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Abstract 

The compounding environmental effects of non-degradable plastics have attracted 

increased attention to sustainable polymers. This dissertation is focused on producing 

polymers from plant-based, renewable feedstocks while also emphasizing novel methods 

to chemically recycle polymers into valuable fragments. Plant-based feedstocks provide 

reagents with increased oxidation relative to petroleum and offer the opportunity to access 

traditional monomers with novel functionality. In this document, approaches to producing 

biobased monomers in addition to ring-opening transesterification polymerization 

(ROTEP) are introduced (Chapter 1). After, my research (in Part 1) on the two-step 

synthesis and ROTEP of 4-carboalkoxyvalerolactones is discussed. The ROTEP of these 

monomers, which are derived from malic acid, can either provide (i) tough and flexible, 

semicrystalline polyesters that can be chemically recycled by two independent pathways 

(Chapter 2 and 4) or (ii) an amorphous, hyperbranched polyester also capable of being 

chemically recycled (Chapter 3). The architecture of the product polymer is determined by 

the catalyst used for ROTEP or the position of the carboalkoxy on the lactone ring (Chapter 

5). These characteristics are unique to this relatively unstudied family of monomers. In Part 

2, anhydromevalonolactone, which can be fermented from glucose, is converted into 

isoprenecarboxylic acid, isoprenecarboxylate esters, and isoprenecarboxamides. These 

isoprene derivatives are radically polymerized to provide linear polymers (Chapter 6) or 

crosslinked superabsorbent hydrogels (Chapter 7). This series of polymers may provide a 

biobased alternative to polyacrylates. 
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Carboalkoxylated polyvalerolactones 

 from malic acid 
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Chapter 1. Approaches to bioderived monomers and an introduction 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 tons of plastic are 

produced annually worldwide.1 To 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 

tallðequivalent to thirty-three John Hancock Towers. Forty to fifty percent of this vast 

amount of plastic is single-use packaging, which is thrown away, recycled, incinerated, or 

leached into the environment.2 

The compounding effects of non-degradable plastics on our environment are well-

documented, and our dependence on crude oil 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, plant-based feedstocks and also to 

develop novel ways to recycle or degrade polymers using environmentally friendly 

conditions.3 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), 

(iii) excellent materials properties (over 50 years of structure-property characterization), 

and (iv) preexisting capital infrastructure. With all these challenges, ñthere is still a great 

future in sustainable polymersò4 and there remains a need to explore novel, biobased 

monomers and polymers using robust and scalable processes that may one day form our 

next generation of polymers.  
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1.2 Approaches to sustainable monomers from biomass  

A broad array of chemical targets can be synthesized from biomass. A number of 

biobased chemicals are 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.5 In order to one day be competitive with petroleum-derived 

monomers, most strategies to convert these potential commodity chemicals into monomers 

focus on: using as few steps as possible; using high-yielding, scalable, sustainable, and 

inexpensive reagents (such as acid, base, and/or hydrogen gas); and performing high-

yielding transformations. 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 Drop-in monomers 

A monomer obtained through a biosynthetic route, when traditionally made from 

petroleum, is considered a drop-in monomer.6 In such cases, the monomers and 

corresponding polymers are identical to those from petroleum but vary merely in the 

starting feedstock 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 be identical to existing technologies (thus they are called ñdrop-inò 

replacements).  

Ethylene (102), the worldôs most used monomer, can be obtained through the 

dehydration of ethanol (101) and has already seen considerable investment since bioethanol 

is produced in large quantities for biofuels (Scheme 1.1).7,8  Additionally, biobased 

propylene (104) and acrylic acid (105) and have garnered substantial attention since these 
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3-carbon monomers can be obtained, for example, from glycerol (103), a waste product in 

the production of biodiesel. In these routes, glycerol can be dehydrated and either reduced 

to propylene9 or oxidized to acrylic acid.10 Other examples include the production of 

isoprene from itaconic acid using a fermentation/multifunctional cascade synthesis11 and 

ethylene glycol through oxidation of biobased ethylene.12 

Scheme 1.1  Examples of drop-in monomers 

 

1.2.2 Novel monomers: Biobased replacements 

Biobased replacement 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 produce monomers with very similar, yet distinct, chemical functionality. In this case, 

the monomers are developed and optimized specifically to replace certain preexisting 

petroleum-based monomers that are difficult or expensive to obtain from biomass. This is 

an advantageous strategy since the polymerizations and processes of these new monomers 

and polymers are very similar to those already developed for petroleum-based 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 for.13  
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An example of a biobased replacement is shown in Scheme 1.2. 2,5-

Furandicarboxylic acid (FDCA, 107) is an aromatic diacid that is obtained in one step from 

hydroxymethylfurfural,14 a chemical readily available from biomass.5,15 This renewable 

diacid is analogous to terephthalic acid (106) but is more easily accessible from 

biorenewable precursors. These two chemicals are both aromatic diacids that proceed 

through analogous condensation polymerization to form poly(ethylene furanoate) [PEF, 

poly(107)] and poly(ethylene terephthalate) [PET, poly(106)], respectively. PEF and PET 

behave very similarly in terms of their performance and applicationsðspecifically for 

single-use bottle packaging.  

Scheme 1.2 2,5-Furandicarboxylic acid (107) and PEF [poly(107)] as biobased 

replacements for terephthalic acid (106) and PET [poly(106)] 

 

1.2.3 Novel monomers: 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 

petroleum-based counterpart. The market and suitable applications for the corresponding 

polymers therefore must be generated and often can be difficult to identify. In todayôs 

market, these novel biobased monomers must produce polymers that have advantageous 

properties in order to drive companies to invest in developing new formulations 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 non-traditional avenues for post-consumer processing such as 
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composting, biodegradability, or chemical recycling (chemical recycling will be further 

discussed in Section 1.3.5). 

Scheme 1.3 (a) Examples of novel biobased monomers and (b) the polymerization and 

degradation of PLA [poly(108)] 

 

It is worth noting that many of these ñnovelò biobased monomers and polymers 

have commonly been screened using chemical means from other resources prior to 

developing biorenewable platforms. For example, a synthesis of lactic acid was reported 

in 1845,16 and a US patent was filed in 1955 that converted propylene into lactic acid using 

nitric acid and nitrogen tetroxide at elevated temperatures.17 Today lactic acid can be 

fermented from biomass where it is then converted into lactide (108) and subjected to ring-

opening transesterification polymerization (ROTEP) to poly(lactic acid) [PLA, poly(108), 

Scheme 1.3b]. PLA is one of the most successful sustainable polymers and can be 

chemically recycled (depolymerized) back to 108  or composted into lactic acid (112) and 

mineralized into CO2 and water. 

3-Methylvalerolactone (109) and 3-hydroxyalkanoic acids (110) are two additional 

examples of novel biobased monomers (Scheme 1.3a). Methyl-substituted valerolactone 

109 can be chemically recycled back to its monomer like PLA but has complementary 

thermal and mechanical properties.18 Additionally, polyesters from hydroxyalkanoates 110 
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can be synthesized in vivo through polycondensation within enzymes and produce non-

toxic degradation products.19 A final, common strategy for novel biobased polymers is to 

add a polymerizable (methyl)acrylate moiety to a bio-sourced alcohol. For example, 

isosorbide acrylate 111 produces a polymer with a high glass transition temperature (Tg, 95 

°C) and has been incorporated into thermoplastic pressure-sensitive adhesives.20 

1.3 Ring-opening transesterification polymerization 

To make a plastic, the building block of a polymer (or monomer), is chemically 

linked together (or polymerized) to make long-chain molecules called polymers. The 

mechanism by which a monomer can be polymerized is dictated by the monomerôs specific 

chemical functionalities: each chemical functional group requires a specific method(s) to 

link one monomer to the next. For example, a-olefins such as ethylene and propylene are 

polymerized using either Ziegler-Natta 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 

petroleum-based polymers with bioderived variants has generated increased interest in 

polyesters due to their hydrolyzable backbone ester linkages. Throughout the majority of 

this dissertation I utilize ROTEP to produce novel polyesters (Chapters 2ï5). Therefore, 

further discussion will emphasize ROTEP over other polymerization strategies. 

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 mono- or multifunctional initiators, such as alcohols or amines, are used to make 

linear or branched polymer architectures, and the molecular 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 temperature for polymerization can have a 



8 

significant impact on the overall monomer conversion depending on the free energy of 

polymerization (DGp
o) for the monomer used. In general, higher monomer concentrations 

and lower temperatures used for polymerization lead to higher equilibrium monomer 

conversion.21  

1.3.1 Thermodynamics of ROTEP 

ROTEP of lactones is an equilibrium-driven polymerization. The enthalpy of 

polymerization (DHp
o) is closely tied to the ring-strain of each lactone monomer, which is 

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 polymerization (DSp
o) is a balance between: (i) lower entropy due to 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 oxygen atoms 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 lactone.21ï23 Experimentally, DHp
o and DSp

o are 

determined by Vanôt Hoff analysis, which is derived from analyzing the influence of 

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 alkyl-substituted valerolactones. *DHp
o and DSp

o values were taken from Table 1 

in Schneiderman and Hillmyer, and DGp
o were calculated using these values at 25 °C.24 

Lactones 113, 1152Me to 1155Hep were polymerized neat and lactones 114ï116 were 

polymerized in solution (1M). Although these phase differences can account for changes 

in the DSp
o,23 the overall trends in DGp

o, DHp
o and DSp

o are well-reflected nonetheless.   

In the family of unsubstituted lactones, propiolactone (or b-lactone, 113) featuring 

a four-atom ring size, and caprolactone (or e-caprolactone, 116) containing a seven-atom 

ring size, each polymerize to nearly untraceable levels of remaining monomer. However, 

these two polymerizations differ in thermodynamic driving forces (see Figure 1.1a). 

Propiolactone 113 has a large free energy of polymerization (DGp
o) 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 gained in polymerization).25 Conversely, 

caprolactone 116 is not nearly as ring-strained as propiolactone 113 but is driven 

entropically by larger contributions from the many conformational/rotational degrees of 

freedom gained upon polymerization.26 The six-atom ring valerolactone (d-valerolactone, 

115), which has a small but negative DGp
o, can be polymerized to high conversions under 

many conditions (>99% conversion, solvent free, ambient temperature) because it has both 

intermediate ring strain and intermediate gain in rotational degrees of freedom. Finally, the 
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five-atom ring butyrolactone (g-butyrolactone, 114) has only recently been polymerized27 

and does not polymerize under standard ROTEP conditions because of its positive DGp
o. 

Butyrolactone 114 is considered strain-free28 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 monomerôs ability to polymerize. For example, substituents can inhibit 

the equilibrium monomer conversion of a caprolactone monomer, which normally 

polymerizes efficiently.29,30 Conversely, additional substitution can make the DGp
o of 

butyrolactones convert from being unfavorable to favorable.28,31 Subtle substituent effects 

are more intricate for valerolactones compared to other ring sizes because its DGp
o is only 

slightly favored (DGp
o = ca. ï4 kJÅmol-1) toward polymerization. As shown in Figure 1.1b, 

the addition of a methyl (1152Me through 1155Me) [where 115#Me represents a valerolactone 

ring (115) with a methyl (Me) substituted at the # position] or heptyl group (1155Hep) to a 

valerolactone can change the DHp
o from ï8 kJÅmol-1 for unsubstituted valerolactone 115 to 

ï19 kJÅmol-1 for 1155Me by increasing the associated ring strain. Alternatively, these 

substituents penalize the overall DGp
o by decreasing the DSp

o. The effects of having 

substitution at the 3- and 4- positions (as in 1153Me and 1154Me) are very subtle (Figure 

1.1b), and yet 1153Me will polymerize to 91% equilibrium monomer conversion while 

1154Me will polymerize to 98% equilibrium monomer conversion (neat, room temperature). 

Furthermore, the length of the alkyl group (as shown in 1155Me  and 1155Hep)  has little 

effect on the DGp
o and equilibrium monomer conversion.24 From an economic standpoint, 

minor changes in DGp
o lead to slight differences in monomer conversion, but these 

differences will increase processing costs for polymers. These studies suggest that 1154Me 

is the most attractive monomer in this valerolactone series in terms of DGp
o. 
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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 around ï60 °C and melting temperatures (Tms) around 60 °C.32 One methyl (or 

alkyl) group added at any position in the valerolactone ring (e.g., 1152Meï1155Me, Figure 

1.2a) completely inhibits the formation of crystal domains and instead produces completely 

amorphous polyesters with Tgs similar to valerolactone (ï50 °C).24 This loss of crystallinity 

has also been reported for polycaprolactones with a methyl (polymerized from 1164Me and 

1166Me, Figure 1.2b)33,34 or isopropyl35 group (substituted at the 4-position, not shown). 

 

 
 

Figure 1.2  Relative rates of polymerization and general polymer thermal properties for 

(a) methyl-substituted valerolactones using diphenyl phosphate as a catalyst without 

solvent (neat)24 and (b) alkyl-substituted caprolactones using an aluminum salen catalyst 

in toluene.36 

The relative rates of polymerization for valerolactone (115) and each methyl-

substituted valerolactone (115#Me) are shown in Figure 1.2a. Lactone 1154Me is the fastest 

to polymerize followed by 115, 1153Me, 1152Me, and finally 1155Me. Likewise, the rates of 

polymerization for caprolactones 116, 1164Me, and 1166Me showed that unsubstituted 

caprolactone 116 polymerizes fastest followed by 4-methylcaprolactone (1164Me), with 6-

methylcaprolactone (1166Me) 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 bearing 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 the 2-position 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 (1154Me)] or slower [3-methylvalerolactone (1153Me) or 4-

methylcaprolactone (1164Me)] than its unsubstituted parent lactone.  

1.3.3 Chemical recycling of polylactones 

Currently the ñlifecycleò of a polymer is rarely cyclic (Figure 1.3). A starting 

material is derived either from petroleum or bio-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 single-use 

plastic packaging is recycled in a closed-loop fashion (i.e., recycled into products with 

equal value to the recycled material)2 due 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 energy.37 

Converting a polymer back into its respective monomer after use would be one way 

to close this lifecycle. This general strategy of chemical recyclingðchemical degradation 

of a macromolecule into valuable fragmentsðis appealing since the recovered monomer 

could be repolymerized to produce a polymer with the desired molecular weight, 

composition, and architecture.38 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.39 
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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 lower-than-ideal 

equilibrium monomer conversions. This is especially problematic on a processing-scale 

when costs of the 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 

monomer using relatively mild conditions. As shown in Scheme 1.4a, 1153Me can be 

polymerized to poly(1153Me) using ROTEP. Poly(1153Me) can also be degraded back to 

lactone 1153Me by way of reverse-ROTEP. Commonly, these reverse-ROTEP conditions 

utilize a catalyst (e.g. tin octanoate), elevated temperatures (ca. 150 °C), and vacuum to 

reestablish the monomer-polymer equilibrium while distillatively removing the monomer 

as it is generated. The recycled 1153Me can be polymerized again to poly(1153Me) 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 recycled.40  
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Scheme 1.4 Polymerization and chemical recycling of (a) poly(1153Me) via reverse ROTEP 

and (b) poly(113) to acrylic acid (105) via elimination 

 

 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 to poly(113). It is unfavorable for poly(113) to undergo reverse 

ROTEP due to 113ôs high ring strain (see Section 1.3.1), but poly(113) can be thermally 

or chemically degraded to acrylic acid.41 This eliminative-type degradation has also 

recently been performed on PLA to produce acrylic acid (not shown).42 

1.3.4 Remaining 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 most-used biorenewable polymer, PLA, is already 

being used to make compostable, single-use cups and silverware; however, this polymer 

has a relatively low glass transition temperature (ca. 50ï60 °C) and low melt strength.43 

The low glass transition temperature limits the potential of PLA to be used in applications 

where higher temperatures are necessary (e.g., single-use coffee cups), and the limited melt 

strength of PLA hinders its applicability for plastic bag packaging (although considerable 

work has been devoted on solutions to this problem, such as long-chain branched PLA).44 

A similar limitation of currently sustainable lactones is that there are relatively few 

chemically recyclable polymers that have thermal transitions well-outside of a userôs 
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reachable temperatures. 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 materials 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 polymerôs thermal transitions and mechanical properties. 

For example, changing 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 

reagents provided by biomass compared to petroleum oil creates an opportunity to utilize 

this over-oxidation to produce traditional monomers with non-traditional sidechain 

functionality. To this end, I have developed syntheses to carboalkoxylated lactone 

monomers 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, I 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, I will discuss the synthesis and properties of two novel monomer systems each 

containing a carboxy substituent. Part 1 will focus on carboalkoxylated polylactones and 

the repercussions of installing a pendant side chain ester onto a cyclic ester monomer. More 

specifically, in Chapter 2 I will discuss the synthesis, polymerization, and divergent 
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chemical recycling of the novel monomer 4-carbomethoxyvalerolactone (CMVL) into 

linear poly(4-carbomethoxyvalerolactone) (polyCMVL) using an acid catalyst. Next, I will 

demonstrate that the linear polyCMVL is merely a metastable state and can isomerize to a 

hyperbranched polymer using a more highly active zinc catalyst (Chapter 3, in 

collaboration with Dr. Daniel Stasiw and Professor William Tolman). Having understood 

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

on this 4-carboalkoxyvalerolactone scaffold to explore the corresponding polymersô 

thermal and mechanical properties (Chapter 4). In Chapter 5, I 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 will polymerize to a linear polymer, 

a branched polymer, or isomerize into a non-polymerizable lactone.  

Part 2 of this thesis will discuss my work on isoprenecarboxylic acid. Namely, 

Chapter 6 will discuss the fundamental radical polymerizability of isoprenecarboxylic acid, 

its ester derivatives, and its amide derivatives. Finally, Chapter 7 will demonstrate how 

isoprenecarboxylic acid can be used felicitously toward superabsorbent hydrogels. 

 

 

 

 

1.5 Previously reported carboalkoxylated lactones 
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Table 1.1 Reported carboalkoxylated polyesters a-i See Ref.45a-i 
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Table 1.1 (continued) Reported carboalkoxylated polyesters a-i See Ref. 45a-i 
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Chapter 2. A carbomethoxylated polyvalerolactone from malic acid: 

Synthesis and divergent chemical recycling*1 

 

Summary: In this chapter, we report the synthesis of a novel substituted polyvalerolactone 

from the renewable monomer, 4-carbomethoxyvalerolactone (CMVL , two steps from 

malic acid). We show that the polymerization of CMVL  proceeds to high equilibrium 

monomer conversion to give the semicrystalline carbomethoxylated polyester with low 

dispersity. The material displays a glass transition temperature of ï18 °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 returns CMVL  by a backbiting 

depolymerization from the hydroxy terminus; the second (blue, to the right) uses base to 

cleave the polyester in a retro-oxa-Michael fashion. This affords a methacrylate-like 

monomer that we have polymerized radically to a new polymethacrylate analogue. This is 

a rare example of a polymer that has been shown to have two independent chemical 

recycling pathways leading to two different classes of monomers.  

  

                                                           

*1Reproduced in part with permission from Fahnhorst G. W.; Hoye, T. R. ACS Macro 

Lett. 2018, 7, 143ï147. Copyright 2018 American Chemical Society 
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2.1 Introduction 

The multi-billion-dollar plastics industry produces around 300 million tons of 

plastic annually.1 However, only a small portion is recycled,2 and the performance and 

properties of new materials derived from previously used polymers is virtually always an 

important issue.3 Biodegradable and compostable polymers like poly(lactic acid) (PLA) 

are incorporated into products to help address issues of sustainability and degradation. Yet, 

biodegradable and compostable polymers sometimes require burdensome degradation 

conditions.4 Moreover, one can question the value of biodegrading polymers to invisible 

chemicals (i.e., small molecules or oligomers) vs. coping with the environmental 

consequences of more macroscopic, solid plastic debris itself.5 

More recently, some research has been focused on utilizing chemically recyclable 

polymers (CRPs),6 defined 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 be re-polymerized in the same manner as the initial, virgin-quality 

monomers. CRPs most commonly include polyesters and polyamides, derived from ring-

opening polymerization (ROP) of lactones6,7 and lactams,8 and polycarbonates from 

epoxide/CO2 copolymerizations.9  

The synthesis of CRPs from renewable feedstocks and useful properties is 

attractive. Malic acid (201), known as a ñtop value-added chemical,ò10 is a promising 

renewable and scalable feedstock. Synthesized microbially from biomass as an 

intermediate in the Krebs cycle, it is abundantly available.11  

Here we report the synthesis of 4-carbomethoxyvalerolactone (204 ¹ CMVL ) from 

malic acid (Scheme 2.1) and its ring-opening transesterification polymerization (ROTEP) 

to produce the new polyester, poly(4-carbomethoxyvalerolactone) [poly(204), 
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poly(CMVL) ]. We also show the chemical (or back-to-monomer) 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(methacrylate)-like material. To the best of our 

knowledge, this is the first report of a polymerization of a carboalkoxyvalerolactone.12 

Additionally, this is a rare example13 of depolymerization via two independent, chemical 

recycling pathways to yield two different types of monomers. 

2.2 Monomer synthesis 

The transformation of malic acid (201) to coumalic acid (202) using sulfuric acid 

(or fuming sulfuric acid) is well-studied, the initial report dating back to the late 1800s 

(Scheme 2.1).14,15 Fisher esterification with methanol allows access to methyl coumalate 

(203) in a one-pot process.16 The mechanism of this malic acid dimerization is proposed to 

proceed through an initial loss of carbon monoxide and H2O, followed by an aldol 

condensation to produce coumalic acid (202).17 Because we could find no studies that 

confirmed whether CO or CO2 is the gas evolved in this process and because a variation of 

the mechanism in which sulfuric is reduced to sulfurous acid is plausible, we captured the 

gaseous byproduct and confirmed (IR spectroscopy) that it was, indeed, carbon monoxide 

(see SI). 

We initially isolated acid 202 using a modified Wiley and Smith protocol.15 

Subjecting 202 to only a catalytic amount of sulfuric acid in methanol led to esterification 

of the pyrone ester moiety even at low conversions. This indicates that 203 forms more 

selectively in the 1-pot synthesis with the high concentrations of sulfuric acid.   
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Scheme 2.1 Two-step synthesis of CMVL  (204) from malic acid (201) 

 

Diels-Alder reactions of 202 or 203 with various dienophiles have been used to 

prepare biorenewable terephthalic acid and methyl terephthalate derivatives.18 

Hydrogenation reactions of 20219 or of 20320 are reported, but in no case has the saturated 

lactone product been fully characterized. A significant, competing hydrogenolysis of the 

C5ïO bond during these reactions leads to the competitive production of products 205a or 

205b. In our hands, the hydrogenation of 203 over 5% Pd/C afforded a mixture of CMVL  

and 205b in a ratio of ca. 1.2:1 at 1 atm of H2. We found that we could increase this ratio 

to 2.5:1 in favor of CMVL  using a H2 pressure of 80 psi. Unfortunately, increasing the 

pressure to 1400 psi gave no significant further improvement. Other hydrogenation 

catalysts provided lower portions of CMVL  and/or other byproducts (Figure S2.2). 

However, lactone-ester CMVL  and acid-ester 205b can easily be separated via partitioning 

of the latter into aqueous NaHCO3 solution. Overall, CMVL  can be obtained in two 

operations from malic acid, typically in yields >30%.   

2.3 Polymer synthesis and CMVL degradation  

Aware that 4-methylvalerolactone (207, cf. Figure 2.1a) can be polymerized to high 

conversion,21 we surmised that CMVL  would do so as well. Indeed, this proved to be the 

case. Exposure of a bulk sample of CMVL  to 1,4-benzenedimethanol (206) and diphenyl 

phosphate [DPP, (PhO)2PO2H] at ambient temperature smoothly produced poly(204)  
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Figure 2.1  a) Polymerization of CMVL  (204) using DPP as a catalyst. b) DSC 

thermogram (with downward exotherm) of poly(204) at a heating rate of 5 ÁCÅmin-1 

taken on the third heating cycle. The thermogram shows that poly(204) has a Tg = ï18 

°C, a Tc = 32 °C, and two Tmôs = 68 and 86 ÁC.   

(Figure 2.1a) as a semicrystalline material. Diol 206 was chosen as the initiator because it 

provides two sets of readily distinguished singlets in the 1H NMR spectrum of the polymer 

that can be used for MW analysis. We could effectively target the molar mass of the 

polymer by adjusting the monomer to initiator ratio. Starting with a 200:1 or 500:1 ratio of 

CMVL  to 206, we achieved a polymer with a molar mass of 31 or 71 kgÅmol-1 (1H NMR), 

respectively. The former proceeded to an equilibrium monomer conversion of 98.3% 

(analogous to conversion Schneiderman reported for 207), and the dispersity (ņ) of the 

higher molecular weight sample was 1.2 (SEC, DMF). Additionally, there was no evidence 

for any chain-transfer involving transesterification between 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 

protonated lactone carbonyl intermediate species.22 
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Figure 2.2 a) Kinetic and thermodynamic data comparing the polymerization of CMVL  

(204) and 207. The data for 207 are taken from Schneiderman and Hillmyer.21 Kinetic data 

for both CMVL  and 207 were collected using a CMVL :BnOH:DPP ratio of 200:1:1. b) 

Conversion of the BnOH initiator (I) and the CMVL  monomer during bulk polymerization. 

The insert plot suggests that initiation is first order in the BnOH. Overlayed NMR spectra 

of c) BnOH alcohol (4.7 ppm) initiation to a benzyl ester (5.1 ppm) and d) ring-opening of 

CMVL  to poly(204). In the latter, 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). 

 


