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ABSTRACT  
Provide a project summary describing an overview of the project including principle findings. Include a 
statement on how the project was of benefit to corn farmers. 
 
Research in the Hoye laboratory supported by the MCGA focuses primarily on producing novel, 
renewable, bio-based plastics using starting materials that can be derived from five or six carbon 
hydrocarbon sugars (e.g., xylose, glucose, or fructose). Our philosophy can be summarized as 
follows. We first identify potential monomers that conceivably can be synthesized from abundant 
natural chemicals. Then we invent and develop chemical reactions to enable the preparation of 
these new substances. We then study the polymerization of these monomers, a process whereby 
many small molecules (i.e, the monomeric starting material) are joined, in a single operation (i.e., 
the polymerization) and in serial fashion, to produce a large macromolecule (the polymeric 
product). The properties of these resulting materials are a function of the size of the polymers as 
well as their chemical composition. As one example, from the world of petroleum-based 
chemicals, consider the range of properties that evolve as the following hydrocarbon substances 
increase in molecular weight from: methane (a gas), to gasoline (a mixture of “small molecule” 
liquid hydrocarbons), to oils and greases, to candle wax and paraffins, to polyethylene and 
polypropylene (e.g., milk jugs). Exploiting the opportunities presented by corn-based, hence 
biorenewable, starting materials represents an avenue for identifying novel sustainable materials. 
 
The Hillmyer and Tonks groups worked on the application of the hyrodesterification reaction toward 
value added applications of corn products saw multiple milestones. Notably, our efforts to understand the 
use of hydroesterificative polymerization was published in the journal Organometallics, which summed up 
a years long effort to explore the viability of this chemistry toward the synthesis of polyester based materials 
derived from hydroxy olefin compounds. Our findings from this work led to the development of a new 
monomer derived from 10-undecenol and lactide, which was able to be polymerized via hydroesterificative 
polymerization under relatively mild conditions. This work provides preliminary evidence that 
incorporation of lactate-based end-groups onto existing hydroxy olefins could be an attractive strategy for 
the development of new lactic acid derived polymers with varying properties, which opens the door for a 
variety of new materials which could in part be ultimately derived from corn sugar. We were also able to 
demonstrate the use of hydroesterification as an efficient one-step route from 3-methyl-3-buten-1-ol to β-
methyl-δ-valerolactone, a compound that has been shown to be an attractive monomer for ring opening 
polymerization and which had been a long-standing target of our hydroesterification work.  Lastly, as a 



continuation of our recently published work on the synthesis of methyl acrylate from methyl lactate, we 
were able to demonstrate preliminarily that the ethylene gas used in our previous work could potentially be 
substituted for a longer chain olefin, with the ultimate goal of using a long-chain fatty acid derived from 
corn oil. Thus, while still preliminary, our study of the hydroesterification reaction through the support of 
the Minnesota Corn Growers Association this year has identified a number of promising new chemistries 
that we hope can directly impact the increased use of existing corn products, namely corn sugar and corn 
oil. 
 
INTRODUCTION 
Provide background information related to the project including such item as the problem statement, 
knowledge gaps, and relevant previous work completed on this issue. 
 
 
OBJECTIVE AND GOAL STATEMENTS 
The objective in the Tonks and Hillmyer groups were to identify and develop applications of the 
hydroesterification reaction relevant to creating new value added products derived from corn based 
feedstocks. 
 
 
MATERIALS AND METHODS 
In the Tonks and Hillmyer groups, all reagents were used as received. All hydroesterification reactions were 
carried out in Fisher-Porter style high pressure reactors. Polymer products were purified by precipitation or 
dialysis and analyzed by NMR spectroscopy and SEC, and by TGA and DSC when relevant. Small 
molecule products were characterized by NMR spectrsocopy, GC-MS, and GC-FID.   
 
 
RESULTS AND DISCUSSION 

The Hoye group has primarily focused on the use of furan derivatives [e.g, furfural (F) and 
chloromethylfurfural (CMF)] and organic acids [e.g., itaconic acid (IA) and levulinic acid (LA)] 
as the commodity starting materials that are readily available from corn-based natural products. 
In one study (Figure 1)1,2 we discovered that the Diels-Alder reaction of IA with furfuryl alcohol 
(FA) in the absence of solvent could be efficiently driven to high conversion and yield to provide 
the lactone acid 1 with outstanding selectivity. Esters of this compound could be polymerized 
using ring-opening metathesis polymerization (ROMP); the potential for further conversion of 
these materials into bio-based hydrogels is planned for future studies. Compound 1 could also be 
converted into isochromanone 2. However, we learned that attempts to polymerize this monomer 
by ring-opening transesterification polymerization (ROTEP) are thwarted by unfavorable 
thermodynamics of polymerization.  



 
Figure 1.  The Diels-Alder adduct 1, from the reaction of itaconic anhydride (IA) and furfuryl 

alcohol (FA), is a monomer for ROMP polymerizations and a precursor to 
isochromanone (2).  

In a different study,3 we examined the conversion of a-methyleneglutaric acid (3, a homolog of 
IA) to a series of a-methyleneglutarimides 4. These monomers were then polymerized under free 
radical conditions to provide novel poly(a-methyleneglutarimides) 5 (Figure 2).  

 
Figure 2.  a-Methyleneglutaric acid (3, available, in principle, by a metabolically engineered 

pathway from sugars) can be converted to novel poly(a-methyleneglutarimides) (5).  
Other studies began with CMF and its conversion to, for example, the novel monomer 6 or furan-
2,5-dial (FD). Condensation polymerizations based on a classical transformation known as the 
Knoevenagel reaction led to some interesting cyclization processes, which, however, interfered 
with the conversion of these monomers to high molecular weight versions of the polymers 7 and 
8. 

 
Figure 3.  CMF-derived monomers and their attempted polymerization to 7 and 8 was limited by 

premature interruption of the linear polymerization by macrocyclization. 
Ongoing studies, a portion of which are currently being prepared for publication, center around 
the conversion of levulinic acid (LA) to 4-ketovalerolactone (KVL). This compound has been 
previously reported in the literature, albeit only briefly and by a cumbersome synthesis method, 
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but its polymerization has not been described. We observe that the poly(KVL) obtained by ROTEP 
of KVL has promising properties that we are attempting to exploit by incorporation into potential 
thermoplastics. Notably, poly(KVL) can be efficiently degraded by hydrolysis to 5-
hydroxylevulinic acid (9), a feature that makes this polymer attractive from the perspective of end-
of-life degradation and composting. 

 
Figure 4.  Levulinic acid (LA) can be converted to 4-ketovalerolactone (KVL) and then 

polymerized to provide the novel poly(KVL).   
 
 
Fundamentals of Hydroesterification Polymerization 
The Tonks and Hillmyer groups’ years long study of hydroesterification as a polymerization method was 
published in the journal Organometallics in April of this year,4 which highlights the importance of monomer 
choice as a factor in mitigating deleterious side chemistries, most notably alcohol 
oxidation/functionalization as well as competing hydroxycarbonylation. We were able to verify that a step-
growth polymerization mechanism is operational in our system, further highlighting the importance of end-
group fidelity which is a broader takeaway for the use of hydroesterification polymerization in general. We 
found that switching to a less promiscuous monomer, namely 10-undecenol, resulted in Mn values of ~16 
kg/mol for the resulting polyester, as compared to ~3-4 kg/mol when vinyl benzyl alcohol (VBA) was used 
as the monomer.  
 

Figure 5. Key results and side products identified for the polymerization of VBA. 
 
 
New Lactate Based Monomers 
Drawing on the lessons from our work with VBA and 10-undecenol, we sought to develop a new monomer 
system in which the alcohol functionality would be more robust towards the various side reactions identified 
with VBA. To this end the lactate group seemed a natural choice, bearing a less easily oxidized alcohol 
group. We thus synthesized 10-undecenyllactate and were able to demonstrate preliminarily that this 
monomer can be polymerized under our normal conditions. The resulting polymer was highly liquid, 
exhibiting a glass transition temperature (Tg) that was low (-36 °C). Thus, this method is potentially 
attractive as a strategy for synthesizing perfectly alternating lactate based co-polymers with a variety of 
olefin and lactate containing subunits as a potentially systematic method to modify the properties of lactate 
based polymers. 
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Figure 6. Synthesis of undecenyllactate monomer and polymerization scheme. 
 
Single-step route to β-methyl-δ-valerolactone 
A longstanding class of targets for our work with hydroesterification has been the synthesis of cyclic esters 
suitable for ring opening polymerization. To this end we have pursued the single-step synthesis of β-methyl-
δ-valerolactone from isoprenol. Our initial results from this effort over two years ago showed promise, but 
was plagued by side reactions. Recently we found that by switching to dioxane as a solvent and adding an 
excess of water (5 eq.) resulted in clean conversion to the desired lactone, and with some optimization we 
were able to achieve 100% conversion of substrate with the lactone produced in 91% yield by GC-FID. 
These results are preliminary and require deeper investigation, but provide promising precedent for efficient 
lactone synthesis via hydroesterification.   
 

Figure 7. Single-step synthesis of  β-methyl-δ-valerolactone from isoprenol. 
 
Hydroesterification of dodecene with methyl lactate 
A goal borne out of our previous work on the sysnthesis of alkyl acrylates from alkyl lactates has been to 
utilize unsaturated natural products in place of ethylene gas, such as mono- and polyunsaturated fatty acids 
derived from corn oil. We were able to demonstrate that the hydroesterification of dodecene with methyl 
lactate and CO proceeded to full conversion by gas chromatography. There is literature precedent for the 
hydroesterification of fatty acid methyl esters with methanol and CO, and so we are hopeful that using 
methyl lactate as the participating alcohol should proceed easily as well. If successful in this we are hoping 
to collaborate with the Dauenhauer group to study how the nature of the fatty acid ester influences the 
pyrolysis properties, specifically the selectivity for acrylate formation.  
 

 
Figure 8. Hydroesterification of dodecene with methyl lactate. 
 
CONCLUSIONS 
This funding period has seen the publication of a longstanding project in the Tonks group, which in turn 
has lead to a promising new direction of this project related to the development of new lactate containing 



monomers. In addition, we have been successful in achieving the single-step synthesis of β-methyl-δ-
valerolactone. Lastly, we have shown that long-chain olefins are suitable partners in the hydroesterification 
of methyl lactate, which we believe shows promise for the use of mono- and/or poly-unsaturated fatty acids 
as coupling partners in this reaction and which can be derived directly from corn oil.  
 
EDUCATION, OUTREACH, AND PUBLICATIONS 
Identify conferences, workshops, field days etc. at which project results were presented. Include number of 
farmers estimated to be present.  
During this funding period, Professor Jane Wissinger successfully collaborated with the Materials Research 
Science and Engineering Center (MRSEC) Research Experience for Teahcers program at the University of 
Minnesota to develop the Green and Sustainable Chemistry Workshop for High School Teachers. The 
workshop hosted 21 teachers in 2017 and 19 teachers in 2018 from across the state of Minnesota. The 
workshop is offered at no cost to participants and focuses on the principles of green chemistry, industrial 
applications, and potential impacts to human health and the environment. The workshop provides shared 
lesson plans and introduces teachers to drop-in replacements for traditional chemistry laboratories in such 
topics as bioplastics, design engineering, and biomimicry. Post workshop surveys of participants have been 
very positive, with all participants agreeing they would recommend the workshop to other high school 
chemistry teachers. 
 
Participating researchers have also had the opportunity to present their research and interact with attendees 
at Farm Fest and the Minnesota Ag Expo as well as meet and greet events with board members from the 
Minnesota Corn Growers Association. 
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