ways to recycle or degrag@ymers using environmentally friendly
conditions® However, replacing traditional plastics is a difficult task due to their (i) highly
optimized syntheses (over 50 years of research), (ii) inexpensive feedstock (petroleum oil),
(iif) excellent materialgproperties (over 50 years of structymmperty characterization),
and (iv) preexisting capital infrastructur
future i n sus“aad theselrdmains @ mdey tmexpleré novel, biobased
monomersand polymers using robust and scalable processes that may one day form our

next generation of polymers.



1.2 Approaches to sustainable monomers from biomass

A broad array of chemical targets can be synthesized from biomass. A number of
biobased chemicalsre already being produced in large quantities for biofuels, and many
potential commodity chemicals from biomass have been identified by the United States
Department of Energy.In order to one day be competitive with petroledetived
monomers, most stiegies to convert these potential commodity chemicals into monomers
focus on: using as few steps as possible; usingyigding, scalable, sustainable, and
inexpensive reagents (such as acid, base, and/or hydrogen gas); and performing high
yielding transormations. Each of these biobased product monomers are either considered
drop-in monomers or novel monomers. The latter group can be split into two additional

subcategories: (i) biobased replacements and (ii) novel biobased monomers.
1.2.1 Dropin monomers

A monomer obtained through a biosynthetic route, when traditionally made from
petroleum, is considered a drdp monomef In such cases, the monomers and
corresponding polymers are identical to those from petroleum but vary merely in the
starting feedstck and synthetic route by which they are obtained. This approach to
biobased monomers is very attractive because there is already a market for the product
polymer. Additionally, the polymerization of the monomer and the processing of the
polymer should bé dent i c al to existing techinmd ogi e

replacements).

Ethylene 102 , the worl dds most used monomer ,
dehydration of ethanol Q1) and has already seen considerable investmentismethanol
is produced in large quantities for biofuels (Scheme “£1)Additionally, biobased

propylene {04) and acrylic acid{05) and have garnered substantial attention since these

3



3-carbon monomers can be obtained, for example, from glyce8), @ waste product in

the production of biodiesel. In these routes, glycerol can be dehydrated and either reduced
to propylené or oxidized to acrylic acid® Other examples include the production of
isoprene from itaconic acid using a fermentation/multifiometl cascade synthesisand

ethylene glycol through oxidation of biobased ethyfene.

Scheme 11 Examples of drofin monomers

-H,0
B’ —[®
101 102
biomass ethylene petroleum
OH O
P =
L HO\)\/OH —= T M /\gq
103 104 105
glycerol propylene acrylic acid

1.2.2 Novel monomers: Biobased replacements

Biobasedeplacement monomers produce polymers with similar properties to their
corresponding counterparts derived from petroleum. However, biobased replacements take
advantage of the more oxidized precursors available from biomass compared to petroleum
to producemonomers with very similar, yet distinct, chemical functionality. In this case,
the monomers are developed and optimized specifically to replace certain preexisting
petroleumbased monomers that are difficult or expensive to obtain from biomass. This is
anadvantageous strategy since the polymerizations and processes of these new monomers
and polymers are very similar to those already developed for petrdlased ones.
Additionally, the markets for these polymers are relatively easy to identify. Biobased
replacements, however, will still require new optimizations and formulations for each

product in which the new polymer is used ¥r.



An example of a biobased replacement is shown in Scheme 1.2. 25
Furandicarboxylic acid (FDCALQ7) is an aromatic diacid that is obtained in one step from
hydroxymethylfurfurat* a chemical readily available from bioma&s$8.This renewable
diacid is analogous to terephthalic aciti0) but is more easily accessible from
biorenewable precursors. These two chemicals are both aromatic diacids tlesdproc
through analogous condensation polymerization to form poly(ethylene furanoate) [PEF,
poly(107) and poly(ethylene terephthalate) [PEpDly(106), respectively. PEF and PET
behave very similarly in terms of their performance and applicatiepgcificaly for

singleuse bottle packaging.

Scheme 12 2,5Furandicarboxylic acid 107) and PEF poly(107) as biobased
replacements for terephthalic ackD6) and PET jpoly(106)
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1.2.3 Novelmonomers: Novel biobased monomers

Novel biobased monomers are more easily derived from biomass than from
petroleum resources. Moreover, these monomers do not have an easily identifiable
petroleumbased counterpart. The market and suitable applicationedarorresponding
pol ymers therefore must be generated and
market, these novel biobased monomers must produce polymers that have advantageous
properties in order to drive companies to invest in developingfoenulations for their
products. In some cases, the advantageous property may be price (including the ability to
use less of this new polymer compared to the traditional polymer), mechanical and thermal

polymer performance, or ndamaditional avenues forgstconsumer processing such as
5



composting, biodegradability, or chemical recycling (chemical recycling will be further

discussed in Section 1.3.5).

Scheme 13 (a) Examples of novel biobased monomers and (bpthgmerization and
degradation of PLA{oly(108)
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|t i's worth noting that many of these
have commonly been screened using chemical means from other resources prior to
developing bioreewable platforms. For example, a synthesis of lactic acid was reported
in 1845 and a US patent was filed in 1955 that converted propylene into lactic acid using
nitric acid and nitrogen tetroxide at elevated temperatir&sday lactic acid can be
fermented from biomass where it is then converted into lacfifi) @nd subjected to ring
opening transesterification polymerization (ROTEP) to poly(lactic acid) [ipbky(108),
Scheme 1.3b]. PLA is one of the most successful sustainable polymers and can be
chemically recycled (depolymerized) backlfeB or composted into lactic acid12) and

mineralized into C@and water.

3-Methylvalerolactonel(09) and 3hydroxyalkanoic acls (L10) are two additional
examples of novel biobased monomers (Scheme 1.3a). Msthstituted valerolactone
109 can be chemically recycled back to its monomer like PLA but has complementary

thermal and mechanical properttégdditionally, polyestersrbm hydroxyalkanoatekl10
6
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can be synthesized vivo through polycondensation within enzymes and produce non
toxic degradation product8 A final, common strategy for novel biobased polymers is to
add a polymerizable (methyl)acrylate moiety to a-¢marcel alcohol. For example,
isosorbide acrylatdél1produces a polymer with a high glass transition temperalyréq

°C) and has been incorporated into thermoplastic pressmsitive adhesives.

1.3 Ring-opening transesterification polymerization

To makea plastic, the building block of a polymer (or monomer), is chemically
linked together (or polymerized) to make lecitain molecules called polymers. The
mechani sm by which a monomer can be pol ymer
chemical functioalities: each chemical functional group requires a specific method(s) to
link one monomer to the next. For exam@eglefins such as ethylene and propylene are
polymerized using either Ziegikatta organometallic catalysts or radical polymerization.
Alternatively, lactic acid can be polymerized using condensation polymerization, or it can
be cyclized to lactide and be polymerized through ROTEP. The growing demand to replace
petroleumbased polymers with bioderived variants has generated increasedtiiteres
polyesters due to their hydrolyzable backbone ester linkages. Throughout the majority of
this dissertation | utilize ROTEP to produce novel polyesters (Chajite)s Therefore,

further discussion will emphasize ROTEP over other polymerization s&ateg

The polymerization conditions for ROTEP can have dramatic effects on the product
polymer. These effects are controlled by initial reactions conditions. For example, readily
available moneor multifunctional initiators, such as alcohols or aminesuaeel to make
linear or branched polymer architectures, andntiséecular weight of each polymer can
be controlled by the initial molar ratio of the lactone monomer vs. the initiator. Moreover,

both the initial monomer concentration and the temperatugfgmerization can have a
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significant impact on the overall monomer conversion depending on the free energy of
polymerization PG,°) for the monomer used. In general, higher monomer concentrations
and lower temperatures used for polymerization lead tbehigquilibrium monomer

conversiorf?
1.3.1 Thermodynamics of ROTEP

ROTEP of lactones is an equilibriudniven polymerization. The enthalpy of
polymerization PH,°) is closely tied to the rinrgtrain of each lactone monomer, whish
influenced by variations in bond angles and bond lengths in the cyclic structure, eclipsing
hydrogen interactions, and steric strain imparted by added substituents (if any). The
entropy of polymerizationdS,°) is a balance between: (i) lower entropyedo loss of
translational degrees of freedom from a monomer converting into a polymer (this value is
similar from monomer to monomer) and (ii) higher entropy from an increase in the number
of rotational degrees of freedom gained by the carbon and oxatgers as they are no
longer restricted in the cyclic lactone conformation. These rotational degrees of freedom
gained in polymerization and the ring strain in the monomer are directly related to the ring
size and the substitution on each lact6f&. Experimentally, DH,® and DS,° are
determined by Vanot Hof f anal ysi s, whi ch

temperature on the equilibrium monomer conversion.
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Figure 1.1 Enthalpy and entropy of polymerization for (a) unsubstituted lactones and (b)
selected alkybubstituted valerolactonesDH,° andDS,° values were taken from Table 1

in Schneiderman and Hillmyer, af¥5,° were calculated using these values at 25%C.
Lactones113, 11%M¢ to 115 were polymerized neat and lactonk$4i 116 were
polymerized in solution (1M). Although these phase differences can account for changes

in theDS,°, 2 the overall trends iDG,°, DH,° andDS,° are weltreflected nonetheless.

In the family of unsubstituted lactones, propiolactonebftactone,113) featuring
a fouratom ring size, and caprolactone @acaprolactonel16) containing a seveatom
ring size, each polymerize to nearly untraceable levels of remaining monomer. However,
these two polymerizations differ in thermodynamic driving forcee (Bigure 1.1a).
Propiolactond 13has a large free energy of polymerizatibeg®) due to its high enthalpic
ring strain even though the polymerization is the most entropically disfavored (since there
are only a few conformational degrees of freedom gdmpdlymerization}® Conversely,
caprolactonell6 is not nearly as ringtrained as propiolacton#13 but is driven
entropically by larger contributions from the many conformational/rotational degrees of
freedom gained upon polymerizati$hThe sixatom ing valerolactoned-valerolactone,
115, which has a small but negatii>&,°, can be polymerized to high conversions under
many conditions (>99% conversion, solvent free, ambient temperature) because it has both

intermediate ring strain and intermediaé@ngn rotational degrees of freedom. Finally, the
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five-atom ring butyrolactoneg(utyrolactone114) has only recently been polymeriZéd
and does not polymerize under standard ROTEP conditions because of its [pzitive
Butyrolactonell4is consideredtrainfree?® and is not significantly entropically favored

for polymerization.

Added alkyl or functional group substitution on a lactone ring can also play a
significant role in a monomer 6s ability
the equilibrium monomer conversion of a caprolactone monomer, which normally
polymerizes efficiently¥>3° Conversely, additional substitution can make B@&y of
butyrolactones convert from being unfavorable to favor&feSubtle substituent effects
are more intricate for valerolactones compared to other ring sizes becddSg issonly
slightly favored DG° = ca.i4  k Jtowaid polymerization. As shown in Figure 1.1b,
the addition of a methyll(l 3¢ through115Ve) [where115Me represents a valerolactone
ring (115 with a methyl {e) substituted at th# position]or heptyl group 115H¢P) to a
valerolactone can change the,° fromi8 k J%omumsubstituted valerolactoid5to
il19 k3 fomd%"e by increasing the associated ring strain. Alternatively, these
substituents penalize the over@i5,° by decreasing th®S,°. The effects of having
substitution at the-3and 4 positions (as iM15Ve and 115™¢) are very subtle (Figure
1.1b), and yetLl15e will polymerize to 91% equilibrium monomer conversion while
115™Me will polymerize to 98% equilibum monomer conversion (neat, room temperature).
Furthermore, the length of the alkyl group (as showmlig#Me and11%HeP) has little
effect on theDG° and equilibrium monomer conversiéhErom an economic standpoint,
minor changes irDG,° lead to slight differences in monomer conversion, but these
differences will increase processing costs for polymers. These studies shgtesste

is the most attractive monomer in this valerolactone series in terDG,of
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1.3.2 Thermal properties and kinetic considerations for substituted lactones

Poly(valerolactone) and poly(caprolactone) are both semicrystalline polymers with
low Tgs aroundi 60 °C and melting temperatureEn¢) around 60 °G2 One methyl (or
alkyl) group added at any position in the valerolactone ring (E1g2Vei 115Me, Figure
1.2a) completely inhibits the formation of crystal domains and instead produces completely
amorphous polyesters willgs similar to valerolactoné %0 °C)2* This loss of crystallinity
has also been reported for polycaprolactones with a methyl (polymerized I@1s and

116Me, Figure 1.2b%*3* or isopropyf® group (substituted at thepbsition,not shown).

iédﬁw%@ @é@

1154Me 1153Me 1152Me 1155Me 1164Me 1166Me

forms forms amorphous amorphous amorphous semicrystalline amorphous amorphous

amorphous semicrystalline
polyester polyester

Figure 1.2 Relative rates of polymerization and general polymer thermal properties for
(a) methylsubstituted valerolactones using diphenyl phosphate as a catalyst without
solvent (neatf and (b) alkylsubstituted caprolactones using an aluminum salen catalyst

in toluene®®

The relative rates of polymerization for valerolactodé5 and each methyl
substituted valerolacton&15™¢) are shown in Figure 1.2a. Lactoh&3Ve is the fastest
to polymerize followed by15 115Me, 115Me and finally11%Ve, Likewise, the rates of
polymerization for caprolactonekl6, 116™¢, and 116Ve showed that unsubstituted
caprolactond 16 polymerizes fastest followed by-#hethylcaprolactonel8?Me), with 6-
methylcaprolactone 11.6M¢) polymerizing significantly slower than the other two

monomers (Figure 1.2b).
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These reports demonstrate that lactones with a methyl (or alkyl) group on the
carbon beang the cyclic ester oxygen polymerize the slowest due to the secondary (rather
than primary) propagating alcohol that is formed during propagation. Additionally, the rate
of polymerization for a lactone containing a methyl (or alkyl) group at theskion is
reduced as a consequence of the added steric crowding around the carbonyl. Finally, methyl
substitution not directly adjacent to the lactone can either polymerize faster-[for 4
methylvalerolactone 1(15€)] or slower [3methylvalerolactone 115M€) or 4-

methylcaprolactonel@6*V€)] than its unsubstituted parent lactone.
1.3.3 Chemicalrecycling ofpolylactones

Currently the dAlifecycleodo of a pol ymer
material is derived either from petroleumbao-based sources, converted into a monomer,
then a polymer, and finally a commercial product. The nature of the product allows for it
to potentially be collected and mechanically recycled. Yet, only about 2% of-sisgle
plastic packaging is recycled a closedoop fashion (i.e., recycled into products with
equal value to the recycled materaljie to variations regarding purity and molecular
weight of the recycled material. Ultimately the remaining polymer products are either

placed into landfill, leached into the environment, or incinerated for edérgy.

Converting a polymer back into its respective monomer after use would be one way
to close tis lifecycle. This general strategy of chemical recydirghemical degradation
of a macromolecule into valuable fragménis appealing since the recovered monomer
could be repolymerized to produce a polymer with the desired molecular weight,
composition, ad architecturé® This process would bring added value to a polymer after
consumer use and could decrease dependence on monomer feedstocks. This concept has

already been adopted by the BASF chemical company.
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Figure 1.3 Lifecycle of a polymer

Polyesters derived from lactones are attractive from a chemical recycling
perspective. The polymerization of lactones (sometimes) proceed to-tlvavedeal
equilibrium monomer conversions. This is especially problematic on a procsssieg
when costs fothe monomer itself and the process for removing the unreacted monomer is
necessary. Yet since this equilibrium for lactones is accessible even at room temperature,
polyesters derived from lactones can be chemically recycled back to their precursor
monome using relatively mild conditions. As shown in Scheme 14E#EMe can be
polymerized topoly(115V€) using ROTEPPoly(115M€) can also be degraded back to
lactonel15Me by way of reversdROTEP. Commonly, these reverBOTEP conditions
utilize a catalys(e.g. tin octanoate), elevated temperatures (ca. 150 °C), and vacuum to
reestablish the monomgolymer equilibrium while distillatively removing the monomer
as it is generated. The recycleétiZMe can be polymerized again pmly(115M€) with a
desired polymer architecture and molecular weight. To the extent that this process is

efficient enough, chemically recyclable monomers can, in theory, be infinitely reé{cled.
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Scheme 14 Polymerization and chemical recycling(aj poly(115M¢) via reverse ROTEP
and(b) poly(113)to acrylic acid £05) via elimination
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Polyesters (and polyvalerolactones in general) can also be strategically degraded

to other chemicals in a complementary manner (as shown in Scheme 1.4b). Propiolactone
113 can be polymerized tpoly(113). It is unfavorable fopoly(113)to undergo reverse
ROTEP duetd1l® s hi gh ring st r apay(li3xande tieamallyi o n
or chemically degraded to acrylic aéfdThis eliminativetype degradation has also

recently been performed on PLA to produce acrylic acid (not shwn).
1.3.4 Remainirg needs for chemically recyclable polyesters

Today, a number of limitations still remain for advancing renewable polymers,
which does not even include the largest limitations of polymer price and cost to research
new formulations. For instance, the mastd biorenewable polymer, PLA, is already
being used to make compostable, siagde cups and silverware; however, this polymer
has a relatively low glass transition temperature (ca680C) and low melt strengffi.

The low glass transition temperatureitsrthe potential of PLA to be used in applications
where higher temperatures are necessary (e.g.,gingleoffee cups), and the limited melt
strength of PLA hinders its applicability for plastic bag packaging (although considerable
work has been devadeon solutions to this problem, such as katgin branched PLAY

A similar limitation of currently sustainable lactones is that there are relatively few
chemically recyclable polymers that have thermal transitions-avellt si de of a
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reachable tempatures. In other words, these polymers are not thermally stable over a
temperature range that is required for hot beverages as well as cold Minnesota winters. As
such, there remains a need to explore novel chemically recyclable monomers, polymers,

and magrials with complementary properties to those currently available.

The installation of new functionality onto the sidechain of reactive monomers has
been shown to drastically affect a pol ymer {
For example, lsanging the sidechain substituent from a methyl (e.g., polypropylene) to a
carboxyl group [e.g. poly(acrylic acid)] directly alters the polymer properties and,
therefore, the application of each polymer. Additionally, the increased oxidation state of
reagets provided by biomass compared to petroleum oil creates an opportunity to utilize
this overoxidation to produceraditional monomerswith nontraditional sidechain
functionality To this end, | have developed syntheses to carboalkoxylated lactone
monomes from biorenewable feedstocks (Part 1). To date, there have been relatively few
examples of polylactones that (i) have substituents more complex than alkyl groups, (ii)
can be readily accessible from biomass, and (iii) have controllable polymer molecular
weights (see Table 1.1). In Part 2, | will discuss a fortuitous route to produce
isoprenecarboxylic acid, and the impacts that this carboxyl group imparts on the

polymerizability of this monomer and the material properties of its corresponding polymer.

1.4 Thesis Overview

With the goal of installing novel functionality onto monomers derived from
biomass, | will discuss the synthesis and properties of two novel monomer systems each
containing a carboxy substituent. Part 1 will focus on carboalkoxylatgthgimnes and
the repercussions of installing a pendant side chain ester onto a cyclic ester monomer. More

specifically, in Chapter 2 | will discuss the synthesis, polymerization, and divergent
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chemical recycling of the novel monomercdrbomethoxyvaleraktone (CMVL) into

linear poly(4carbomethoxyvalerolactone) (polyCMVL) using an acid catalyst. Next, | will
demonstrate that the linear polyCMVL is merely a metastable state and can isomerize to a
hyperbranched polymer using a more highly active zinc ystta{Chapter 3, in
collaboration with Dr. Daniel Stasiw and Professor William Tolman). Having understood

the chemical reactivity of CMVL, | will detail the influence of other alkoxy substituents

on this 4carboalkoxyvalerolactone scaffold to explore the coespondi ng pol
thermal and mechanical properties (Chapter 4). In Chapter 5, | will discuss some
preliminary findings on the effects of carboalkoxy positioning on lactones as well as a basic
model to predict whether a carboalkoxylated lactone wilrperize to a linear polymer,

a branched polymer, or isomerize into apafymerizable lactone.

Part 2 of this thesis will discuss my work on isoprenecarboxylic acid. Namely,
Chapter 6 will discuss the fundamental radical polymerizability of isoprerseadibacid,
its ester derivatives, and its amide derivatives. Finally, Chapter 7 will demonstrate how

isoprenecarboxylic acid can be used felicitously toward superabsorbent hydrogels.

1.5Previously reported carboalkoxylated lactones
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Table 11 Reported carboalkoxylated polyest&rSee Re#45*

Ty Tm AH,
Monomer Polymer s s p Notes
(°C) (°C) (g™)
a
O CO,H O COM polymerized via microbes
o 110 216 42 P. polycephalum
HO OH
n
117 poly117H
poly(B,L-malic acid)
% Me
O CO,H O COzH/Me 20 N-A. 174 72 polymerized via microbes
47 N.A. 172 58 followed by methylatation
HO OH © with diazomethane
H/Me) 75 45 171 41
117 poly(117
poly(f,L-malic acid)
statistically methylated
a
0 COH O CO,Me polymerized via microbes
o 41 148 42 followed by methylatation
HO OH n with diazomethane
117 poly(117"¢)
poly(methyl B,L-malate)
(e}
O CO,Bn
[e) o "amorphous polyesters" -
CO,Bn n
11880 a-poly(1178n)
atactic poly(benzyl p-malate)
(e}
O COuBn| b
e} N.A.  165-185 N.A. -
© s
CO,Bn n
11880 iso-poly(1175n)
isotactic poly(benzyl B,L-malate)
R
(e}
O CO,R O COR|® Me 40  137-151 101
(0] - allyl 12 112 N.A. olymerized from racemic
© © % T n B: 30-35 111-117  N.A " ctones
CO,R o
118R s-poly(117R)
syndiotactic poly(alkyl B,L.-malate)
O COyBn BnO,C
| z 0 z X ] de P iati
o o o B . little polymerization or no
fo) N.A. polymerization reported. Can be
l\\"K”/o o copolymerized with lactide
n
BnO,C O CO2Bn
11987 poly(1198")

poly(benzyl o,L-malide)

17



Table 1.1 (continued)Reported carboalkoxylated polyest&rSee Ref45*

Ty Tm AH,,
Monomer Polymer . . 4 Notes
(°C) (°C) (J=g7)

OJ\"\\ o th.tle Polymerlzatlon or no .

(o) N.A. polymerization reported. Synthesized
l\\"Kﬂ/O o) by hydrogenolysis of a benzyl ester on
BnO,C O CO,H 1 every repeat unit after polymerization

1198n poly(119*)

poly(a,L-malic acid)

N.A. polymerizes with controllable
molecular weights

poly(glycolide-co-a,L-malic acid)

12087 poly1208"
(0]

CO,Bn

N.A. benzyl groups removed post-
polymerization using hydrogenation

1208" poly120"

poly(glycolide-co-benzyl o,L-malate)

o
o) o 9
(@) NA lower molar mass than targeted.
CO,Bu|n o M, reported ca. 1400 g-mol™'. Could
Bu0,C poly121tB" be copolymerized with caprolactone
tBu
121 poly(4-carbo’butoxycaprolactone)
(o}
0 2 g
(o) NA lower molar mass than targeted.
CO,Bn o M, reported ca. 2000 gsmol*.Could
n be copolymerized with caprolactone
BnO,C poly121Bn
Bn
121 poly(4-carbobenzyloxycaprolactone)
o} [ o 1h )
block copolymers were synthesized
BnO,C (0] O)W NA using PEG-OH as an initiator.
¢0.Bn o "H NMR spectra show broad
L 2 in resonances.
122Bn poly1228"
poly(2-carbobenzyloxycaprolactone)
o O ) 1
/\o o} O)W NA block copolymers were synthesized
COallyl n o using PEG-OH as an initiator
123 poly123

poly(2-carboallyloxycaprolactone)
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Chapter 2. A carbomethoxylatedpolyvalerolactone from malic acid:

Synthesis and divergent chemical recycling
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Summary: In this chapter, w report the synthesis of a novel substituted polyvalerolactone
from the renewable monomer;carbomethoxyvalerotdone CMVL , two steps from

malic acid).We show that thgolymerizationof CMVL proceeds to high equilibrium
monomer conversioto give the senarystalline carbomethoxylated polyester with low
dispersity.The material displays a glass transition tempeeaddii 18 °C and two melting
temperatures at 68 and 86 °C. This polymer can be chemically recycled by either of two
independent pathways. The first (red, to the left) cleanly re@¥L by a backbiting
depolymerization from the hydroxy terminus; the setblue, to the right) uses base to
cleave the polgster in a retrmxaMichael fashion. This affords a methglate-like
monomer that we have polymerized radically to a new polymethacrylate analogue. This is
a rare eample of a polymer that has bedmown to have two independent chemical

recycling pathways leading to two different classes of monomers.

* Reproduced in part with permission from Fahnhorst G. W.; Hoye, ACIS. Macro
Lett 2018 7, 143 147. Copyright 2018 American Chemical Society
24



2.1 Introduction

The multibillion-dollar plastics industry produces around 300 million tons of
plastic annually. However, only a small portion isagcled? and the performance and
properties of new materials derived from previously used polymers is virtually always an
important issué.Biodegradable and compostable polymers like poly(lactic acid) (PLA)
are incorporated into products to help addresses of sustainabilityand degradation. Yet,
biodegradable and compostable polymers sometimes relquitkensomedegradation
conditions? Moreover, one can question the value of biodegrading polymers to invisible
chemicals (i.e., small molecules or oligers) vs. coping with the environmental

consequences of more macroscopic, solid plastic debris’itself.

More recently, some research has been focused on utilizing chemically recyclable
polymers (CRPsjdefined as macromolecules that can be chemically degraded to valuable
molecular fragments, most typically back to the monomer from which the polymer was
derived. These can then bepalymerized in the same manner as the initial, viggiality
monomersCRPs most commonly include polyesters and polyamides, derived from ring
opening polymerization (ROP) of lactofigsand lactam$, and polycarbonates from

epoxide/CQ copolymerizations.

The synthesis of CRP&om renewable feedstocks and useful properties is
attractive. Malic acid Z01) |, known asadaefilt ccdf svadpiomiging 0
renewable and scalable feedstock. Synthesized microbially from biomass as an

intermediate in th&rebscycle, it is aburantly available?!

Here we report the synthesisd€arbomethoxyvalerolacton2@?* CMVL ) from
malic acid (Scheme 2.1) and its ringening transesterification polymerization (ROTEP)

to produce the new polyester, pahgarbomethoxyvalerolactone) pgly(204),
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poly(CMVL) ]. We also show the chemical (or batkmonomer) recyclability of
poly(204) by virtue of two complementary degradation pathways: i) a reverse ROTEP back
to CMVL or ii) an eliminative process leading to a methacrylate derivative, which can
further be polymerized to a new poly(methacryldited material. To the best of our
knowledge, this is the first report of a polymerization of a carboalkoxyvalerolattone.
Additionally, this is a rare exampfeof depolymerization via twindependent, chemical

recycing pathwaydo yield two different types of mononger

2.2 Monomer synthesis

The transformation of malic aci@@l) to coumalic acidZ02) using sulfuric acid
(or fuming sulfuric acid) is welstudied, the initial report datinigack to the late 1800s
(Scheme 2.13**° Fisher esterification with methanol allows access to methyl coumalate
(203) in a onepot process® The mechanism of this malic acid dimerization is proposed to
proceed through an initial loss of carbon monoxide aa®,Hollowed by an aldol
condensation to produce coumalic ac®3).!’ Because wecould find no studies that
confirmedwhether CO or C@is the gas evolved in this process and because a variation of
the mechanism in which sulfuric is reduced to sulfuraid s plausible, we captured the
gaseous byproduct and confirmed (IR spectroscopy) that it was, indeed, carbon monoxide
(see Sl)

We initially isolated acid202 using a modified Wiley and Smith protocdl.
Subjecting202to only a catalytic amount of sulfuric acid in methanol led to esterification
of the pyrone ester moiety even at low conversions. This indicateRGB&rms more

selectively inthe Epot synthesis with the high concentrations of sulfuric acid.
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Scheme 21 Two-step synthesis EMVL (204) from malic acid 201)

0]

Q H,SO, then aod _Pdc
HO)WOH — e | (0]
-H,0
OH O -CZO = MeOH

OH

201 202 203 R=H 205a

malic acid coumalic acid methyl coumalate 4- carbomethoxyvalerolactone Me 205b
- - (CMVL, 56% yield from 203)

Diels-Alder reactions o202 or 203 with various dienophiles have been used to
prepare biorenewable terephthalic acid and methyl terephthalate derivétives.
Hydrogenation reactions @02'° or of 203%° are reported, but in no case has the saturated
lactone product been fully characterizedsignificant, competing hydrogenolysis of the
C5i O bond during these reactions leads to the competitive production of prathats
205b. In our hands, the hydrogenation28B over 5% Pd/C afforded a mixture GMVL
and205b in a ratio of ca. 1.2:1 atdtm of H. We found that we could increase this ratio
to 2.5:1 in favor ofCMVL using a H pressure of 80 psi. Unfortunately, increasing the
pressure to 1400 psi gave no significant further improvement. Other hydrogenation
catalysts provided lower portions @MVL andor other byproducts (Figur§2.2).
However, lactonesterCMVL and acidester205b can easily be separated via partitioning
of the latter into aqueous NaHE®olution. OverallCMVL can be obtained in two

operations from malic acid, typically ynelds >30%.

2.3 Polymer synthesis and CMVL degradation

Aware thad-methylvalerolatone @07, cf. Figure 2.1ag¢an be polymerized to high
conversior?! we surmised thaEMVL would do so as well. Indeethis proved to be the
case. Eposure of a bulk sample @MVL to 1,4benzenedimethano(6) and diphenyl
phosphate [DPP, (PhéPO:H] at ambient temperature smoothly produpedy(204)
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Figure 2.1 a) Polymerization o€EMVL (204) using DPP as a catalyst. b) DSC

thermogram (with downward exotherm)mdly(204)at a heat i ngt rate of
taken orthe third heating cycle. The thermogram shows plo&t(204)has alg =118
°C,aTc=32°C,andtwdnd0s = 68 and 86 AC.

(Figure2.1a) as a semicrystalline materilliol 206 was chosen as the initiator because it
provides two sets of readily distinguished singlets irtthBIMR spectrum of the polymer

that can be used for MW analysi/e could effectively target the molar masstio¢
polymer by adjusting the monomer to initiator ratio. Starting with a 200:1 or 500:1 ratio of
CMVL t0206, we achieved a polymer wit¢HhNMR), mol ar
respectively. The former proceeded to an equiibrimonomer conversion of 98.3%
(analogous to conversion Schneiderman reporte@0@, and the dispersityn() of the
higher molecular weight sample was 1.2 (SEC, DMidditionally, there was no evidence

for any chairtransfer involving transesterificahdetween a carbomethoxy group and the
growing chain end. This is consistent with the considerably higher basicity of an aliphatic
lactone vs. ester functional group, resulting in a much higher concentration of the

protonatedactonecarbonyl intermediatspecies?
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Figure 2.2 a) Kinetic and thermodynamic data comparing the polymerizaticB\YL

(204) and207. The data fo07 are taken from Schneiderman and HillmyeKinetic data

for bothCMVL and207 were collected using @MVL :BnOH:DPP ratio of 200:1:1b)
Conversion of the BnOH initiator (1) and tid1VL monomer during bulk polymerization.
The insert plot suggests that initiation is first order inBh®H. Overlayed NMR spectra

of ¢) BnOH alcohol (4.7 ppm) initiation to a benzyl ester (5.1 ppm)dmiohg-opening of
CMVL to poly(204) In thelatter, there is an upfield shift of both the methylene at 4.49
ppm to 4.23 ppm and the methyl ester resonance (3.76 to 3.71 ppm).
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