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Abstract

The detrimental environmental impact of excessive use of petroleum and fossil-fuel has
motivated efforts to manufacture chemicals and fuels from biomass, a renewable
feedstock. In addition, a large emphasis has been placed on developing chemistries that
are not only atom-efficient, but also involve one-pot synthesis, green solvents, and easy
separations, thereby, driving next generation technologies towards sustainability and
green manufacturing. To that effect, this dissertation elucidates reaction mechanisms of
such new chemistries, identifies catalytic features that enable fast, yet selective chemical
transformations, as well as explores the complex role of greener solvents in mediating
reactions, in a series of collaborative studies involving density functional theory (DFT)
simulations and experiments. Biomass-derived precursors are shown to possess chemical
and structural flexibility to generate a novel slate of structurally diverse intermediates that
can be used as scaffolds in the synthesis of current chemical feedstocks as well as new
molecules with advanced functionality for the design of new chemical and materials
intermediates. Chemical diversification is demonstrated by using heterogeneous catalysts
together with solvents to achieve high reactivity and selectivity. The results presented in
this dissertation aim to guide the design of more active, selective, stable and cheaper
catalytic materials, as well as synthesis of new molecules and establish new strategies to

control the specific products that are formed.

A significant part of this dissertation focusses on chemically diversifying coumalic acid
(CMA)- a bio-privileged molecule, using a selective, one-pot Diels-Alder-decarboxylation-
dehydrogenation domino sequence to generate a library of aromatic compounds. Not only
petroleum-derived aromatics, but also a host of novel structures can be synthesized using
this approach. These new aromatics have functionalities and structures inaccessible via
petroleum and have applications as pharmaceuticals, insecticides, and antimicrobials.
Here, we combine in-situ NMR, DFT, and solid-state NMR to guide one-pot synthesis of
aromatics from biomass, thus, providing a sustainable means to access these
compounds. Our efforts lie at engineering the reactivity by identifying the rate-limiting step
in the domino sequence and then subsequently catalyzing it using a heterogeneous
catalyst. Selectivity is fine-tuned by esterification of CMA as well as by screening different
solvents. Finally, during synthesis of more complex aromatics, structure-reactivity

relationships are developed to guide stereo-selective synthesis.
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This dissertation also discusses aldol condensation and esterification, reactions that are
can be utilized to make longer molecules from bio-derived oxygenates to synthesize fuel-
grade precursors and additives respectively. Previous studies have shown that these
reactions can be catalyzed when pre-equilibrated mixture of alcohol-aldehyde-H. is fed
over metallic Cu catalysts. Here, we reveal the nature of active sites on metallic Cu that
enable C-C and C-O bond formation reactions that traditionally been thought to require
explicit base or acid assistance. DFT simulations, together with kinetic analyses show the
prevalence of Lewis-basic alkoxide sites as well as Lewis-acidic aldehyde sites that co-
operatively carry out proton and hydride transfer reactions that enable C-C and C-O bond
formation reactions. The studies not only demonstrate the use of greener, earth-abundant
transition metals such as Cu in biomass processing, but also opens opportunities to utilize
active sites unigue to Cu, and possibly other coinage metals, in reduction reactions that

selectively require hydrides (for example, C-H formation).

Reactions that allow for selective C-O bond hydrogenolysis are central to biomass
upgradation. This dissertation also reports hydrogenolysis of fatty acid over bimetallic
rhenium oxide catalysts promoted by Pd. Such bimetallic catalysts allow for near-
atmospheric pressure operations, contrary to commercial processes. The role of the
constituent metals is elucidated here through DFT and multiple experimental probes
including steady state and transient rate measurements, extensive characterization, and
kinetic isotope effects. The results demonstrate a synergistic role of Pd and Re; while Pd
directly provides hydrides (electrons) for C-H formation, Re catalyzes dehydration
reactions by providing protons via Brgnsted acid sites (ReOH). These results can be
extended to over oxophilic metals to screen more selective, cheap and durable materials

in the processing of fatty acids and other oxygenates.

The last part of this dissertation highlights the role of protic solvents in mediating reduction
reactions of oxygenates. Reduction reactions are not only at the heart of biomass
upgradation, but also are involved in a host of important applications such as organic and
pharmaceutical synthesis. The use of greener solvents such as water, methanol or their
mixtures instead of organic solvents is of critical importance from an environmental
viewpoint. Here we combine DFT, kinetic isotope effects, flow reactor measurements, and
in operando X-ray spectroscopy to show that protic solvents directly participate in
hydrogenation reactions over transition metal surfaces. Protic solvents are shown to

activate characteristically different routes that can enable transfer of hydrogens as protons
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and electrons in proton coupled electron transfer (PCET) reactions that favor the formation
of O-H bonds on oxygenates. In such reactions, solvent molecules react with co-adsorbed
hydrogen atoms on the metal catalyst as well as enable proton-shuttling, while the metal
catalyst is found to conduct electrons. In addition, we present evidence for the prevalence
of heterogeneous mediator-based chemistry that governs reduction reactions when the
protic solvent can decompose on the host catalyst. The structure and reactivity of these
heterogeneous surface mediators are found to resemble well-known solution-phase
mediators such as TEMPOH (in organic synthesis) and NADPH (in biology). These results
demonstrate the ability to impact selectivity during hydrogenation of oxygenates and

perhaps other unsaturated compounds by tuning the metal and the protic solvent.
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Preface

The ever-increasing demand for chemicals and fossil-fuels, together with the non-
replenishable nature of petroleum feedstocks necessitates investigation of alternative,
renewable feedstocks for sustainable and green manufacturing of everyday-chemicals
and fuels. Further, green-house emissions due to fossil-fuel consumption have been on
the rise, raising significant environmental concerns, thereby encouraging the use of
cleaner sources of energy. In recent times, the potential of biomass as a sustainable
source of both carbon and energy has become evident through many studies that
demonstrate alternative routes to access many chemicals and fuels of interest.l'®
Consequently, experts predict that about 20 % of transportation fuel and 25 % of

chemicals could be biomass-based by 2030.1

The petrochemical industry benefits from the use of price-advantaged feedstocks, as a
result, biomass-based drop-in products may not be able to directly outcompete
petrochemical products. However, the recent shale gas revolution has evidently led to a
shortage of several building blocks including propylene, butadiene, and aromatics
(BTX),5” motivating efforts to synthesize these chemicals from biomass. Propylene has
been synthesized from bio-isopropanol and bio-n-propanol via dehydration,® from propane
(produced by glycerol hydrodeoxygenation),® as well as via bio-methanol to propylene
technologies.'®!! Butadiene, similarly, has been accessed via dehydration of bio-n-butanol
and bio-1,4-butanediol.'? Many different ways to access aromatics have been reported
including thermochemical fast-pyrolysis;**''°> formic acid mediated deoxygenation of
glucose-based quinic and shikimic acid;'® Diels-Alder chemistry on furans,”'25 2-
pyrones,?®3! isoprene,®?* trans-trans muconic acid,?**® and sorbic acid.*®?’” These
studies demonstrate versatility of biomass in accessing different petrochemical building

blocks via combined fermentation and chemo-catalytic technologies.

While the petrochemical industry also benefits from decades of process engineering and
optimization, its highly established infrastructure ultimately discourages manufacturing of
newer products within the petrochemical industry. Biomass, on the other hand, as an
emerging feedstock, could offer ample opportunities for the manufacturing of new
products, thereby, catering to the new market needs of next-generation consumer goods,
pharmaceuticals, specialty chemicals, and materials.*® For economic sustenance and
competitive manufacturing, biorefineries need platform chemicals that demonstrate
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molecular and chemical flexibility allowing for the production of not only petrochemical
building blocks, but also a host of new structures inaccessible via petroleum that can be
used in next-generation applications. This has driven efforts into the identification of bio-
privileged structures that allow for facile generation of a library of compounds including

drop-in replacements and novel structures.

The discovery and diversification of bio-privileged molecules has been at the core mission
of the NSF Engineering Center for Biorenewable Chemicals (CBIiRC) that the author of
this dissertation was a part of. The center has extensively worked on the diversification of
2-pyrones and has found success with two molecules and their derivatives- triacetic acid
lactone (TAL) and Coumalic acid (CMA). TAL can be biologically synthesized from
glucose® and can be converted to important drop-in replacements* such as acetyl
acetone, 1-pentene, sorbic acid, substituted pentanones as well as high value compounds
such as pogostone, styrenylpyrones, 4-amino-2-pyrines and 4-hydroxy-2-pyridones.*143
CMA, on the other hand, can provide access to a range of aromatics via Diels-
Alder/elimination chemistry in a one-pot reaction. Glucose fermentation can yield malic
acid, which can be subsequently dimerized to CMA.?® CMA can then undergo a Diels-
Alder/elimination domino sequence to yield desired aromatics as depicted in Scheme 1.
Scheme 1 shows the molecular flexibility of CMA and its esters in the synthesis of
aromatics; by tuning the dienophile, different drop-in compounds as well as novel

structures can be synthesized in an atom-efficient and possibly one-pot synthesis.

0 [0} R,
R1
o o
ﬁ RZ ﬂ
RN =~ R4 cO,
H,
HO
HO (o) o) HO o)
R1\/\R2
Coumalic acid Bicyclic lactone Aromatic
+ Dienophilie product

Scheme 1 Diels-Alder/Decarboxylation/Dehydrogenation domino sequence Yyielding

aromatics from Coumalic acid.

Previous efforts by the Kraus group have demonstrated the utility of this sequence in the

synthesis of terephthalic acid,?” carbazoles,* alkyl benzoates as well as more complex
2



aromatics.? In this dissertation, we seek to understand the elementary steps that drive
these reactions as well as catalyze these reactions, if necessary to improve the overall
process yield and reactivity. Chapters 1-3 of this document are standalone published

manuscripts highlighting our efforts in systematically engineering diversification of CMA.

Chapter 1 highlights a scalable, selective route (> 95% at ~100% conversions) in the
synthesis of benzoic acid, a large-scale commodity chemical. We study the formation of
benzoic acid or methyl benzoate from CMA or methyl coumalate (MeCMA) respectively in
a sequence that involves Diels-Alder-decarboxylation-dehydration domino sequence
carried out in different solvents over supported Pd/C catalysts. Reaction steps are
elucidated using a combination of in-situ NMR and density functional theory (DFT)
calculations with an intention to identify the rate-limiting step. We find that the rate limiting
step involves decarboxylation of the bicyclic lactone that forms in the initial Diels-Alder
reactions (see Scheme 1). In addition, we explore the underlying mechanism for CMA
degradation in different solvents that is essentially found to be mediated by water impurity
in these solvents, suggesting the use of dry solvents when performing these

transformations.

Chapter 2 highlights our efforts in accelerating the rate-limiting decarboxylation of bicyclic
lactone using heterogeneous Lewis-acid catalysts and solvents. All the tested
heterogeneous Lewis acid catalysts were found to be active in catalyzing decarboxylation
of bicyclic lactone, g-alumina in particular, was found to be very active and selective. DFT
and solid-state NMR results revealed that only weakly Lewis acidic penta-coordinate Al

sites were active for decarboxylation consistent with observed selectivity, while the more

Llewisaci di c sites were bl ock e dessbof aluiniha syrfaces. p s

Solvent-mediated decarboxylation resulted in unexpected results, while polar protic
solvent such as water was able to lower the activation barrier for decarboxylation,
methanol, instead resulted in a nucleophilic ring opening of bicyclic lactone revealing a
new route to access isophthalate intermediates. Methanol assisted ring-opening further
motivated testing of ring opening reactions using Brgnsted acids providing access to
isophthalic acid. These studies demonstrated the influence of different catalysts- Lewis vs
Brgnsted, different solvents- protic vs aprotic in activating different reactions on bicyclic

lactone molecules, providing access to a range of different compounds.

due



Chapter 3 is focused on utilizing more complex dienophiles and the regiochemical
implications that follow. Methods to improving overall selectivity to aromatics as well as
regioselectivity to a desired stereoisomer are discussed. Overall selectivity can be
improved by the of use MeCMA instead of CMA. Regio-selectivity is found to be a function
of the electronics of the Diels-Alder reaction and can be influenced to obtain higher para-
substituted aromatic through the use of electron rich dienophiles.

With biorefineries presumably making profit via high-demand building blocks as well as
new high-value products, break-even manufacturing of biomass-derived fuels could be a
reality. Besides, the growing environmental concerns may encourage subsidies on the
manufacturing of biofuels, which will further positively impact the cost of manufacturing. A
critical strategy in the synthesis of fuels from biomass is the formation of C-C bonds to
control the molecular weight as well as complete deoxygenation of fuel precursors.*®
Chapters 4 and 5 highlight our efforts at aldol condensation and hydrogenolysis reactions,

which can be used to form C-C bonds and cleave C-O bonds respectively.

Chapter 4 is a published manuscript dealing with aldol condensation over metallic Cu and
aims at understanding the nature of active sites and the mechanism that lead to C-C
formation. Previous experimental results show that 1,3-propanediol readily equilibrates on
metallic Cu to form a mixture of Hz-propanol-propanal, that undergoes C-C formation at
long residence time.*® In addition to the condensation reaction, esterification was also
observed. While the condensation products can be used as fuel precursors, ester can
directly be used as fuel additives.*"*° Our studies demonstrate the unique role of Cu that
allows for in-situ generation of Lewis basic propoxide sites and Lewis acidic propanal sites

that co-operatively result C-C and C-O bond formation reactions respectively.

Chapter 5 presents results on hydrogenolysis of fatty acid, which can be extended to other
oxygenates. Selective C-O bond hydrogenolysis is an atom efficient, green process that
activates C-O bonds with the help of hydrogen gas, thereby, preserving C-C bonds bond
and forming water as a byproduct. Hydrogenolysis over commercial catalysts such as
CuO/CuCr,04 not only require high H, pressures, but these processes are environmentally
undesirable due to the use of Cr.>° Heterogeneous bimetallic catalysts consisting of a
reducible metal such as Pd and Pt in conjunction with oxophilic metals such as Re have
been successful at carrying out these reactions at much lower H, pressures. However, the

mechanistic studies on the nature of active sites and reaction mechanisms are still very
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speculative and the role of the individual constituent metals remains unexplored. Here we
report a combination of DFT, steady-state and transient flow reactor measurements,
steady-state kinetic isotope effects to elucidate the reaction mechanism and the
involvement of both the metals in driving hydrogenolysis of propanoic acid. We show that
hydrogenolysis proceeds via initial C-H formation reaction on adsorbed propanoic acid to
form a diol intermediate. The hydride that is required for this step comes from metallic Pd
sites adjacent to ReOx sites, where the carboxylic acid is adsorbed. Further, dehydration
of the diol intermediate happens on Brgnsted acid sites on ReOx. DFT simulations show
that ReOxy sites cannot independently carry out hydrogenolysis since Brgnsted acid sites
cannot catalyze C-H formation reactions. Such reactions more readily happen with hydride

when Pd is present in close proximity.

Reduction reactions are at the heart of biomass upgradation, organic and pharmaceutical
synthesis. Due to the polar nature of bio-derived reactive substrates, these reactions are
typically carried out in the liquid phase in the presence of protic solvents such as water.
Methanol or mixtures of methanol-water are also preferred greener solvents over many
commonly used organic solvents.>® Chapters 6-7 highlight the use of protic solvents in
hydrogenation reactions over reducible transition metal surfaces, specifically how these
solvents considerably change the reaction mechanisms where they act as co-catalysts

and co-reactants.

Chapter 6 covers hydrogenation of C=0 bonds in the presence of water over common
hydrogenation catalysts- Palladium, Platinum, and Ruthenium. The results suggest that
water over these metals can react with co-adsorbed hydrogen atoms to form protons and
electrons that then catalyze O-H formation reactions similar to proton coupled electron
transfer reactions that drive enzymatic and organic transformations.>? >’ These solution-
mediated pathways are kinetically faster than direct hydride transfer from the catalyst
surface to oxygen. C-H formation, on the other hand, is found to be faster when catalyzed
by direct hydride transfer from the metal surface, instead of the solution-mediated route.
Further, generation of protons and electron from surface hydrides tends to affect the
energetics of C-H formation reactions. For instance, over Pd and Pt, where hydrogen is
more stable as proton in the solution than as hydride on the surface, C-H formation
apparent activation barriers are referenced with respect to protons in the solution since
proton and electron formation may be quasi-equilibrated. This results in activation barriers

that are similar across the gas phase and the condensed phase. C-H formation reactions,
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therefore, may not benefit kinetically by the presence of protic solvents. The results
demonstrate that protic solvents may not always promote hydrogenation rates and the
choice of solvent must also consider 1) metal-adsorbate interactions, that dictate whether
the rate-determining step involves C-H or O-H formation and 2) electron affinity of the
metal and proton solvation energy of the protic solvent that dictate the ease of formation

of electrons and protons respectively.

Chapter 7 extends mechanistic framework described in chapter 6 to selective production
of hydrogen peroxide, directly from hydrogen and oxygen gas over supported Pd catalysts.
Using DFT simulations and multiple experimental probes, new insights into the role of
alcoholic solvents and water during oxygen reduction reactions are presented. In water,
oxygen reduction happens in the same manner as C=0 bond hydrogenation via proton
coupled electron transfer mechanism that is enabled by water molecules. Water molecules
promote heterolytic activation of Pd-H bonds, generating protons and electrons that are
delivered to oxygen via solvent molecules and the metal respectively. Methanol on the
other hand, decomposes on the surface to form hydroxymethyl intermediates. These
hydroxymethyl intermediates mediate formation of O-H bonds by transferring protons and
electrons to oxygen, similar to mediator-based reactions reported in biology and organic
synthesis.%®®2 Although the mechanism in both water and methanol involves proton
coupled electron transfer, activation barriers are much lower in methanol consistent with
high turnover numbers in methanol. Methanol, however, leads to catalyst deactivation over
time due to condensation of decomposed products. Mixtures of methanol and water are
found to slow down catalyst deactivation as well as result in high rate and selectivity. The
results demonstrate the involved role these solvents play at an atomic level that activates
distinct mechanisms enabling control over rate and selectivity during hydrogen peroxide

synthesis.



1 A New Selective Route towards Benzoic Acid and

Derivatives from Biomass-Derived Coumalic Acid

Adapted from Pfennig, T., Carraher, J. M., Chemburkar, A., Johnson, R. L., Anderson, A. T.,
Tessonnier, J-P., Neurock, M., Shanks, B. H. A New Selective Route towards Benzoic Acid and
Derivatives from Biomass-Derived Coumalic Acid. Green Chem. 2017, 19, 4879-4888.
Reproduced by permission of The Royal Society of Chemistry.

DFT calculations were performed by AC under the supervision of MN.

1.1 Conspectus

The selective production of aromatics from bio-based sources is an area of interest to
expand the potential for greener alternatives to petroleum-derived chemicals. A scalable,
efficient route to produce bio-based benzoates is demonstrated in up to 100 mol% yield
by carrying out heterogeneous catalytic reactions in non-toxic bio-based solvents at 180
°C. This approach extends the 2-pyrone (coumalic acid/methyl coumalate) Diels-Alder
platform by utilizing a bioavailable co-reactant ethylene. A detailed investigation using a
combination of kinetic experiments, DFT calculations, and multi-dimensional NMR was
carried out to determine the detailed reaction network, and corresponding activation
energies for critical steps. Additionally, a series of experiments were conducted to
maximize yields by comparing different solvents, for both coumalic acid and methyl
coumalate. Our results show that the choice of solvent was a significant factor when
coumalic acid was the reactant (yields 71-92 mol%), while methyl coumalate was only
minimally affected by the solvent (yields 95-100 mol%). Interestingly, the reaction network
and kinetic analysis showed that the Diels-Alder reactions were not significantly different
between coumalic acid and methyl coumalate, with the rate limiting step for both being
decarboxylation with an activation barrier of 141 kJ/mol compared to 77 kJ/mol for the
formation of the bicyclic adduct. Lastly, the reaction cascade was found to be highly
susceptible to by-product formation when as little as 5 vol% water was present in the
solvent, which demonstrates that the absence of water is essential for high yielding

benzoate production.



1.2 Introduction

The search for alternatives to fossil-based feedstocks has led to rapid technological
advances in the field of bio-renewable chemicals creating many potential opportunities for
materials based on renewable carbon sources.'®6% 67 Technologies to produce aromatics
from biomass-derived sources have become targets of interest due to the expansion of
shale gas extraction, which has led to a relatively reduced availability of >C4 building
blocks, including aromatics.®2°6” Aromatics are among the most important building blocks
used by the chemical industry for the production of a wide array of products, so there is
an incentive for the development of selective processes to produce aromatics from bio-

based feedstocks.!6:67:20

Benzoic acid (BA) is a large scale commodity chemical with an annual production of 638
kt%8 currently produced by the partial oxidation of toluene using a cobalt-manganese
catalyst. BA is used in a wide variety of applications including plasticizers, preservatives,
dyes/perfumes and as a feed to produce other chemicals including phenol, caprolactam,
and benzaldehyde. Hence, a renewable pathway to produce BA would have broad ranging
impacts throughout the chemical value chain.

One route to make bio-based BA is through a formic acid mediated dehydration of quinic
or shikimic acid produced via fermentation. This process has several desirable features
including high yields for the chemical transformation of quinic and shikimic acids into
benzoic acid (up to 90%)*® and high titers up to 60 g/L for quinic acid and 71 g/L shikimic
acid starting from the substrate glucose and using metabolically engineered E. coli.®®"°
Although, the primary drawback of this approach is the intrinsically low maximum
theoretical yield of the shikimic/quinic acid fermentation of 43 %, and to date the highest
yields reported correspond to an overall mol/mol yield of 23, and 27 %.° This fermentation
bottleneck creates a significant problem for efficient utilization of the glucose feedstock.
As a major fraction of the total cost of the fermentation step is the glucose feedstock, its
inefficient utilization would have a significant negative impact on the cost required to

produce BA.

An alternative pathway to bio-based BA and its methyl ester (MeBA) is through a furanic
based platform utilizing a Diels-Alder reaction sequence of furan with methyl acrylate (or

acrylic acid) showing moderate yields up to 51 mol%.2° Additionally Diels-Alder reactions

-8-



of methyl furan with ethylene provides a viable pathway to produce bio-based toluene,
which could be utilized as a drop-in replacement for production of BA. Toluene selectivites,
however, never exceeded 46 mol% due to by-product formation.?! Improvement to this
selectivity would require approaches to improve the stability of the bio-based starting
materials thereby minimizing by-product formation.

Another approach utilizing biological and chemical catalysis to produce partially biomass-
derived methyl benzoate (MeBA) is based on the bio-based cyclic lactone methyl
coumalate (MeCMA). The formation of bio-based MeBA is accomplished using a one-pot
Diels-Alder/decarboxylation/dehydrogenation reaction sequence between MeCMA and

butyl vinyl ether with excellent yields up to 89 mol%.2¢

Bio-based 2-pyrones can be produced by the fermentation of glucose to form malic
acid’*"2 followed by acid catalyzed dimerization of malic acid to coumalic acid (Scheme
1.1).%8 The synthesis of 2-pyrone coumalic acid (CMA) via this route has several attractive
features. First, the atom efficiency of the malic acid fermentation is highly favorable, with
the capability to even utilize a CO: fixating pathway allowing for a theoretically yield of 2
moles of malate per mole of glucose (Scheme 1.1).”? Second, efficient fermentation
technology is already developed for this route. For example, Novozymes currently uses a
metabolically engineered Aspergillus oryzae capable of producing 1.38 mol malate per
mol glucose at a theoretical yield of 69 % and with high titers of 154 g/L, which could be

implemented on an industrial scale.™

+2C02 3H20 -Co H2 -CO,
Fermentatlon Dlmerlzatlon A Diels-Alder
0 O OH

Scheme 1.1 The formation of benzoic acid starting from glucose fermentation to malic acid
using acid catalysed dimerization to coumalic acid followed by a Diels-

Alder/decarboxylation/dehydrogenation reaction sequence to yield the desired aromatics.

An approach to improve the viability of the 2-pyrone CMA/MeCMA platform is to utilize a
less expensive dienophile as the co-reactant. In theory ethylene should work in an
analogous fashion as butyl vinyl ether, but at a substantially lower cost with nearly perfect
atom efficiency. Additionally, as the production of ethylene from bio-ethanol is

commercially demonstrated, a potential exists for 100 % bio-based process.%
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As part of the development of new biomass-derived and renewable processes, we report
herein report on the synthesis of BA or MeBA from CMA or MeCMA, respectively, and
ethylene with very high yields of >91 mol-% utilizing a one-pot sequential Diels-
Alder/decarboxylation/dehydrogenation reaction path. Considering the industrial
importance of renewable BA, and the lack of available comprehensive information about
this alternative route in the literature, the focus of this work is to provide detailed
information of the reaction network, and intrinsic kinetics of individual reaction steps, which

can be used to improve the overall process.
1.3 Results and discussion
1.3.1 The formation of benzoic acid from coumalic acid

Experiments were conducted to examine the BA and MeBA yields obtained in several
solvents using either CMA or MeCMA, respectfully. The reaction between CMA and
ethylene in a nonpolar solvent, toluene, resulted in 71 mol% yield of BA at 100 mol% CMA
conversion (Table 1.1, Entry 1). This outcome was similar to reported yields (76 %) for the
Diels-Alder reaction of CMA with propylene in toluene,!”® which was thought to be due to
CMA being sparingly soluble in toluene leading to a substantial amount of CMA being
converted to unidentified by-products. Therefore, a solvent was used to increase the
solubility of CMA in order to improve the overall reaction yield. We have previously shown
t h a-valerolactone (GVL) is a good polar aprotic solvent for this reaction system due to
structural similarities.3! The use of GVL resulted in only a slightly higher BA yield of 76
mol% (Table 1.1, Entry 2 and Figure S 1.1). Still, a considerable amount (~24 mol%) of
the initial CMA was lost to by-product formation. Results from previous studies suggested
that CMA stability was limited in GVL under reaction conditions due to the presence of
residual water in GVL.3! This hypothesis was tested by using the polar aprotic solvents,
1,4-dioxane or acetone, resulting in a significant improvement in the BA yield (Table 1.1,
Entry 3 and 7). The reaction profile of the CMA consumption over time is displayed in
Figure S 1.2. At 100 mol% CMA conversion the BA selectivity was 91 mol% after a 4 hr
reaction at 180 °C for both solvents. From UPLC-PDA/QDa analysis, it was evident that
small amounts of (4) and (6) (see Scheme 1.2) were present. Additionally, the formation
of (4) was verified with NMR analysis showing that roughly 6 mol% of (4) was formed
(Table 1.1, Entry 3). At this reaction temperature, the dehydrogenation reaction was

extremely rapid as evident from the lack of an observable amount of the diene intermediate
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(3). This result was consistent with previous studies® in which we have shown that the
dehydrogenation of the diene species proceeded significantly faster than the
decarboxylation of the bicyclic intermediate, thereby suggesting that the decarboxylation
of the cycloadduct was the limiting step in the reaction network.?! Kinetic studies and DFT
calculations corroborate that decarboxylation is the rate limiting step, which will be

discussed in the subsequent sections.

Table 1.1 Conversion of CMA/MeCMA with ethylene to BA/MeBA.

Conv. Selectivity
Entry Reactant Solvent @ ®) ®) ) ©)
[mol%)] [mol%] [mol%] [mol%] [mol%)]
1 CMA Toluene 100 71 [a] [a] [a]
2 CMA GVL 100 76 [a] [a] [a]
3 CMA 1,4-Dioxane 100 91+1.5 [a] 5.8 [d] [a]
4 MeCMA Toluene 100 100+2 [b] [b] 7£2]c]
5 MeCMA GVL 100 99+1 [b] [b] 2+10]c]
6 MeCMA 1,4-Dioxane 100 9511 2+7(c] 2+3]c] 518 [c]
7 CMA Acetone 100 91 [a] [a] [a]

Reaction conditions: Temperature: 180 °C; reaction time: 4 h, starting concentration: 10 mg ml-1
MeCMA/CMA (1) in 1,4-dioxane, reaction volume: 30 ml, pressure: 500 psig ethylene, agitation: 400
rpm, Pd/C catalyst: 100 mg, [a] unable to quantify by-products with UPLC-PDA/QDa, [b] by-products not
detected with GC-FID/MS, [c] cyclohexadiene (3) and cyclohexene (6) intermediates were quantified
based on methyl benzoate (5) as reference due to the similar FID response factor. Double Diels-Alder
by-product (4) was approximated using methyl benzoate (5) as reference material, [d] quantified via 1H-
NMR.

Literature reports suggest that changing the functional group on the starting substrate
could significantly influence the stability and reactivity towards Diels-Alder reactions.®3":73
This effect was demonstrated by Pacheco et al. using furanic dienes showing different
product selectivities when various oxidized versions of HMF were reacted with ethylene,
which was purported to be the outcome of different functionalities of the oxygenated
furans.'® Furthermore, B®rard et al. observed that the reaction of sorbic acid with ethylene
resulted in only low conversion (3 %), while using the ethyl ester of sorbic acid instead,
afforded a ~5 fold increase in conversion (14 %).3” A similar phenomena was also
observed with 2-pyrones showing improved yields when reacting MeCMA instead of CMA

with propylene.”
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Therefore, reactions were also run using MeCMA as the reactant to determine if starting
with the methyl ester of CMA (MeCMA) would alter the reaction. Interestingly, the reaction
in toluene showed tremendous improvement in yield with 100 mol% selectivity after
complete conversion (Table 1.1, Entry 4 and Figure S 1.3). The higher selectivity with
MeCMA was also consistent with the hypothesis of the importance of the solubility of the
starting substrate in the 2-pyrone conversion. Similarly, when the polar aprotic solvent
GVL was used to mediate the MeCMA and ethylene reaction, a conversion of 100 mol%
with nearly 100 mol% MeBA selectivity (Table 1.1, Entry 5 and Figure S 1.4) was achieved.
As the CMA conversion in GVL only resulted in a selectivity of 76 mol% (Table 1.1, Entry
2 and Figure S 1.1), the esterification of the carboxylate moiety likely played a significant
role in improving the selectivity. Since CMA conversion to BA achieved the highest
selectivity in 1,4-dioxane, we also performed the MeCMA conversion in 1,4-dioxane. As
shown in Table 1.1, Entry 6 reported only a slightly better product selectivity (95 mol%)
compared to CMA (91 mol%). GC-MS analysis suggested that the remaining five percent
was attributed to the unreacted methyl cyclohexa-1,5-diene carboxylate intermediate (3),
the formation of methyl cyclohex-1-ene carboxylate (6), and the double Diels-Alder (DDA)
by-product (4), which was believed to be the outcome of a consecutive Diels-Alder
reaction of (3) with ethylene (Scheme 1.2). The concentration profile of (1), (2), (3), (4),
(5) and (6) over time is displayed in Figure S17.The formation of (2), (3), and (6) were
validated via 2D-NMR COSY and HSQC experiments (see Figure S 1.1-S 1.11) and will

be explained in detail in the following section.
1.3.2 Elucidating the reaction network

To elucidate where by-product formation was occurring, experiments were performed to
determine the reaction network. Given the extensive work on Diels-Alder reactions of 2-
pyrones?®: 27130.7480 5 regction network was postulated, which is depicted in (Scheme 1.2).
The reaction of CMA/MeCMA with ethylene follows a series of reactions that include Diels-
Alder adduct formation (2), decarboxylation of the adduct to yield (3) and a Pd/C catalysed
dehydrogenation reaction to form the desired aromatics (5). In the presence of the Pd/C
catalyst additional minor products (4) and (6) were observed (Table 1.1, Entry 6). The
formation of (6) is likely the result of a Pd catalysed hydrogenation of (3). The hydrogen
needed for this step was likely formed through dehydrogenation of (3) to (5). Data shown

in Figure S 1.5 support the proposed reaction network which is evident via the clear trend
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showing how the conversion of (1) resulted in the formation of intermediates (2) and (3)
and small amounts (<8 mol%) of (4) and (6) while (5) was formed. Structural identification
of the intermediates (2), (3) and by-products (4) were determined by performing 1D and
2D NMR experiments of the reaction products from the MeCMA reaction with ethylene in
the absence of catalyst to examine the Diels-Alder/decarboxylation sequence (see Figure
S 1.6-S 1.16 and Table S 1.1-S 1.3). These analyses confirmed the formation of (2), (3)
and (4). Without the catalyst, the by-product (6) was not observed. Therefore, it appeared
that the formation of (6) was only realized when there was formation of hydrogen from
dehydrogenation of (4) to (5). Similar observations were made when CMA was used as

the starting substrate.

4)
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R=H, CH
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Scheme 1.2 Network for the reaction of CMA/MeCMA with ethylene.

1.3.3 2-Pyrone degradation studies

Loss in selectivity due to MeCMA and CMA degradation was examined. These reactions
were performed in the absence of ethylene or catalyst and the results are given in Table
1.2 and Figures S 1.17-S 1.18. The results are consistent with a previous study*! showing
that CMA stability is compromised in GVL as 25 mol% of the starting material is degraded
after 8 h at 180 °C (Table 1.2, Entry 1). Identical tests in 1,4-dioxane showed that both
CMA and MeCMA were significantly more stable with only 3 mol% of MeCMA and 10
mol% of CMA being converted (Table 1.2, Entry 3 and 4). This observation demonstrated
that not only the solvent, but also the state of the starting substrate (acid vs ester) impacts

the stability of the 2-pyrone. Given the observed selectivity loss (Table 1.1, Entry 2, 3 and
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6) it appears that CMA breakdown occurs concomitantly while forming (2), thus, impacting

the global yield of the desired aromatic product.

In a previous study, it was shown that the presence of small amounts of water accelerated
CMA degradation.®! A similar water mediated breakdown was observed by Chia et al.
when the 2-pyrone, triacetic acid lactone (TAL), was exposed to water and heat.®* They
report that TAL undergoes ring-opening in the presence of water but is stable in aprotic
polar solvents. To determine if the esterified 2-pyrone was more resistant to breakdown
due to water, MeCMA stability experiments were also performed in 1,4-dioxane with 5
vol% of water. (Table 1.2, Entry 6). These results show that esterification did little to
prevent breakdown in the presence of water, since both CMA and MeCMA were entirely
consumed. Based on these observations, it is evident that the presence of water in the

solvent has to be minimized to maximize yields of the Diels-Alder reaction products.

Table 1.2 Degradation of CMA and MeCMA in 1,4-dioxane.

Entry Reactant Solvent CMA Conv.
(mol-%)

1 CMA GVL 2516

2 CMA GVL + 5 vol% water 10016

3 CMA 1,4-dioxane 10

4 MeCMA 1,4-dioxane 3

5 CMA 1,4-dioxane + 5 vol% water 100

6 MeCMA 1,4-dioxane + 5 vol% water 100

Reaction conditions: Temperature: 180 °C, reaction time: 8 h,
starting concentration: 10 mg ml-* MeCMA/CMA (1) in 1,4-dioxane,

reaction volume: 30 ml, pressure: 500 psig N2, agitation: 400 rpm.

Overall, GVL is an environmentally friendly renewable solvent with many positive
characteristics such as low toxicity and biodegradability®? 84 and, as such, is a desirable
solvent for the conversion of MeCMA to MeBA. However, when BA formation was
targeted, the effect of GVL on CMA stability was not as high since 25 mol% of the starting
material was lost most likely through a concomitant degradation pathway (Table 1.1, Entry

2). Moreover, the high boiling point of GVL would make the product separation difficult. As

-14-



such, a low boiling bio-based acetone solvent could be utilized for increased BA selectivity

of 91 mol% and would be an environmentally-advantaged substitute.
1.3.4 Reaction kinetics of water mediated coumalic acid breakdown

The reaction kinetics and products from the water-mediated breakdown of CMA were
determined using NMR analysis with deuterated dioxane-ds. Dioxane, an aprotic polar
solvent, was chosen as the ideal model system due to minimal by-product formation and
CMA/MeCMA degradation. Moreover, fully deuterated dioxane-ds was commercially
available allowing the kinetic studies to be performed in a closed system (high pressure
NMR tube from Wildmad-Labglass), which simplified the product identification and
quantification without further sample workup.

Different D,O concentration (1-5 vol%) were added to the reaction mixture to identify the
CMA breakdown dependence with respect to the water concentration. The main product
identified via *H NMR after a 6.4 h reaction at 171 °C with 3 vol% D,O was 2-butenal
yielding 14.5 mol% at 25.3 mol% conversion (Figure S 1.19). Minimal 2-butenal was
observed with 1 vol% D-O and virtually none with 0 vol% D-O. The rate constant for the
CMA breakdown reaction, was obtained from initial conversion data (no more than 20
mol% conversion). For each D,O concentration experiment, a pseudo-first order reaction
in CMA was fit to the data. The changes with respect to water in this regime were
considered negligible as the reactions were carried out in excess D,O (e.g. [D20] was
about 4 times [CMA], at 1 vol% D0). Fits of In([CMA]J/[CMA],) vs time were linear and
the observed rate constant (kobs) Was obtained from the slope. Interestingly, the plot of the
pseudo-first order rate constants keps as a function of [D.O] revealed a second order
dependence on [D,0] with an independent degradation pathway when no DO was added

(Figure 1.1). Therefore, an overall rate law for CMA degradation was expressed as:
i Q 6006 T QOO 6006 (1.2)

The degradation of coumalic acid with and without the presence of water can be captured
by the paths shown in Scheme 1.3. Further insights into the steps and mechanisms
responsible for the degradation of CMA to 2-butenal were established by carrying out
density functional theory calculations (Scheme 1.4). The results suggest that water-
initiated degradation of CMA proceeds via a nucleophilic attack of water on the double

bonds in CMA. The intermediate formed (1a) subsequently undergoes ring-opening via
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keto-enol tautomerization to form a keto intermediate (1b). The presence of water
molecules facilitates this ring-opening by providing a hydrogen bonding network to enable
rapid proton shuttling and a low energy paths for keto-enol tautomerization and ring-
opening. The intermediate (1b) has two carboxylic groups, which can then undergo
decarboxylation yielding 2-butenal. This is very similar to a previously reported mechanism

for water catalysed ring-opening and decarboxylation of triacetic acid lactone.8!
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0.0012 - o
0.001 -
% 0.0008 - e
* 0.0006 1

0.0004 1

00002 { .

[min]

o 05 1 15 2 25 3 35
[D,0] (M)
Figure 1.1. Plot of kobs as a function of [D20]. Experimentally determined kobs are represented

as points and the line is a simulated fit to kobs = k1 + k2x[D20]2 where ki = 1.03x10* mint and
k2 =1.51x10% M2 min™,

o
k4 Products
|
k
S 2
H20 OM +Products
HO o

Scheme 1.3 General degradation of coumalic acid in the absence and presence of water.

To further validate whether CMA breakdown is solely responsible for the observed
selectivity loss (Table 1.1, Entry 2, 3 and 6) or is a result of by-product formation on the
pathway to BA, the rate constants of CMA breakdown and CMA Diels-Alder addition with
ethylene were compared. Based on the rate constants provided in Figure 1.1 and
calculated from the Diels-Alder reaction step (Table S 1.4), it is evident that the CMA
degradation proceeds significantly slower (>100 times) than the Diels-Alder addition step.
Therefore, the observed loss in product selectivity less likely originates from 2-pyrone
breakdown as opposed to by-product formation from intermediates on the pathway to BA.

This was further supported by DFT calculations which predicted that the Gibbs free energy
-16-



of activation barrier for water addition (126 kJ/mol) was ~15 kJ/mol higher than ethylene
addition (111 kJ/mol). The increase in the barrier is likely due to hydrogen bonding
stabilization of the reactant by water. Moreover, the Gibbs free energy of reaction for
ethylene addition (-79 kJ/mol) was calculated to be much more exothermic than that for
water addition (41 kJ/mol) suggesting that the Diels-Alder adduct is thermodynamically
favoured over CMA decomposition. Therefore, it appears that the selectivity loss of 24
mol% originates from intermediates (2) or (3) on the pathway to BA when reacting CMA
with ethylene in GVL (Table 1.1, Entry 2).

a) act' 74 (1b)
o dG,xn- 23

elGact =126
rxn = 41
=148
act
(1 b) rxn rxn =.70 (1c)
+ H+ \0
OH
dGact
(1c) NN dG = dern = _71 (1d)
o + H"

S
o

Scheme 1.4 CMA breakdown mechanism to 2-butenal in the presence of water (Units in
kJ/mol).

Given that reactions performed in dry polar aprotic solvents resulted in selectivities >90
mol% (with <10 mol% known by-products (4) and (6)), it appears that residual water in
GVL is responsible for the selectivity loss likely from intermediate (2) or (3). To test this
hypothesis, reactions of (2) were performed in situ (NMR tubes) in dioxane-d8 at 180 °C
for 4 h in the presence of 5 vol% D>O and without a catalyst. The results from these
experiments suggest that species in the *H-NMR spectra are primarily attributed to
unidentified by-products that originate from either (2) or (3) on pathway to (5) when water
is present. From this observation, it is clearly critical to avoid water in the system to
maximize product yield by minimizing by-product formation from the reactive

intermediates.
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1.3.5 Reaction kinetics in the absence of catalyst

Kinetic measurements were performed in 1,4-dioxane which is an excellent model solvent
for detailed kinetic analyses as it has a low boiling point, results in minimal by-product
formation during reaction and is readily available commercially in the fully deuterated
dioxane-d8 form to perform complementary in situ NMR analysis. Choosing a solvent with
a low boiling point (compared to GVL) was critical for isolation, identification and
guantification (via NMR) of the temperature sensitive reactant CMA (1) and intermediates
(2) and (3) for both the Diels-Alder and decarboxylation reactions. Fully resolved spectra
of the formation of (2) and (3) are depicted in Figure 1.2 showing that the peak
assignments and the method of quantification via NMR was unambiguous with carbon

balances of >96 mol%.
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S L BT ) l X JL wsees | A
| T ahrs | | | 0 Fans ) [
| d h B f
I e 2hrs | | l‘ o ﬂ,,,,,,,59@Ls,,"., ,,’L,L,
| F! B Ohrs ' 110°C \ . IL _Ohrs . 160°C ‘
8.5 8.0 7.5 7.0 6.5 6.0 55 8.0 7.5 7.0 6.5 6.0
1 (ppm) o 1 (ppm)
(o] I
PR \
a “ T . k1,0n e o kypa f“
i \ - | +co
b ~ c K1,r0a B/'j“-\, g ~h 2
T _/d
5 07_7:\'\ /'
0~ TOR OR 0”" TOoR
R=H, CH,4 I = DMF (int. ref.)

Figure 1.2 NMR trace of the Diels-Alder and decarboxylation reaction.

1.3.5.1 Diels-Alder reaction step

The activation barrier associated with the formation of the Diels-Alder (DA) adduct (2) was
investigated by comparing the rate of consumption of CMA at temperatures ranging from
90-120 °C. Under these conditions, the cycloadduct was formed in high yields without
breakdown of CMA simplifying the examination of the kinetics of this single step. The net
rate of cycloadduct formation can be written as the forward rate of cycloaddition formation
via Diels Alder reaction between CMA and ethylene minus the rate of the back reaction

involving the retro Diels-Alder (rDA) of the cycloadduct. Assuming both of these reactions
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are elementary, the net rate can be written as that in equation 1.2.This equation can be
simplified (Equation 1.3) based on the experimental conditions since ethylene was in ~10x
excess, which was validated by plots of In([CMAJ/[CMA]o) versus time all giving linear
relationships (Figure S 1.20 and S 1.21( MeCMA)). The experimental results and spectra
(Figure 1.2) suggested that the rDA reaction had only a minimal contribution as (2) can be
obtained with yields of 98 mol%, which further showed that ki pa >>ki1,0a and justified the
simplification of equation (3) into (4). DFT calculations also fully support this since ethylene

addition is predicted to be highly exothermic (-127 kJ/mol).

i Qp 60060@aQE ®, 060 (1.2)
i 0, 606 QF 060 (1.3)
i QO 600 (1.4)

The observed rate constants at temperatures in the range of 90-120 °C are given in Table
S 1.4. The activation energy (Ea) for the Diels-Alder reaction of CMA (or MeCMA)
(depicted in Figure 1.3(A)) was calculated based on the slope of the Arrhenius plot shown
in Figure 1.3(B) and Figure S 1.21. The reaction of CMA and MeCMA with ethylene,
resulted in a similar activation barrier of 77 kJ/mol. The experimental values were
compared to the DFT-calculated barriers, which showed excellent agreement as the
calculated enthalpic activation barriers were 67 and 68 kJ/mol, respectively. Therefore,
the functionality (acid or ester) had negligible influence on the 2-pyrone reactivity (Table
S 1.4). Literature reports for the cycloaddition of CMA derivatives and dienophiles with
donating or withdrawing substituents report activation barriers that range from 28%to 118
kJ/mol when using butyl vinyl ether or methyl acrylate, respectively. Given the nature of
an inverse electron demand Diels-Alder cycloaddition, dienophiles with higher electron
density from donating substituents should react more readily than dienophiles with
electron withdrawing substituents.®# With an activation barrier of 77 kJ/mol, the reaction
of CMA (MeCMA) and ethylene showed that the unactivated dienophile resulted in

intermediate Diels-Alder reactivity.
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Figure 1.3 Network kinetic analysis of coumalic acid reaction with ethylene. (A) Diels-Alder
reaction followed by thermal CO:2 extrusion. (B) Measured activation energy of the Diels-
Alder reaction of CMA and ethylene in 1,4-dioxane at temperatures between 90-120 °C. (C)
DFT-calculated reaction energy profile diagram for the CMA reaction with ethylene to the
Diels-Alder adduct followed by decarboxylation to cyclohexa-1,5-diene carboxylic acid
intermediate and CO2. (D) Measured activation energy of the thermal decarboxylation

reaction of CMA-DAP in 1,4-dioxane at temperatures between 140-150 °C.

1.3.6 Decarboxylation reaction step

Examination of the bicyclic lactone (DAP) intermediate decarboxylation was carried out at
temperatures ranging from 140-160 °C. The reactant, intermediate (2), was prepared
using a 16 h reaction at 110 °C in 1,4-dioxane, which yielded almost pure DAP (2) with
only trace amounts of intermediate (3) and unreacted (1). Decarboxylation reactions were
performed using high pressure Wilmad-Labglass NMR tubes. The synthesized DAP (2)
was dissolved in dioxane-d8 within the tubes and the decarboxylation reactions as a
function of time was measured via NMR (Figure 1.2). The rate law for the decarboxylation

step was assumed to follow unimolecular first order kinetics (Equation 1.5).
i Qr, 0Oov (2.5)

During the decarboxylation reactions, no accumulation of CMA (or MeCMA) was observed
at any of the temperatures tested, which provided additional support that k1 pa>>k1 04 and

helped to validate the assumption that the equilibrium between CMA (or MeCMA) and
-20-



DAP (2) was strongly shifted towards DAP formation. Plots of In([DAP]/[DAP]o) vs time
resulted in linear trends for all temperatures tested (Figure S 1.22-23).

The activation barriers for the decarboxylation of CMA/MeCMA-derived (2) (142/133
kJ/mol) were calculated based on the slope of the Arrhenius plots (Figure 1.3(D) and
Figure S 1.22) using the observed rate constants (Table S 1.5). DFT calculations predicted
an enthalpic activation barrier of 148 kJ/mol for both bicyclic lactones (CMA-DAP and
MeCMA-DAP) as shown in Figure 1.3(C). The DFT barriers agree well with those from
experiment. Abdullahi et al. reported that the decarboxylation of the bicyclic lactone
formed from ethyl coumalate and butyl vinyl ether also result in a high activation barrier of
111 kJ/mol which is also in close agreement with the DFT results that give a CO; extrusion
barrier of 120 kJ/mol.%” By comparing these results with our experimental activation
energy, it is evident that the decarboxylation step is significantly influenced by the degree
of functionalization of the bicyclic lactone intermediate. DFT energy mapping calculations
(Figure 1.4) further suggested a mechanism where the COs-bridge leaves in an
asynchronous fashion with a significantly elongated C-O bond in the transition state. As
such, the C-O bond cleavage occurs prior to C-C bond cleavage, which is in agreement

with observations from the literature.8’

(A)

(©)

Figure 1.4 Bicyclic lactone decarboxylation. (A) Bond length (A) of the cycloadduct of CMA
and ethylene. (B) The asynchronic thermal decarboxylation mechanism of the CMA/ethylene
Diels-Alder adduct to cyclohexa-1,5-diene carboxylic acid. (C) Bond length (A) of the
transition state of the cycloadduct CO:2 extrusion towards the cyclohexa-1,5-diene

carboxylic acid with a more advanced C-O bond cleavage.

From this analysis we conclude that the rate-limiting step in this reaction network is the

decarboxylation reaction of (2). We observed that all reactions run with catalyst led to only
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minimal accumulation of (3), suggesting that the rate of (3) dehydrogenation is much more
rapid than the rate of (3) formation. These results provide critical insight for what should
be targeted to further enhance the overall process. Clearly, finding a catalyst to reduce
the activation barrier of the rate-limiting decarboxylation would allow for this reaction to be
carried out under milder reaction conditions, which would improve overall yields by

reducing the extent to which by-products were formed.
1.4 Conclusions

In this work, we have shown that the Diels-Alder chemistry between CMA (or MeCMA)
and ethylene can yield high conversion and selectivity towards BA (or MeBA), which
provides a renewable alternative to current benzoate production. We were able to
effectively elucidate the reaction network and revealed kinetic information such as
activation energies for the Diels-Alder and the decarboxylation step. Although CMA
stability studies revealed two independent break down pathways as a function of water
concentration resulting in 2-butenal as the main by-product, the CMA decompaosition rate
was significantly slower than the Diels-Alder cycloaddition indicating that CMA stability is
not a contributing factor. Instead, we have shown that the selectivity loss is a result of the
formation of (4) and (6) and that in the presence of water intermediates on the pathway to
BA led to by-product generation. Thus, the avoidance of water is critical to improve overall
selectivity. Utilizing MeCMA gave diminished by-product formation, consequently

improving benzoate selectivity.

Kinetic studies revealed that the activation barrier of the decarboxylation reaction was
considerably higher than for the Diels-Alder reaction, giving evidence that the extrusion of
CO:; is the rate limiting step, which is in agreement with DFT results. The high activation
barrier of the CO; extrusion afforded the successful isolation of (2), granting access to
bicyclic molecules in high yield and selectivity that could be utilized as synthetic starting
substrates to synthesize a broad array of new compounds. For instance, we have shown
that diene intermediates (3) can be obtained from bicyclic lactones (2) through controlled
thermal extrusion of CO,, providing access to novel molecules with dual-functionality.
These insights can be leveraged to produce a plethora of products based on the

coumalate conversion platform.
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1.5 Experimental
1.5.1 Reagents and Materials

Coumal i ¢ a c ivderoactdhd (98%49), and 40 wt% Pd on activated carbon were
obtained from Sigma Aldrich. Toluene (99.9 %), methanol (MS grade), water (MS grade),
acetic acid (MS grade) were obtained from Fischer Scientific. Methyl coumalate (98 %)
and ethylene (99.5 %) were obtained from Acros Organics and Matheson, respectively.
The deuterated solvents benzene-d6 (99.5 %), dioxane-d8 (99.5 %) were obtained from

Cambridge Isotope Laboratories Inc. All chemicals were used without further purification.
1.5.2 Apparatus and general procedure

Reaction kinetic measurements for the overall reaction of CMA (or MeCMA) and ethylene
were performed using a 50 ml micro reactor system from Parr (4590 Series). Catalytic
reactions were carried out using a 10 wt% Pd/C catalyst, which was added to the CMA (or
MeCMA) containing solution before the reactor was sealed and purged five times with
nitrogen to remove residual air. The reactor was then charged with ethylene for
approximately 30 min until saturation of ethylene in the solvent was achieved.
Subsequently, the system temperature was increased to the desired reaction condition
with a heating rate of 10 K min. Samples were periodically withdrawn from the reactor
through a high pressure sampling tip tube to follow the reaction progress over time.
Samples were withdrawn once the reactor reached the desired reaction temperature as
the starting point reference. After the liquid phase reaction products were collected, the
samples were filtered through a 0.2 micron syringe filter and analysed via NMR, UPLC-
PDA/QDa and GC-FID/MS.

The Diels-Alder reaction evaluation of CMA or MeCMA with ethylene were performed at
a temperature range between 90-120 °C without the presence of catalyst following the
reaction procedure described above. The solvent 1,4-dioxane was used due to its superior
solubility of both CMA and MeCMA.

The decarboxylation reaction studies of the Diels-Alder product (DAP) decarboxylation
were performed at a temperature range between 140-160 °C, using high pressure NMR
tubes from Wilmad-Labglass. The reactant (2) for this study was synthesized via Diels-

Alder reaction of CMA (or MeCMA) and ethylene in 1,4-dioxane at 110 °C for 16 h giving
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high yield (>98 %). Through evaporation (using a stream of dry air) of the solvent, the
reaction product (2) was obtained and subsequently dissolved in dioxane-d8. The solution
was then transferred into the high-pressure NMR tubes. Before the tube was sealed, 2.5
e | of an internal standard ( di me tnmhgudntitative
analysis. Subsequently, the tubes were placed into a heated oil bath to initiate the
decarboxylation reaction. The tubes were periodically taken out of the oil bath cooled to
room temperature and the reaction products were analysed via *H-NMR. Running the
reaction in a deuterated solvent allowed for direct NMR sample analysis of the reaction

products without further sample workup.

Reaction kinetics measurements of water mediated CMA breakdown was performed using
different amounts of D,O added to the solution comprising the deuterated solvent dioxane-
d8 and the reactant CMA. This reaction was conducted using high pressure NMR tubes
from Wilmad-LabGlass that were loaded with the reaction solution, sealed and heated
without exposing the reaction solution to the gaseous reactant ethylene to exclusively
investigate the stability of CMA under reaction conditions. Here, a 0.15 M stock solution
of coumalic acid and 0.025 M solution of DMSO: (internal standard) was prepared in

rmami d,

deuterated dioxane-d8. Atot a l vol ume of 300 €L of stlck

pressure NMR tubes (Wilmad-Labglass) and H>O or D,O were added to yield 0-5 vol%.
NMR tubes were sealed and heated to 171
cool to room temperature prior to collection of *H NMR spectra.

To elucidate the reaction network of the MeCMA reaction with ethylene, 2D-NMR
structural assignments were carried out using different NMR techniques such as *H-NMR,
IH-1H COSY, BC-'H HSQC. The products analysed via 2D-NMR were obtained from the
reaction of MeCMA and ethylene following a 48 h reaction at 90 °C in the absence of the
Pd/C catalyst.

1.5.3 Sample analysis

NMR sample analysis of the reaction mixtures obtained from the batch reactions were
carried out using a Bruker spectrometer equipped with a 14.1 Tesla superconducting
magnet. The data were acquired and processed using TOPSPIN (version 3.0) and
MestReNova (version 10.0.1-14719), respectfully. These samples were prepared using

fully deuterated benzene-d6 or dioxane-d8, to both reduce the solvent background and as
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a species to use for field calibration. *H spectra were acquired using a recycle delay of 1.0
sec. and 30° 'H excitation pulse lengths. *H-'H 2D plots were acquired using a COSY
pulse sequence, and *C-'H 2D plots were acquired using a HSQC pulse sequence.

Reaction products were also analyzed with ultra-pressure liquid chromatography (UPLC)
using a Waters Acquity H-Class System equipped with a Photodiode Array (PDA) and a
QDa mass detector. UPLC separation was carried out on a Waters BEH Phenyl column
21x1 00 mm, 1.7 em particles). Addi tional
Agilent 7890B gas chromatograph equipped with an Agilent DB-1701 column (60 m x 0.25
mm), a flame ionization detector (FID), and an Agilent 5977A mass spectrometer (MS).
The methyl ester version of (1), (3), (4), (5), and (6) were verified with NIST MS spectral
library.

1.5.4 Computational

All of the calculations reported herein were performed using density functional theory with
the M062X28° hybrid functional as implemented in Gaussian 09.%° Optimizations were
performed with a 6-311G+(d,p)** basis set on an ultrafine grid and tight convergence
criterion for force. Solvation was modeled implicitly using the SMD model.®> Thermal
corrections and partition functions were calculated within Gaussian at 298.15 K and
subsequently used to calculate enthalpy and Gibbs free energies of all species. A factor
of RT In(24.46) was added to the free energies of all species to account for change of
reference state from 1 atm to 1 M in solution. For degradation in water, additional

corrections were applied corresponding to 55.56 M concentration of the bulk solvent.
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1.7 Supporting information
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Figure S 1.5 The conversion of methyl coumalate to methyl benzoate at 180 °C using 10
wt.-% Pd/C and the solvent 1,4-dioxane.

1.7.1 Structural assignment of intermediates and by-products

The structural assignment of intermediates, products and by-products were identified via
2D-NMR experiments of the reaction products obtained from a 48 h reaction of MeCMA
and ethylene in benzene-d6 (Figure S 1.1). Fully deuterated benzene-d6 was used due to
its cheapness (compared to dioxane-d8) and as a result of identical findings when
compared to dioxane-d8. We identified the bicyclic lactone intermediate and cylohexa-1,5-
diene intermediate as well as the double Diels-Alder by-product from cycloaddition of the
diene intermediate and ethylene (Figure S 1.1-11). Additionally, GC-MS and UPLC-QDa
analysis provided the mass of the identified compounds. The toluene peak in Figure S 1.1-
S 1.11was the result of residual toluene (solvent used to mediate reactions) in the reactor

head space and can thus, be neglected.

Methyl -3-0x0-2-oxabicyclo[2.2.2]oct-5-ene-6-carboxylate intermediate (DAP): H
NMR (600 MHz, Benzene-d 6) 4 6.81 (dd, J = 6.5, 2.3
1H), 3.36 (s, 3H), 1.66 i 1.55 (m, 1H), 1.407 1.31 (m, 1H), 0.98 i 0.87 (m, 1H), 0.80 i
0.69 (m, 1H), m/z: 180.1.

Table S 1.1 Tabulated NMR assignment of methyl -3-oxo0-2-oxabicyclo[2.2.2]oct-5-ene-6-

carboxylate intermediate (DAP).

1
1H-label d g'mflgm d1C 1H Int. 1H-1H-COSY rel. mol-%
1 0.74 (m) 19.24 1.00 1-3, 1-7, 1-8, 1-14
3 0.94 (m) 24.82 1.04 3-1, 3-7, 3-8, 3-20
7 1.36 (m) 19.08 1.06 7-1,7-3,7-8, 7-14 73.01
8 1.60 (m) 24.33 1.03 8-1, 8-3, 8-7, 8-20
15 3.36 (m) 51.49 2.99 -
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20 5.47 (s) 73.08 0.94 20-2, 20-8, 20-2
23 6.81 (dd) 140.86 1.08 23-14, 23-20
16
73.01% Bicyclic intermediate
16

96.16 %toluene+Diene+Bicyclic
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Figure S 1.6 'H-NMR of the reaction of MeCMA and ethylene at 90 °C for 48 hrs (600 MHz,

benzene-d6).
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Figure S 1.7 *H-'H- COSY of the methyl -3-ox0-2-oxabicyclo[2.2.2]oct-5-ene-6-carboxylate

intermediate from the reaction of MeCMA with ethylene (600 MHz, benzene-d6).
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Figure S 1.8 'H-'H- COSY of the methyl -3-0x0-2-oxabicyclo[2.2.2]oct-5-ene-6-carboxylate
intermediate from the reaction of MeCMA with ethylene (600 MHz, benzene-d6).
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Figure S 1.9 3C-'H- HSQC of the methyl -3-ox0-2-oxabicyclo[2.2.2]oct-5-ene-6-carboxylate
intermediate from the reaction of MeCMA with ethylene (600 MHz, benzene-d6).
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Methyl cyclohexa-1,5-diene carboxylate (Diene): *H NMR (600 MHz, Benzene-d 6 )
6.56 (dg, J =9.9, 1.9 Hz, 1H), 5.68 1 5.64 (m, 1H), 8.4571 0.52 (m, 102H), 3.43 (s, 3H),
1.937 1.86 (m, 2H), 1.8171 1.75 (m, 2H), m/z: 138.1.

Table S 1.2 Tabulated NMR assignment of the methyl cyclohexa-1,5-diene carboxylate

intermediate.

1
1H-label |9 (':n Sl‘t’)m’ dec | Hint. IH-1H-COSY | rel. mol-%

9 1.79 2060 | 2.40 | 9-10,9-21, 9-24
10 1.90 2271 | 2.40 10-9, 10-24
16 3.43 50.64 | 3.16 ; 1110
21 5.66 126.98 | 1.13 21-9, 21-22 '
22 6.56 121.66 | 1.04 22-10, 22-21
24 6.82 136.45 | 1.04 24-10

; | i
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Figure S 1.10 'H-'H- COSY of the methyl cyclohexa-1,5-diene carboxylate intermediate from
the reaction of MeCMA with ethylene (600 MHz, benzene-d6).
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Figure S 1.11 'H-'H- COSY of the methyl cyclohexa-1,5-diene carboxylate intermediate from

the reaction of MeCMA with ethylene (600 MHz, benzene-d6).
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Figure S 1.12 13C-H- HSQC of the methyl cyclohexa-1,5-diene carboxylate intermediate from

the reaction of MeCMA with ethylene (600 MHz, benzene-d6).

Methyl bicyclo[2.2.2]oct-2-ene-2-carboxylate: *H NMR (600 MHz, Benzene-ds)

u

(dd, J = 6.9, 1.7 Hz, 1H), 3.48 (s, 3H), 3.28 i 3.25 (m, 1H), 2.36 1 2.32 (m, 1H), 1.33 i
1.29 (m, 2H), 1.297 1.23 (m, 2H), 1.16 i 1.08 (m, 2H), 1.057 0.97 (m, 2H), m/z: 166.1.
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Table S 1.3 Tabulated NMR assignment of methyl bicyclo[2.2.2]oct-2-ene-2-carboxylate.

1
1H-label | @ ('jn L';’If)m’ d1Bc | Hnt 1H-1H-COSY rel. mol-%

4 1.01(m) | 2436 | 1.62 | 45,46, 46a, 4-13

5 112(m) | 24.88 | 1.92 | 54 56,56a 5-14a

6 126 (m) | 2457 | 211 6-4.6-5, 6-6a, 6-13

6a-4, 6a-5, 6a-6, 6a-

6a 1.31(m) | 2508 | 1.78 A 208
13 234(m) | 3101 | 084 13-4, 13-6, 13-29
14a 327(m) | 28.74 | 121 | 14a-5, 14a-6a, 14a-29

17 3.48(s) | 51.63 | 2.92 i

29 728 (dd) | 14433 | 0.88 29-13. 29-14a

f1 (ppm)

Figure S 1.13 H-'H- COSY of the methyl bicyclo[2.2.2]oct-2-ene-2-carboxylate from the
reaction of MeCMA with ethylene (600 MHz, benzene-d6).

-32-



]
\ \
. — J
N

_j,ﬂ:; = E
—_— - =
——
:%
1 -
| & : 3.8
’é{ : L H4.0
l‘ . . 4.2
i € = . 4.4
ﬁ .‘Z“ ¢ “ 4.6

Q

25 24 23 22 21 20 19 18 17 1.6 15 14 13 12 1.1 1.0 09 08 07 06 05 04 03

Figure S 1.14 'H-'H- COSY of the methyl bicyclo[2.2.2]oct-2-ene-2-carboxylate from the
reaction of MeCMA with ethylene (600 MHz, benzene-d6).
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Figure S 1.15 'H-'H- COSY of the methyl bicyclo[2.2.2]oct-2-ene-2-carboxylate from the
reaction of MeCMA with ethylene (600 MHz, benzene-d6).
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Table S 1.4 Rate constants and activation energy of the Diels-Alder reaction of coumalates

with ethylene.

Entry | Substrate | Temp. [°C] | 10° 1/T [KY] | 10%kops [Min?t] | Ink | Ea[kJ/mol]

1 MeCMA 90 2.75 0.99 -6.92

2 MeCMA 100 2.68 2.03 -6.20 76.74

3 MeCMA 110 2.61 4.15 -5.49 '

4 MeCMA 120 2.54 6.72 -5.00

5 CMA 90 2.75 0.82 -7.11

6 CMA 100 2.68 1.61 -6.43 7706

7 CMA 110 2.61 3.10 -5.77 '

8 CMA 120 2.54 6.07 -5.10

Table S 1.5 Rate constants and activation energy of the decarboxylation reaction of the

bicyclic intermediate DAP form coumalate reaction with ethylene.

Entry | Substrate T[eolg]p : 103 2/T [K*] | 107 Kobs [min™] | Ink Ik JI/Er’:] o]
1 MeCMA-DAP 140 2.42 2.56 -5.97
2 MeCMA-DAP 149 2.36 5.65 -5.18 132.79
3 MeCMA-DAP 160 2.31 15.24 -4,18
4 CMA-DAP 139 2.42 2.81 -5.88
5 CMA-DAP 149 2.36 7.56 -4.88 141.56
6 CMA-DAP 158 2.32 17.31 -4.06
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Figure S 1.20 Diels-Alder reactions kinetics of coumalic acid and ethylene at different

temperatures.
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Figure S 1.21 Diels-Alder reaction kinetics of methyl coumalate and ethylene at different

temperatures.
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Figure S 1.22 Decarboxylation reaction kinetics of the Diels-Alder product of methyl

coumalate and ethylene at different temperatures and the corresponding Arrhenius plot.
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and ethylene at different temperatures and the corresponding Arrhenius plot
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2 Modulating Reactivity and Selectivity of 2-Pyrone-
Derived Bicyclic Lactones through Choice of Catalyst

and Solvent
Reprinted with permission from Pfennig, T., Chemburkar, A., Johnson, R. L., Ryan, M. J.,
Rossini, A. J., Neurock, M., Shanks, B. H. Modulating Reactivity and Selectivity of 2-Pyrone-

Derived Bicyclic Lactones through Choice of Catalyst and Solvent. ACS Catal. 2018, 8, 3, 2450-
2463. Copyright 2018 American Chemical Society.

Theoretical calculations were performed by AC under the supervision of MN

2.1 Conspectus

2-Pyrones, such as coumalic acid, are promising bio-based molecules that through Diels-
Alder reactions can provide access to a wide range of bio-based chemicals, including
molecules with functionality that are not easily accessible via conventional petrochemical
routes. A complete reaction network and kinetic parameters for three individual
diversification routes that start from a single bicyclic lactone produced via the Diels-Alder
cycloaddition of coumalic acid and ethylene were examined experimentally and probed
through complementary first-principle density functional theory (DFT) calculations, in situ
nuclear magnetic resonance (NMR) spectroscopy and thin film solid-state NMR
spectroscopy. These experiments provide insights into the routes for several molecular
structures from bicyclic lactones by leveraging Lewis or Brgnsted acid catalysts to
selectively alter the reaction pathway. The bicyclic lactone bridge can be decarboxylated
to access dihydrobenzenes at a substantially reduced activation barrier usi n gAl,Qs; as
the catalyst or selectively ring-opened via Brgnsted acids to yield 1,3-diacid six membered
rings. DFT computations and microkinetic modeling in combination with experimental
results provide molecular insights into the catalytically active si t e s-AlgDaand provide
a general mechanism for the catalyzed bicyclic lactone decarboxylation in polar aprotic
solvents, which involves CO, extrusion as the kinetically relevant step. Solid-state NMR
spectroscopy provides direct evidence of strongbindi ng of the bicyclic

AlL,Os surface, fully consistent with DFT simulation results and experimental reaction
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kinetics. In addition, the role of the solvent was examined and found to be an additional
means to improve reaction rates and selectively produce new structures from the bicyclic
intermediate. The rate of the decarboxylation reaction was increased dramatically by using
water as the solvent whereas methanol acted as a nucleophile and selectively induced
ring-opening, showing that both pathways are operative in the absence of catalyst. Taken
together, the results demonstrate an approach for selective diversification of the

coumalate platform to a range of molecules.

2.2 Introduction

New technologies to extract non-renewable carbon feedstocks, such as shale gas, exert
significant economic pressure on the potential to manufacture bio-based commodity
chemicals. This challenge creates the need to develop flexible chemical conversion
platforms that can be used to pivot from biomass-derived bulk chemicals to higher value
chemicals. Leveraging novel transformation pathways from biomass feedstocks via
bioprivileged molecules provides an attractive means to access higher value chemicals
such as next-generation nutraceuticals, antimicrobials, pharmaceuticals, consumer
goods, specialty chemicals, etc., in a manner that is cost competitive compared to

traditional petrochemical routes. 3

As a potential bioprivileged molecule platform, Diels-Alder conversion of 2-pyrone
coumalic acid (CMA) provides a highly versatile pathway to the synthesis of a wide range
of bio-based chemicals through the utilization of a variety of dienophiles.?%'3° Particularly
important are those dienophiles that are less expensive and lead to more efficient
downstream separations. Renewable CMA can be synthesized from malic acid via acid
catalyzed dimerization,?® with malic acid being readily produced from biomass via
fermentation with genetically modified microorganisms.”"29 Given that malic acid has
been cited as one of the 12 most promising bio-based platform chemicals,** considerable
effort has already been invested into the biochemical conversion of glucose to malate. A
particularly interesting feature of 2-pyrone Diels-Alder reactions is the formation of stable
bicyclic lactones that are highly functionalized, stereochemically rich building blocks which
can be used as versatile synthetic intermediates.”* 7880951100 Decarboxylation of these
structures leads to synthetically valuable dihydrobenzenes’®87:101.102 (D|H) with potential
applications in the manufacture of medically useful products (Scheme 2.1). DIH can then

be utiized for chemical diversification, granting access to polycyclic
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Systems®2100.102,105107.108 and gromatics?®' 30.76:80.100.102.103 wjth wide-ranging applications.
Although bicyclic compounds can be accessed from 2-pyrones in high yield, their selective
transformation via thermal decarboxylation can be challenging due to degradation®’ or in
situ aromatization,26' 28.76.80.102 \whijch limit the selective access of interesting and potentially

value-added diene structures in high purity.

o] 0
R R2
o Ry ™S o -0, | A
AN Diels-Alder /L_~R, =
R4
Ry SO o Ry SO

Scheme 2.1 Diels-Alder conversion of 2-pyrones to form bicyclic lactones followed by

decarboxylation to dihydrobenzenes.

In-situ aromatization of these conjugated diene species is especially favored when the
desired diene contains a leaving group (e.g. alkoxy), demonstrated by reactions of methyl
coumalate in combination with ketals, acetals, captodative dienophiles or vinyl ethers,
which lead to high aromatic yields without the requirement of a dehydrogenation
catalyst.?®'2® We recently demonstrated that the catalytic production of benzoic acid from
CMA and ethylene proceeds via a sequence of reactions including Diels-Alder,
decarboxylation, and palladium catalyzed dehydrogenation. The rate for this reaction is
limited by the decarboxylation of the bicyclic lactone intermediate to the respective DIH
resulting in an activation energy of 142 kJ/mol.1%* Given the high activation barrier of
decarboxylation of the bicyclic lactone molecules, an effective catalyst that activates the
decarboxylation step is of great interest to allow for CO, extrusion under milder reaction
conditions. This could preserve the diene functionality and prevent in situ aromatization

and formation of other decomposition products.

Herein, we report a highly selective technology platform to synthesize DIHs through the
use of Lewis and Brgnsted acid catalysts that alter the reaction path of the bicyclic
intermediate that forms. This approach can be applied to other bicyclic lactone systems,
opening the door to the production of many different specialty chemicals without the
requirement of numerous dienophiles. We demonstrate this approach using a bicyclic
lactone (1) derived from CMA in conjunction with inexpensive and easily separable
ethylene (Scheme 2.2). Detailed kinetic experiments, density functional theory
calculations, and thin layer solid-state high resolution magic angle spinning (HR-MAS)
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NMR spectroscopy which were carried out show that bicyclic intermediate (1) derived from
the Diels-Alder addition of 2-pyrone and ethylene undergoes a direct decarboxylation on
t he s ur 4AlgOe te form tyclohexa-1,5-diene-1-carboxylic acid (2) and show that the
coordinatively saturated Al-species selectively drives the decarboxylation reaction to

completion.

OH o
(1) (2

(0]
co, H,
o ,L, ,L,
4 7-Al,03
OH o OH
) 3

Scheme 2.2 2-Al203 catalyzed decarboxylation.

Through in situ *H-NMR spectroscopy experiments, we further demonstrate that the
presence of Brgnsted acids result in the ring-opening of the bicyclic intermediate followed
by an acid catalyzed dehydration leading to cyclohexa-1,3-diene-1,3-dicarboxylic acid in

high selectivity.

The impact of solvents in steering the reaction was also explored. Using solvents that can
serve as weak nucleophiles (e.g. methanol) provides an alternative path for transforming
(1) to (5)-(methoxycarbonyl)cyclohexa-1,5-diene-1-carboxylic acid with high selectivity
(>99 mol%). Conversely, polar protic water leads to enhanced decarboxylation of (1) to
(2) as compared to the polar aprotic 1,4-dioxane. These routes offer catalyst-free
pathways with the potential to be broadly applied to bicyclic lactone molecules. Lastly, we
applied these findings to synthesize benzoic a
Al,O3 catalyst to activate the rate limiting decarboxylation step, reduce the reaction

temperature, and show the full conversion of (2) to (3) with a selectivity > 99 mol%.

2.3 Results and Discussion
2.3.1 Decarboxylation in the presence of catalyst

To overcome the high activation barrier required to decarboxylate (1) to form the DIH (2),
a catalyst that can selectively activate the decarboxylation step is required. Given that

Bronsted acids and Lewis acids facilitate Diels-Alder reactions,’#7780.1051107 @
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hypothesized that these acid catalysts could also enable retro-Diels-Alder extrusion of

CO; from bicyclic lactones to generate DIH.

St art i n-4lLOwas ta hewis acid catalyst,'® we found that (1) can be effectively
decarboxylated to (2) at 120 °C (Table 2.1, Entry 2). The 47 mol% conversion of (1)
resulted in a yield of 43 mol% of (2) and small amounts of (3) (Scheme 2.2). This is a
significant improvement over the control experiment which gave only 9 mol% conversion
of (1) at identical reaction conditions but in the absence of a catalyst (Table 2.1, Entry 1).
I't is evident fr om -ALDsanbe effectivadyrusedes a lighly dctiveat 0
decarboxylation catalyst for bicyclic lactones. Additional experiments were performed with
Lewis acid met altAkO; maudimgd wt-% dn/oARO3;, 0 CAl{O3 Fel 0
AlOsand @G0 T h e-AlOushawed a slight improvement in the decarboxylation
activity with a 58 mol% vyield at 59 mol% conversion (Table 2.1, Entry 2). Zn, Fe, and Ce
0 n -AbOs showed either similar or lower decarboxylation activity (Table 2.1, Entry 3-5).
Cu, Zn, and Ce were chosen due to their known Lewis acid activities.!?'%7 A more
comprehensive correlation between Lewis acidity of the synthesized catalysts and the

decarboxylation activity will be subject of future experimental investigation.

Table 2.1 Bicyclic lactone (1) conversion in the presence of Lewis acids

(1) Conv. (2) Yield (3) Yield By-products
Entry Catalyst [Mol%] [MoI%] [MoI%] [mol%]
Control - 9 7 <2 -
1 2-Al03 47 43 <4 R
5 wt % Cu
2 AlLOs 59 58 <2 <1
5 wt % -Zn
3 AlOs 49 36 <3 <11
5 wt% Ce203/ 0
4 Al2Os 47 45 <3 -
5 wt% Fe203/ 0
5 ALO3 47 34 <3 <11
Conditions: Reaction time 2 h, temperature 120 °C, stirring rate 500 rpm, initial concentration
71. 38 emol / mL, r e dlg-tioxane, 25noglcatamst. 4 mL ,

Through this appr oaAllD;is aw exceleht aecalmbxylatibnacatalyst

for bicyclic lactones to access novel diene species (e.g. (2)) in high selectivity at
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significantly reduced temperatures. Given that some bicyclic lactones and diene species
are susceptible to degradation and in-Ag gtu aro

can be generally applied to overcome this challenge.
232 Reacti on ki-Algscarlyzed deaarboxylation

To gain a more detailed understanding of the ro | e o f -ALOshie catalyzing
decarboxylation, anindept h ki netic investigation of the
Al,O3 was performed using temperatures between 130-160 °C in 1,4-dioxane. The Weisz-

Prater number was calculated to be < 1 for the reaction conditions used which verified the

absence of mass transfer limitations (see Supporting Information). Assuming a first-order

reaction with respect to (1), we obtained linear trends of In([1]o/[1])) with respect to time

(Table S 2.1) from which the rate constants (Table S 2.1) were calculated to generate the

Arrhenius plot shown in Figure S 2.1. The resulting activation barrier was found to be 108

kJ/mol, which is significantly lower than non-catalyzed decarboxylation (142 kJ/mol**4) and

provi des e v-dAlge sirangly impacstthe decarboxylation step.

233 Comput ati onal aprAROsxaadlygzed decarlioxykation

DFT calculations and microkinetic analyses were carried out to gain further insights into
the nature of the acti ve s i t-A0; ararthe surface-catalyzed decarboxylation
mechanism. As discussed below, HR-MAS NMR spectroscopy provides experimental
evidence of a strongly adsorbed bicyclic lactone speci e s ( 1 )-AlL©@#surtade as well

as high surface hydroxylation. This information was used to guide DFT computations.

DFT calculations and microkinetic analyses were carried out to gain further insights into
the nature of t h-ALOaand thev surface-catalyzed deaarboxylation
mechanism. As discussed below, HR-MAS NMR spectroscopy provides experimental
evidence of a strongly adsor bedbMsudagecabviek | act o

as high surface hydroxylation. This information was used to guide DFT computations.

Different surfaces suchas 110, 100 and 111-ALDgpartcles undarn e xi st
reaction conditions. The 111 surface typically exposes only oxygen atoms and is
extremely difficult to dehydrate under realistic conditions, while the other surfaces tend to
exist with an appropriate OH coverage and exposed Al sites that can be catalytically
active.1® Therefore, in the present work, we explored different Al sites on the 110 and 100
surfaces with different levels of hydroxylation.
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The fully dehydrated 110 surface exposes Aly and Aly sites while the dehydrated 100
surface exposes different types of Aly sites.'® However, all of these sites are typically
covered by OH groups, leading to stabilization of these terminations. OH groups
preferentially occupy the sites with high Lewis acidity (Al > Al > Aly). On the 110 surface,
the Al sites are converted to tetragonal Aly sites and are potentially blocked by OH
groups. Alternatively, the Aly sites are converted to Aly sites that are still catalytically
active. However, Aly sites can further be hydroxylated to Aly sites, rendering them fully
saturated and possibly catalytically inactive. This is predicted to occur at the Aly sites on
the 100 surface, generating saturated Aly, sites. Results by Digne et al. suggest that under
reacting temperatures (120 °C 1 150 °C), the OH coverage can be as high as 15 OH/nm?
and 13 OH/nm? on the 110 and 100 surfaces respectively, which can expose both
catalytically active Aly sites and catalytically inactive tetrahedral Al and octahedral Aly
sites.19 At OH coverage of 15 OH/nm?, all Al sites on the 110 surface are covered by
hydroxyls and water molecules. We find that the coverage of H,O* is 40% and that of OH*
is 60%. On the other hand, on the 100 surface, the OH coverage of 13 OH/nm? results in
an OH* coverage of 25%, H,O* coverage of 50% and empty Al site (*) coverage of 25%.
Gi ven t h-AlfO; cathlyst was not heat treated (dehydroxylated) prior to the
decarboxylation experiments and that the solvent used in our experiments contained
residual water (0.028 mol%), the Al.Os surface was likely highly hydroxylated. Therefore,
in order to determine appropriate hydroxyl surface coverage and to assess its impact on
the adsorption behavior of species (1), we first calculated the Gibbs free energy of
adsorption of water and (1) on the various sites on surfaces with different levels of OH
coverage. An ab-initio thermodynamic analysis was then performed to predict the OH
coverage of the most abundant surface under these conditions. Further, detailed
energetics were calculated to deduce activation barriers of the surface catalyzed
decarboxylation which were then compared to results obtained from microkinetic

modeling.

2331 Adsorption of water -AlsOdsurfates on di

The standard gas phase Gibbs free energy of adsorption for the bicyclic lactone (1) and
water were carried out at 140 °C for the 110 and 100 Al,O3 surfaces at different surface
coverages of Al(*), H.O* and OH*. The results are reported in Tables S 2.2 and S 2.4 and
the relevant structures are given in Figure S 2.2. The adsorption of (1) was found to be

more favorable than water on the 110 surfaces with high OH coverages (Table S 2.2,
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entries 2 and 3). This is likely the result of the relatively weak molecular adsorption of
water at high OH coverages and the strong adsorption of (1) on Lewis acidic surface Al-
sites promoted by hydrogen bonding interactions between (1) and surface OH groups.
The high coverage of the strongly bound bicyclic lactone species (1) on the hydroxylated
Al;O3 surface was confirmed via HR-MAS NMR (vide infra). At lower OH coverages (Table
S 2.2, Entry 4), water was found to adsorb dissociatively, making water adsorption very
strong and more favorable than the adsorption of (1). On the 100 surface, the limited
hydrogen bonding interactions between surface OH groups and (1) result in slightly less
favorable adsorption of (1) compared to water at different surface coverages examined in
this work (Table S 2.4). Therefore, on the 110 surface, we find that the most energetically
favorable configuration has an OH* coverage of 60%, H,O* coverage of 20% and (1*)
coverage of 20% (Table S 2.3, Entry 3), while on the 100 surface, the most energetically
favorable surface has an OH* coverage of 25%, H,O* coverage of 50% and Al(*) coverage
of 25% (Table S 2.5, Entry 1). Now, assuming adsorption and desorption of (1) and water
is quasi-equilibrated and that different configurations in Tables S 2.3 and S 2.4 are also in
equilibrium with each other, we can calculate the most favorable surface configuration
under reaction conditions wherein we have 0.028% water and the balance of (1) (Table S
2.3-S 2.5 with calculations in Supporting Information). We predict that the most abundant
110 configuration has an 60%, H.O* coverage of 20% and (1*) coverage of 20% (relative
abundance of this configuration = 1). The most abundant 100 configuration was found to
have an OH* coverage of 25%, H,O* coverage of 50% and Al(*) coverage of 25%. Such
high abundance (94%) of a slightly energetically unfavorable configuration was likely due
to the very high concentration of (1) compared to water. The active sites on both of these

surfaces are penta-coordinate as discussed previously.

2332 Decar boxyl aAl20spnmechamsmoand microkinetic modeling

The decarboxylation of (1) on the 110 and 100 surfaces obtained from thermodynamic
analysis was examined by carrying out DFT calculations. Figure 2.1 shows the Gibbs free
energy change for the proposed mechanism (Scheme 2.3) with relevant structures on both
surfaces. All of the reported energies are reference to an empty active site (*) and (1) in
the gas phase. After adsorption, (1*) undergoes decarboxylation, forming the product
diene (2), which is weakly physisorbed to the bound CO- ((2)d CO.*). The surface bound
CO.* then desorbs, allowing (2) to adsorb on the surface. The bound surface species (2*)

then desorbs regenerating the active site and completing the catalytic cycle.
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The free energy diagram reported in Figure 2.1(A) indicate that it is much more favorable
for the products that form as result of decarboxylation to desorb from surface than to react
back and form (1), as the barrier for the microscopic reverse of decarboxylation is
significantly higher than the energy for desorption. Therefore, the products preferentially
desorb, making the decarboxylation of (1) irreversible and very likely the kinetically
relevant step.
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Figure 2.1(A) The individual Gibbs free energy changes for the elementary steps in the
mechanism proposed in Scheme 2.3 (filled rectangles represent stationary states and
unfilled rectangles represent transition states). (B) Decarboxylation reactant (1*), transition
( 1 )d paoduct ((2)-CO-*) states 110 surface. (C)Dec ar boxyl ati on react
and product states ((2)-CO2*) on *) on the 100 surface. (D) Concentration of (1) as a function
of time: experiments vs the microkinetic model. (E) In(k) vs time, where k is the intrinsic rate

constant, ko, associated with the scission of the C-C bond and elimination of CO:

Assuming that the decarboxylation of (1*) is rate determining step and all others are quasi-

equilibrated, we can derive Equation 2.1 (see Supporting Information):
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Kik, 1
= 1K2

2 2 (2.1)
14, 1 +(K49}23Q+f<4 )

where k2, Ki, Ks and Ks refer to the intrinsic rate constant for decarboxylation, the
adsorption equilibrium constant for (1*), the equilibrium between the weakly physisorbed

product diene (2*) and CO- and the equilibrium desorption constant for (2*)

Based on the free energy diagram (Figure 2.1), high surface coverages of (1*) and (2*)
are expected due to the high Gibbs free energies of adsorption. Therefore, Equation 2.1

can be simplified as follows:

r = Al (2.2)
1+B1L +C[ (2)]

where, A = Kikz, B = Ky and C = Ky This rate expression was used to model the
concentration profiles at different temperatures and resulted in a nearly perfect fit as
shown in Figure 2.1(D). The values of parameters A, B and C are reported in the Table S
2.6

The initial activation barrier was calculated by assuming a high concentration of (1). As
such the observed rate constant, koKi[(1)]/Ki[A(1))], is equivalent to the intrinsic rate
constant for decarboxylation, k.. An Arrhenius plot (Figure 2.1(E)) yields an initial
activation barrier of 87 kJ/mol, which is in good agreement with the activation barrier
determined from experimental data (108 kJ/mol, see Table S 2.1). On the free energy

diagram, this barrier corresponds to the intrinsic barrier for the decarboxylation of (1*).

K,
L(H)+* ==O\B= (1)*

ks
2. (1 —  (2)-CO,*

K
3. (2)--CO,* ‘—_63—: (2)* + CO,

Ky
4.0 == (O)+*
Scheme 2.3 Proposed elementary steps and mechanism for the decarboxylation of (1)

However, since only temperature was varied, this barrier needs to be compared with the
enthalpy of activation. The enthalpic barriers for (1*) decarboxylation were calculated to

be 96 kJ/mol and 85 kJ/mol on the 110 and 100 surfaces respectively, which are in good
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agreement with the initial barrier resulting from microkinetic modeling (87 kJ/mol).
Therefore, decarboxylation of (1) can be catalyzed via the retro Diels-Alder mechanism
on Aly sites on both 110 and 100 surfaces with the reaction being limited by the

decarboxylation of surface bound (1*).

The experimental and theoretical results presented here on the thermal and Lewis acid
catalyzed decarboxylation of 2 are very similar to those reported for the ring opening of
triacetic acid lactone (TAL)®! and o-valerolactone (GVL)}! that readily undergo acid
catalyzed decarboxylation as a result of the unsaturated bond at the C3-C4 position similar
to the unsaturated C3=C4 bond in 2 which facilitates a direct retro Diels-Alder elimination
of the CO; dienophile.

234 Characterization of -ARQ;pby HRIMABSNMMRI i zed on 2

spectroscopy

To probe for interactions between the bicyclic lactone with the 2-Al.Os surface in the
condensed phase, 'H, *C and ?AlHR-MAS NMR s pect +AbGsimorgngyatedd f o
with a thin film (2 nm) of a solution of (1) in 1,4-dioxane-ds was performed. This new and
unique NMR technique'?? allows the study of the interactions of probe molecules on solid
catalyst surfaces (i.e. (1) on alumina) at the liquid-surface interface which provides
additional information to guide DFT computations. As described below, the NMR
experiments provide direct evidence that the surface is highly hydroxylated and that (1) is

strongly adsorbed on the surface of 2-Al,Os.

Samples were prepared by first drying 2-Al>O3 at 120 °C to remove excess water. The dry
gAOzwas t hen i mpregnated in a glovebox with | ig
of g¢-Al,O3 and the concentrations of (1) were 200 or 132 mg/mL in dioxane-ds. A control
sample impregnated with pure dioxane-ds was also prepared. All samples were packed
into 2.5 mm zirconia rotors under the inert atmosphere. The results of the HR-MAS NMR
spectroscopy experiments on the various impregnated alumina samples are summarized

in Figure 2.2.

Rotor-synchronized H spin echo solid-state NMR spectra of the different impregnated
alumina samples are shown in Figure 2.2(A-C). The 'H solid-state NMR spectrum of the
alumina impregnated with dioxane-ds shows a broad underlying signal that covers a shift

range of ca. 0 ppm to 10 ppm and three sharp *H NMR signals (Figure 2.2(C)). The sharp
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signals are attributed to the residual protons of dioxane-ds (d = 3.6 ppm) and to mobile or
dissolved water molecules and/or isolated/mobile alumina hydroxyl groups (d = 1.3 ppm
and 0.9 ppm). Proton detected 2D?’Al-'H D-RINEPT HETCOR spectra confirm that the
broad NMR signal arises from the hydroxyl groups and/or water molecules that are

immobilized on the surface of the alumina (see below).

The *H NMR spectrum of alumina impregnated with the 200 mg/mL solution of (1) in
dioxane-ds shows several additional sharp *H NMR signals at the expected *H chemical
shifts for (1) (Figure 2.2(A)). These narrow signals are attributed to (1) which is either
dissolved in the dioxane-ds or is very weakly bound to the alumina surface and remains
highly mobile. The narrow *H NMR signals arising from (1) are absent from the *H NMR
spectrum of alumina impregnated with the solution of (1) at 132 mg/mL in dioxane-ds.
Comparison of the 'H NMR spectra of the alumina impregnated with the 132 mg/mL
solution to the *H NMR spectrum of alumina impregnated with dioxane-ds alone shows
that there are additional signals at higher chemical shifts of ca. 7.4 ppm and 5.6 ppm. The
additional signals at higher chemical shifts and the absence of sharp *H NMR signals
suggests that in the sample impregnated with the 132 mg/mL solution, all of the molecules

of (1) are immobilized on the alumina surface.

To confirm that (1) was immobilized on alumina, proton detected *H{**C} cross-polarization
CP-HETCOR spectra were obtained. In this case, proton detection was employed to boost
sensitivity and obtain the *C solid-state NMR spectra in a reasonable experimental time
(less than 16 hours).!3114 A 2D H{**C} CP-HETCOR spectrum of alumina impregnated
with a 200 mg/mL solution is shown in Figure 2.2(F). The *3C dimension shows NMR
signals at all of the chemical shifts expected for (1) and the *H dimension shows broad
signals between 8 ppm and 3 ppm, consistent with the expected *H chemical shifts of (1).
A CP experiment acts as a mobility filter since an NMR signal is only observable if the
molecules are rigid. Additionally, broad *H NMR signals observed in the CP-HETCOR
spectrum imply that the molecules of (1) are immobilized. Therefore, the 2D H{**C} CP-
HETCOR spectrum confirms that a large fraction of (1) is bound to the alumina surface,
which is consistent with the DFT results. Additional 2D *H{**C} CP-HETCOR spectra are
shown in Figure S 2.3.
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Finally, proton detected 2D *’A | YH D-RINEPT HETCOR experiments'*>16 were used
to obtain surface selective 2’Al solid- state NMR spectra (Figure S 2.4). *H chemical shifts

associated with (1). All experiments were performed with a 25 kHz MAS frequency.

Sample Details

NMR Experiment

(A) dioxane-d,
200 mg/mL of (1)

"H Spin Echo

| !
Il |

(B) dioxane-d, . ‘ 'H Spin Echo
132 mg/mL of (1) I \
(I \
|
|

(C) dioxane-d, | "H Spin Echo

(D) dioxane-d, | . ZAI>'H D-RINEPT
132 mg/mL of (1) . Short Recoupling Time
[
|
|

(E) dioxane-d,
132 mg/mL of (1)

“Al—'H D-RINEPT
Long Recoupling Time

150 10 50 0
BC Chemical Shift (ppm)

200

|
15 10 5 0 -5
'H Chemical Shift (ppm)

Figure 2.2 MAS *H solid-state NMR spectra of gAl20s impregnated with dioxane-ds solutions
with different concentrations of (1). The sample is indicated next to each spectrum. (A-C) *H
spin echo solid-state NMR spectra. (D) and (E) ?’Al filtered 'H NMR spectra obtained from
the positive projection of a 2D A | ¥H D-RINEPT HETCOR spectra obtained with short and
long dipolar recoupling times, respectively. (F) *3C filtered *H NMR spectrum obtained from

the positive projection of the 2D *H{*3C} HETCOR spectrum shown below. The *C chemical
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shifts expected for (1) are indicated with red dashed lines. The blue dashed lines illustrate

the similarity of the solution and solid-state

The 'H NMR spectra obtained from 2D A | Y¥H D-RINEPT experiments acquired with
long and short dipolar recoupling times are shown in Figure 2.2(D) and 2.2(E),
respectively. The 2’Al filtered *H NMR spectrum obtained with a short recoupling time
selectively probes the 'H spins that are in close proximity to aluminum. This spectrum
shows a very broad signal, which must represent the *H nuclei of the surface hydroxyl and
adsorbed water molecules, consistent with previous surface selective 2’Al NMR
experiments on hydrated alumina.?*24 This information of a highly hydroxy | a t-&l,03
surface provide important insights to help guide the DFT calculations and benchmark their
results. The ?’Al filtered *H NMR spectrum obtained with a longer recoupling time shows
similar intensities and chemical shifts to those observed in the 3C filtered 'H NMR
spectrum. Therefore, the spectrum obtained with a longer dipolar recoupling time suggests
that the *H nuclei of (1) are proximate to 2’Al spins, consistent with adsorption of (1) to the
alumina surface. At longer recoupling times, the surface bound species (1) strongly
correlates to Al and Aly, sites of the alumina surface, while 'H-2’Al correlation to Aly sites
is suppressed (see full 2D spectrain Figure S 2.4). The key knowledge of a strong surface
bound species (1) existing is important to further support the DFT results. Additional solid-

state NMR experiments are summarized in the Supporting Information.

In summary, HR-MAS and solid-state NMR spectroscopy is an excellent technique to
i nvest i ghAOsecatalyst surfawe in the presence of probe molecules (e.g. bicyclic
lactone (1)) and small amounts of water in the condensed phase (e.g. 1,4-dioxane-ds).
This unique technique provides key information about the degree of surface hydroxylation,
the molecule-surface interaction and information about the catalytically active Al-species
on the alumina surface. The results provide additional means to guide and compare
computational studies with high level experimental detail of reactant/product molecules

behavior at the solvent-catalyst interphase.

2.3.5 The impact of Brgnsted acids on conversion

The impact of Brgnsted acidity on the bicyclic lactone (1) was examined through reactions
using a variety of Brgnsted acid-containing catalytic materials. The use of Dauvisil silica gel
(150 A), a weakly acidic material,**” at 120 °C for 2 h, gave 16 mol% conversion of (1) to
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(2) (Table 2.2, Entry 1) which was roughly a twofold increase in conversion compared to
the control experiment without catalyst (Table 2.1, Control). The use of the more acidic
ZSM-5 zeolite with a Si:Al ratio of 50:1 gave similar results with only minimal
decarboxylation activity (Table 2.2, Entry 2). In fact, increasing the acid strength of ZSM-
5 (Si:Al, 23:1) showed no improvement in the decarboxylation yield (Table 2.2, Entry 3).
Interestingly, the mesoporous Y-zeolite (Si:Al, 30:1), demonstrated enhanced reactivity
and consumed all the bicyclic lactone (1) yielding 53 mol% DIH (2), 35 mol% isophthalic
acid intermediate (5) and 13mol% isophthalic acid (6) (Table 2.2, Entry 4). Given this
result, it appeared that the larger pores of the Y-zeolite structure provide enhanced
accessibility of the bulky lactone (1). Since Y-zeolite contains both Lewis*® and Bransted
acid!® sites, it was unclear as to which site was responsible for ring-opening or if a

synergistic effect was operative.

Table 2.2 Bicyclic lactone (1) conversion in the presence of Brgnsted acids

1) (2) (3) (4) (5) (6) By-
Entry Catalyst Conv. Yield Yield Yield Yield Yield products
[mol%] | [mol%] | [mol%] | [mol%] | [mol%] | [mol%] | [Mol%]
1 Davisil (150 A) 16 15 <2 - - - -
ZSM-5
2 (CBV5524G) 12 8 <3 - - <2
ZSM-5
3 (CBV2314) 7 5 <2 - - - <1
Y-Zeolite
4 (CBV720) 100 53 <2 - 35 13 -
5 Amberlyst 45 51 13 <2 12 13 - <11
6 Amberlyst 452 90 14 <2 32 39 <4 <2
Conditions: Reaction time 2 h, reaction temperature 120 °C, stirring rate 500 rpm, starting
concentration 71.38 emol / mL, r e adioxanep26 mgy catalystrfé0
mg catalyst+40 uL D20.

To decouple the roles of Lewis and Brgnsted acid sites, a series of experiments were
performed using the heterogeneous Brgnsted acid-only catalyst, Amberlyst 45.12° The
experimental results shown in Table 2.2, Entries 5 and 6 demonstrate that Brgnsted acid
sites promote ring-opening of the lactone bridge forming the intermediate 6-
hydroxycyclohex-1-ene-1,3- dicarboxylic acid (4) followed by acid catalyzed dehydration

to an isophthalic acid intermediate (5) (Figure 2.3(A)). Doubling the amount of catalyst and
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adding small amounts of water to the polar aprotic solvent 1,4-dioxane dramatically
enhanced the acid catalyzed ring-opening with increased conversion and yield towards
intermediate (4) and product (5) (Table 2.2, Entry 6). This is consistent with results
reported by Chia et al.®! which show that the addition of Brgnsted acids and water facilitate

the ring opening, hydrolysis and dehydration of triacetic acid lactone.
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Figure 2.3(A) Reaction scheme of the proposed acid catalyzed ring-opening/dehydration
reaction sequence. (B) Concentration profile of the conversion of bicyclic lactone (1) to (4)
followed by conversion of (4) to (5). (S-1) and (S-2) are formed throughout the reaction and

are of unknown origin.

A series of in situ 'H solution NMR experiments were performed to gain a better
understanding as to why Brgnsted acid sites led to the formation of (4) and (5). In the
experiments, the bicyclic lactone (1) was exposed to the fully deuterated sulfuric acid-d2
and heat using dioxane-d8 to mediate the reaction. These experiments serve as an ideal
model to understand the reaction mechanism of the Brgnsted acid catalyzed ring-opening
reaction that can be potentially further applied to other bicyclic lactone systems. In this set
of experi ment s, 5 5uwa 9. A88edmbb) 30600 BL
solution of (1) in fully deuterated dioxane-ds, trans- ferred to high pressure NMR tubes and
heated to the desired reaction temperature (80-110 °C) inside the NMR spectrometer
(Figure S 2.7).
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The experimental results revealed that the rate of consumption of (1) did not match the
rate of formation of (5) at all temperatures tested. The reason for this observation was the
formation of the reactive intermediate (4) and species (S-1) and (S-2) on the pathway to
(5). Species (4) is likely formed through acid-catalyzed hydrolysis of the lactone bridge of
(1) (Figure 2.3(A)). The concentration profile in Figure 2.3(B) further suggests that the
initial formation of (4) was then followed by acid-catalyzed dehydration of (4) to (5) as
evident from the increasing concentration of (5) accompanied with a decrease in (4).
Clearly, the mechanism involved in the formation of (5) from (1) is more complicated given
the formation of unknowns (S-1) and (S-2).

100

90 e
80 - -7
70 - L
g e-- 4
[<]
g 60
= @ [3]
£ 50 -
Z ® [s1]
S 40 -
< e [s2]
® 30 |
20 4
®----__
10 e
®-----— T et e
0 r — S EEs o )
75 85 95 105 115

Temperature [°C]

Figure 2.4 Selectivity trend of intermediates and products from acid catalyzed ring-
opening/dehydration of bicyclic lactone (1).

With increased reaction temperature (4), (S-1) and (S-2) vanished while the concentration
of (5) increased, so it appears that (S-1) and (S-2) are intermediates on the pathway from
(1) to (5). This selectivity relationship is apparent in Figure 2.4 since the formation of (5)
increases linearly as a function of reaction temperature, whereas a linear downward trend
is seen for (4), (S-1), and (S-2). After reaction for 4 h and 35 min at 110 °C there was a
significant amount of (5) (87 mol%), with only 2 mol% of intermediate (4) and less than 5
mol% of (S-1) and (S-2) remaining (Table S 2.8). From NMR analysis of the product
solution, (S-1) and (S-2) are likely isomers of (4) given the similar proton shifts and NMR
correlations. It is known that lactones are able to undergo different hydrolysis pathways
(e.g., unimolecular and bimolecular) in acidic media,*?* which could explain the
observation of species (S-1) and (S-2). Structural identification of (S-1) and (S-2),

however, is beyond the scope of this work and will be a subject of further investigation.
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The Brgnsted acid catalyzed ring-opening/dehydration sequence provides general
guidance for the conversion of (1) and can potentially be applied to similar bicyclic lactone
systems. In this particular case, we were able to access the isophthalic acid intermediate
(5) in high selectivity, which cannot be easily obtained via conventional petroleum routes.
Catalytic dehydrogenation of this molecule provides isophthalic acid, a bulk chemical
currently manufactured in the petrochemical industry and used in applications ranging
from unsaturated polyester and specialty resins'?? to metal organic polyhedral crystals
(MOPs) which are potentially useful for drug-delivery, catalysts, sensing and gas

storage.!?®

2.3.6 Solvent impact on the conversion of (1)

Lactones such as CMA degrade in the presence of water due to nucleophilic attack and
consequent ring-opening, which renders the diene ineffective for Diels-Alder
chemistry.3%1%4 This degradation was also observed by Chia et al. showing that the
molecular integrity of the 2-pyrone triacetic acid lactone (TAL) was significantly
compromised in the presence of water but was stable in polar aprotic solvents such as
tetrahydrofuran (THF).8!

To investigate whether the bicyclic lactone (1) can be ring-opened to (5) via catalyst-free,
water-mediated hydrolysis of the lactone bridge, experiments were performed in D,O. For
the reactions, the sodium salt of the bicyclic intermediate (1) was heated in DO, and the
reaction progress monitored via in situ *H-NMR. The sodium salt of (1) was required to
overcome solubility limitations in D-O and to improve the resolution of the *H-NMR spectra

for subsequent analysis.

Surprisingly, when the consumption of (1) was monitored over time, decarboxylation
occurred rather than ring-opening. Additional kinetic experiments were carried out at
temperatures in the range of 50 to 90 °C along with DFT calculations to obtain further

insights into the water-mediated decarboxylation mechanism.

Figure 2.5(C) shows an example of the concentration profiles for the water-mediated
decarboxylation of (1) to (2). Plots of In([1]o/[1];) over time for all temperatures tested
displayed linear relationships, (Figure S 2.8) indicating a first order reaction with respect
to (1). Since (2) was obtained in high yield and selectivity with no formation of CMA, the

retro Diels-Alder reaction of (1) to CMA was absent, meaning the observed
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decarboxylation rate constants kops (Table S 2.10) are solely for the conversion of (1) to
(2). The activation energy of the water-mediated decarboxylation was calculated using the
Arrhenius plot shown in Figure 2.5(B). The experimentally obtained activation barrier was
107.2 kJ/mol. This value is significantly lower than for decarboxylation in the polar aprotic
solvent dioxane-ds (142 kJ/mol),** which explains the enhanced decarboxylation activity
at moderate temperatures.
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Figure 2.5(A) DFT calculated enthalpy diagram for the bicyclic lactone decarboxylation
reaction using polar protic and aprotic solvents. (B) Experimental Arrhenius plot for the
water mediated catalyst-free decarboxylation of the bicyclic lactone sodium salt (1). (C) In
situ 'H-NMR concentration profile of the consumption of sodium salt of (1) and the formation
of (2) as a function of time. (D) Bicyclic lactone diversification in the absence of catalyst

using the polar protic solvents water for decarboxylation and methanol for ring-opening. (E)
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DFT calculated enthalpy diagram for the methanol mediated ring-opening of (1). (F)
Experimental Arrhenius plot for the methanol mediated catalyst-free ring-opening of (1). (G)
In situ *H-NMR concentration profile of the consumption of (1) and the formation of (7) as a

function of time.

DFT predicts an enthalpic decarboxylation barrier of the bicyclic lactone (1) sodium salt of
119 kJ/mol in close agreement with experimental results. Additionally, the Gibbs free
energy barrier for decarboxylation was calculated to be 116 kJ/mol, which is favored over
the water mediated ring-opening of the lactone bridge which has a barrier of 121 kJ/mol.
Moreover, the decarboxylation product was found to be thermodynamically favored over
the ring-opened product because the system gains entropy through the loss of CO;in the
former case. This makes decarboxylation both thermodynamically and kinetically favored
over ring-opening in water, which explains the experimental results in water (see Figure S
2.9 for the Gibbs free energy profiles). The strong hydrogen bonding with water molecules
in the bulk makes water a weak nucleophile, limiting the addition of water to the lactone
which prevents ring opening. Although the acid form of (1) resulted in a slightly higher
calculated enthalpic activation barrier of 130 kJ/mol, the decarboxylation of (1) to (2)
remains favored in water as compared to the polar aprotic solvent 1,4-dioxane in the
absence of catalyst (Figure 2.5(A)). This rate enhancement in water is due to stabilization
of the charge separated transition state on the pathway from (1) to (2), which is

preferentially stabilized by polar protic solvents such as water.

Anticipating broad applicability of polar protic solvents to enhance bicyclic lactone
decarboxylation, we also performed reactions of (1) in methanol. Methanol is an ideal
model solvent as it provides excellent solubility of (1) through which the neutralization step
of (1) to the sodium salt can be prevented. Experimental results showed that (1) in the
presence of methanol afforded ring-opening of the lactone bridge to give the novel species
(7) in high selectivity as confirmed by 2D NMR experiments in combination with UPLC-
QDa mass analysis (see Supporting Information). Several selected *H-NMR spectra of the
in-situ conversion of (1) to (7) are displayed in Figure 2.6. These fully resolved spectra
make the identification and quantification of the reactant and product unambiguous with
carbon balances >99 mol%. This interesting and unexpected result was further
investigated through in situ NMR Kkinetic investigation and DFT calculations to obtain
kinetic parameters and mechanistic insight as to why methanol caused (1) to enter this

new pathway.
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NMR kinetics were carried out within the temperature range of 90-110 °C. The reactions
were conducted in neat methanol-ds. The consumption of (1) followed a pseudo-first order
reaction. A typical concentration profile of (1) in methanol-ds4 is displayed in Figure 2.5(G).
Plots of In([1]o/[1];) with respect to time show linear relationships for all temperatures tested
(Figure S 2.10), validating our assumption of a pseudo-first order reaction. These plots
were then used to extract the observed rate constants (Table S 2.11) and calculate the

apparent activation barrier for the methanol induced ring-opening (Figure 2.5(F)).
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Figure 2.6 Selected 'H-NMR spectra of the bicyclic lactone (1) ring-opening in methanol-d,.

An activation barrier of 80.8 kJ/mol was calculated using the Arrhenius plot in Figure
2.5(F). The experimental data and structures were used to compare with DFT results for
the methanolysis of the lactone bridge of (1). The DFT-calculated enthalpic activation
barrier of 89 kJ/mol agrees rather well with the experimentally measured activation barrier
of 80.8 kJ/mol. The barrier for the ring-opening and methanolysis of (1) is approximately
40 kJ/mol lower than that for direct decarboxylation of (1) (129 kJ/mol) which explains the
preference for ring-opening and methanolysis over decarboxylation for reactions carried

out in methanol (Figure 2.5(A)).

Table 2.3 CMA conversion to benzoic acid

0 (1) Sel. (2) Sel. 0
Entry CMA conv. [mol%] [mol%] [Mol%] (3) Sel. [mol%]
1a 89.6 - - 99.7¢
2b 100 53.9¢ - 46.1¢
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Conditions: CMA 300 mg, 1,4-dioxane 30 mL, temperature 140 °C, time 4 h, catalyst 2200
mg 1wt %AlBg20mg 10wt% Pd/C. °No other by-products detected via UPLC-QDa
(ESI). Quantified via UPLC-QDa (ESI).

The computational results further suggest that methanol is a better nucleophile than water,
likely because water forms a strong hydrogen bonding network and results in
decarboxylation rather than hydrolysis of (1). Similar to water, methanol stabilizes the
transition state and promotes proton shuttling, providing a low energy path from (1) to (7).
This pathway grants access to the selective formation of the new novel species (7) (> 95
mol%) using low temperatures and a low boiling solvent in the absence of a catalyst, which
provides an attractive and environmentally benign diversification path of the renewable

coumalate platform.

2.3.7 Broader Implications

DIH (2) is a precursor of the bulk chemical benzoic acid which is currently manufactured
via conventional petroleum routes based on toluene. We recently presented a new route
to benzoic acid with ~90 mol% selectivity at 100 mol% CMA conversion.®* The 10 mol%
loss in selectivity was attributed to by-product formation from the high reaction
temperature (180 °C) needed to overcome the rate limiting decarboxylation step. The
catalyst used to convert (2) to (3) was a commercial 10 wt% Pd/C catalyst. With the goal
of further increasing the selectivity and improving the overall process, we utilized a
bi funct i on a-ALOdcatalyst% peridrm dhe reaction of CMA and ethylene to
benzoic acid (BA) at milder reaction conditions. This lower temperature was possible
because of the increased decarboxylation activity of bicyclic lactones in the presence of
2-Al,03.

Experimental results are provided in Table 2.3, with Entry 1 showing that the benzoic acid
selectivity was further increased to > 99 mol% at reduced temperatures (140 °C) with a
reaction time of 4 h. The base Pd/C catalyst, on the contrary, only gave a selectivity of
46.1 mol% towards (3) at 100 mol% conversion (Table 2.3, Entry 2). The remaining 53.9
mol% were attributed to (1) as no other by-products were detected via UPLC-QDa
analysis. Given the high selectivity of BA, this concept might be broadly applicable when

aromatics from 2-pryrones in conjunction with an array of dienophiles are envisioned.
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2.4 Conclusions

The combination of experimental kinetic analyses, DFT calculations and MAS solid-state
NMR provided mechanistic insights into the decarboxylation of the 2-pyrone derived
bicyclic molecul e (1)-A0Laetvas cataldically dctive sitesehait
significantly lower the decarboxylation activation barrier, providing access to DIH (2) in
high selectivity. The strong adsorption of the bicyclic lactone species on the surface
provides a driving force for its catalytic decarboxylation. The immobilization of (1) was
predicted with DFT computations and experimentally confirmed with MAS solid-state NMR

experiments.

The in-depth catalytic investigation presented here provides guidance to tailor a
bi functi on alAlLCk catalystothaP endbles access to the aromatic drop-in
replacement benzoic acid (BA) with significantly improved selectivity starting from the 2-
pyrone coumalic acid reaction with ethylene. Given previous literature reports of aromatics
synthesized from 2-pyrones in an analogous fashion, we believe that this catalyst can be
broadly applied to these systems allowing the production of aromatics at optimized

reaction conditions.

We further investigated the impact of Brgnsted acid catalysts on the conversion of (1) and
showed through kinetic studies that a ring-opening/dehydrogenation sequence yielded a
novel isophthalic acid precursor (5) in high selectivity. Since isophthalic acid is a bulk

chemical in the chemical industry, this route provides a renewable alternative.

Finally, the impact of polar protic solvents on the conversion of (1) was explored, through
which highly selective, catalyst free pathways of (1) to novel species (2) and (5) were
identified. The decarboxylation of the sodium salt of species (1) was mediated in the polar
protic solvent, revealing a significantly reduced decarboxylation barrier compared to that
of 1,4-dioxane. The nucleophilic solvent methanol induced ring-opening of the lactone
bridge through methanolysis providing an additional diversification path of (1) to a new

novel species (7) in high selectivity.

The results presented herein outline a diversification platform starting from renewable
coumalic acid in conjunction with a single dienophile (ethylene) that allows highly selective
access to a variety of novel molecules with unique functionality which are of potential

interest for new materials. As such, this technological approach can be leveraged to other
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bicyclic lactones to form a plethora of new and interesting molecules that cannot be easily

accessed via conventional petroleum-based routes.

2.5 Methods and Materials
2.5.1 Reagents and Materials

Pd(l)-, Cu(ll)-, Ce(lll)-, Zn(ll)-acetate (>99.9 %), coumalic acid (>97 %), 10 wt% Pd/C,
sulfuric acidi dz (96-98 wt%, 99.5 atom % D), D-O (99.9 atom % D) and Dawvisil (Silica Gel,
150 A, >99 %) were obtained from Sigma Aldrich. DMSO-ds (99.9 %), dioxane-ds (99 %),
methanol-ds (99.8 %) were obtained from Cambridge Isotope Laboratories Inc.
Dimethylformamid (99.9 %), 1,4-dioxane (99.9 %) and sodium bicarbonate (> 99.7 %)
were obtained from Fisher Scientific. Methyl coumalate (Acros Organics, 98 %). Ethylene
(99.5 %, Matheson). Zeolites ZSM-5 (CBV5524G), Y-Zeolite (CBV 720), and ZSM-5

(CBV2314), were obtained from Zeol yst-AkOs
(Strem Chemicals, Inc., >99.8 %), Amberlyst 45 (Dow >98%). All chemicals were used
without further purification.

2.5.2 Catalyst Preparation

The 5 wt % met al catalysts were prepared

Al,O3, and the respective metal acetate salts of Cu, Fe, Zn, and Ce, dried at 65 °C (24 h)
and calcined at 450 °C (6 h) in a steady flow (200 mL/min) of air.

2.5.3 Batch Reaction Experiments

The Diels-Alder product (1) was obtained from batch reactions at 110 °C for 16 h using a
50 mL 4590 Parr reactor setup. Mechanical agitation was maintained at 400 rpm using a
magnet-driven stirrer. 300 mg of CMA was placed into the reactor vessel and 30 mL of
1,4-dioxane was added to mediate the reaction, resulting in a starting concentration of
71. 38 emol / mL. Afseabed, the reaetor was purgedfive tiwes t© replace
residual air with nitrogen. Next, the reactor was charged for 30 min with 500 psig ethylene
to ensure saturation of ethylene in the solvent. Under these conditions the reactions were
performed in large excess of ethylene. After charging the vessel with ethylene, the reactor
was heated to the desired reaction temperature using a controlled heating ramp of 10

K/min. After completion of the reaction, the reactor vessel was purged to replace

-62-

ternat

\"

a



unreacted ethylene with nitrogen. A sample was withdrawn, and the solvent was carefully
evaporated with dry air before 6 00 eL fully deuteds)at@andd sl ¥yent
internal standard (DMF) were added. Finally, the samples were analyzed via *H-NMR.

Batch reactions for the catalyst screening experiments were performed in 10 mL thick-
walled glass vial reactors (Alltech) equipped with magnetic stir bars. Agitation and heat
were provided using a temperature-controlled oil-bath that was regulated with an Isotemp
Digital Plate Stirrer from Fisher Scientific. The glass vial reactor was loaded with 4 mL of
a 71. 38 ¢lotiord of @lin 1g-dioxane. 25 mg of catalyst was added before the
vial was sealed and placed into the hot oil bath to initiate the reaction. After the reaction
was completed, the product was filtered through a 0.2 micron syringe filter to remove the
catalyst from the products. A sample was then taken and the solvent was removed via
careful evaporation. Fully deuterated DMSO-ds ( 6 00 e L) andmdstémdandlL of i

DMF (Dimethylformamid) were added to the crude material for quantification via *H-NMR.

T h e-AlL®; catalyzed decarboxylation reactions were carried out in a 50 ml 4590 Parr
reactor. The vessel was charged with30 mL of a 7 1. 36 onconm@ihidgfll. s ol ut |
200 mg AROstaAtabyst (~ 53 em particle sbsze) was
sealed and purged 5 times with nitrogen to remove residual air while agitation was applied
(400 rpm). Next, the respective reaction temperature was obtained using a controlled heat
ramp of 10 K/min. After the reactor reached the desired temperature a sample was
withdrawn as a reference using a high-pressure sampling dip tube. Further samples were
withdrawn periodically to obtain a concentration profile over time. After the reaction was
completed, all samples were filtered via a 0.2 micron syringe filter and the solvent was
carefully evaporated with dry air-depedowde26D0ck

internal standard DMF were administered. The samples were then analyzed via *H-NMR.
2.5.4 In situ NMR Experiments

The general procedure for the in situ kinetic measurements was performed using high-
pressure NMR tubes from Wilmad-Labglass. The solvents used for the decarboxylation
and ring-opening experiments were D,0O, dioxane-ds, and methanol-ds, respectively. As
aforementioned, reactant (1) for this study was synthesized via Diels-Alder reaction of
CMA and ethylene in 1,4-dioxane at 110 °C and 16 h, with a high yield (>98 %). Through

careful evaporation of the solvent using dry air, the reaction product (1) was obtained and
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subsequently dissolved in the respective deuterated solvent. The solution was then
transferred into the high-pressure NMR tubes. The tubes were placed into the Bruker
Avance Il 600 MHz spectrometer and heated to the respective temperature to initiate the
reaction. The progress of the reaction was subsequently monitored over time.

The water-mediated decarboxylation of the sodium salt of the bicyclic lactone (1) was
performed in D,O at temperatures in the range of 50-90 °C. 50 mg of the reactant (1) was
dissolved in 1 mL of D,O (263.16 ¢ mo|l / mL) . The sodium salt of

neutralization using sodium bicarbonate.

The methanol-ds-mediated reactions were performed in a temperature range of 90-110 °C

using 71.38 e€mol of (1) that was dethansl-dd ved i n

The ring-opening reactions in 1,4-dioxane using D».SO, as a catalyst were performed in a
temperature range of 70-1 10 AC. 71. 38%asmdl sedbl ydd in 300
emol / mL) -dgainodx a5n esSD, werk adBed to catalyze the reaction.

To elucidate the reaction network, all compounds were verified via NMR structural
assignments performed using different techniques including *H-NMR, *H-'H COSY, *C-
H HSQC and validated using UPLC-QDa (ESI) mass analysis.

2.5.5 Analytical methods

The batch reaction solution products were analyzed via NMR using a Bruker spectrometer
equipped with a 14.1 Tesla superconducting magnet. The data were acquired and
processed using TOPSPIN (version 3.0) and Mestre Nova (version 10.0.1-14719),
respectively. NMR samples were prepared using fully deuterated solvents, to both reduce
the solvent background and to perform field calibration. Additionally, a 2.5 uL DMF internal
standard was added for quantification. All *H spectra were acquired using a recycle delay
of 3.0 sec. and 30° 'H excitation pulse lengths. *H-'H 2D NMR spectra were acquired
using a COSY pulse sequence, and *C-*H 2D NMR spectra were acquired using a HSQC

pulse sequence.

Ultra-pressure liquid chromatography (UPLC) was also applied to analyze known species
in the reaction products and to obtain the amount of each compound. A Waters Acquity

H-Class System equipped with a Photodiode Array (PDA) and a QDa mass detector was

-64-



used to perform the analysis. UPLC separation was carried out on a Waters BEH Phenyl

column (2.1x100 mm, 1.7 em particles).

The samples for HR-MAS/solid-st at e NMR experi ments wer-e prep:
Al>O3 overnight at 120 °C in a convection oven to remove residual adsorbed water. Next,

3 0 mAal:0Oswas weighed into a 2 mL polypropylene screwcap vial and then transferred

into the glovebox. The vials were allowed to sit with the cap removed in the glovebox for

48 h priortoimpregnat i on. Samples were impregnated wit
and allowed to equilibrate overnight with the cap on. Following impregnation, the samples

were then packed into 2.5 mm rotors inside the glove box to prevent excess moisture from

being introduced.

All solid-state NMR experiments were performed on a 9.4 T (400 MHz) Bruker Avance llI
HD NMR spectrometer with a 2.5 mm HXY triple resonance probe. A 25 kHz MAS
frequency was used for all experiments. *H solid-state NMR spectra were obtained with a
rotor synchronized spin echo pulse sequence. Proton detected 2D A | *{ D-RINEPT

HETCOR spectra were obtained using the previously described D-RINEPT pulse

sequence.?>116 The symmetry based recoupling sequence supercycled (S) R47 \vas used
for dipolar recoupling.*?* Proton detected 2D *H{**C} CP-HETCOR spectra were obtained
with the previously described pulse sequence.*3'* The contact time for the H YC
forwards CP transfer was 2000¢s and different 2D spectra were obtained with contact
times of 200 ns, 500 ns and 2000 s for the 3C Y'H backwards CP transfer. CP was
performed with a *C spin lock pulse with an RF field of ca. 91 kHz and a H spin lock
pulse with a nominal RF field of ca. 68 kHz. The amplitude of the H spin lock pulses was
linearly ramped from 85% to 100% RF field to broaden the CP match conditions.*? In both
the 3C and ?’Al NMR experiments SPINAL-64 'H heteronuclear decoupling*?® was
performed during the indirect dimension evolution period with a 100 kHz RF field. Details
on acquisition parameters for the 2D spectra (number of scans, indirect dimension points,

etc.) are described in the Figure captions.
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2.5.6 Computational
2.5.6.1 Periodic density functional theory

All of the calculations carried out on model g-Al.Os surfaces were carried out using periodic
plane-wave density functional theory methods as implemented in the Vienna ab initio
simulation package (VASP).127'130 The PBE functional*®! was used to calculate exchange
and correlation energies. The D3 method®®? was used to estimate the dispersive
interactions. A plane-wave energy cutoff of 396 eV was used for all periodic calculations
reported herein. Optimizations were performed in two steps. First, wave-functions were
converged to within 10 eV, until the maximum force upon each atom was less than 0.1
eV/A. In step two, wave-functions were converged to within 10° eV, with maximum
allowable force upon each atom less than 0.05 eV/A. Step two calculations were carried
out spin-polarized and monopole/dipole moments were calculated to correct for energies.
Transition states were obtained using the nudged elastic band method3*34 and the dimer
method.*® Calculations were performed on 1x1 unit cells of 110 and 2x1 unit cells of 100
surfaces of g Al.Os. The bulk structure of g Al,Os reported elsewhere was used.**¢ For
hydroxylated surfaces, structures found by Sautet and co-workers were used.1%%13¢ For
110 surfaces, the periodic slab models consisted of 8 layers (Al:O = 3:2) separated by
vacuum with bottom two layers frozen to bulk position. While for the 100 surfaces, 4 layers
(Al:O = 3:2) were modeled with the bottom two layers frozen to bulk positions.
Optimizations on the 1x1 unit cells of 110 surfaces were performed on a 3x3x1 k*3 point

mesh while a k point mesh of 2x2x1 was used for the 2x1 unit cells of 100 surfaces.

The entropies of adsorbed molecules were estimated by equations 2.3 and 2.4, where
Sad®(T) is the entropy of adsorbed molecule and Sgas°(T) is the ideal gas entropy of that
molecule. These values roughly correspond to the loss of 1/3" entropy of the molecules

in the gas phase.'®
Sado(T) = 070 X Sgaso( T ) T 3 .gas(ﬂ f < 6@ Fb r S (23)
Sad®(T) = 0.99 x Sgas®(T) T 20.7R, for Sgas®(T) > 60 R (2.4)

As an approximation, the entropy of a weakly physisorbed molecule was estimated by

subtracting just the 1/3" transitional component. Since, the transition state for
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decarboxylation was in close resemblance to the reactant state, the entropy of activation

was assumed to be negligible.
2.5.6.2 Molecular density functional theory

Molecular density functional theory calculations were performed using the M062X88 hybrid
functional as implemented in Gaussian 09.% 6-311G+(d,p) basis set®! on an ultrafine grid
and tight convergence criterion for force (RMS force within 10° Hartree/A, maximum force
within 1.5 x 10 Hartree/A, and maximum displacement within 6 x 10 A) was used for all
stationary and saddle point calculations. The SMD solvation model®? was used to implicitly
model the effect of solvation. In cases where the solvent directly participated in reaction,
explicit solvent molecules were used in conjunction with implicit solvation. Enthalpies and
Gibbs free energies were calculated at standard state and 298.15 K within Gaussian 09.
A correction factor of RT In(24.46) was added to the free energies of species having
standard concentration of 1 M. While for bulk solvents, (water and methanol), corrections
corresponding to 55.5 M for water and 24.9 M for methanol were applied.
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2.7 Supporting Information
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Figure S 2.1 Kinetic data of the conversion of DAP (1) with gamma alumina

TableS2.1Rat e

c onst apA@;3 catalyzetd boaversion of (1) in 1,4-dioxane

Temp. [°C] Temp. [K] k [min]
121 394.15 4.50E-03
131 404.15 1.10E-02
141 414.15 2.28E-02
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5.09E-02

152 425.15

2.7.2 Computational analysis and microkinetic modeling
2.7.3 Ab-initio thermodynamics
2.7.3.1 For the 110 surface

We start with fully hydroxylated 110 surface wherein all Al sites are covered with water
and OH groups (water coverage = 40% and OH coverage = 60%) and desorb water

molecules and adsorb bicyclic (1) molecules as per the following equations.

1. 'O/ zP z OO0

p Z

We calculate the water desorption and (1) adsorption energies for different OH and H.O
coverage. We then compare energies of resulting different surfaces. Under reacting
conditions, we will likely have surface coverage of (1), H,O and OH corresponding to the
lowest energy surface. The water desorption and (1) adsorption energies at 140 °C are as

follows:

Table S 2.2 Desorption energies of water and adsorption energies of (1) at different coverage
of Al, OH and H20 on the 110 surface at 140 °C

Entry | %Al | %0OH | %H20 | %(1) Gibbs free Gibbs free Gibbs free
energy of water | energy of water energy of (1)

desorption adsorption adsorption

(kd/mol) (kd/mol) (kd/mol)
1 0 60 40 0 a519eP = 61 - -

2 20 60 20 0 adGgdesr = 110 -61 5% = -66
3 40 60 0 0 aGsdesp = 177 -110 5,205 = -123
4 60 20 20 0 NA -177 a5 2% = -107

Now, with respect to the fully hydroxylated surface (40% H,O and 60 % OH), the relative

energies of 110 surface with different coverage of Al, (1), H.O and OH are as follows:
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Table S 2.3 Relative energy and abundance of the 110 surface at different coverage of Al,
OH, H20 and (1) at 140 °C and H20 mole fraction of 0.00028 and balance (1)

Entry | %Al %0OH %H20 | %(1) Relative Relative

energy abundance of
(kJ/mol) each configuration

1 0 60 40 0 0 2.059 x 105

2 20 60 20 0 61 9.607 x 10°%°

3 0 60 20 20 -5 0.9989

4 40 60 0 0 171 2.059 x 1020

5 20 60 0 20 48 1.060 x 108

6 60 20 20 0 348 1.6139 x 10-%°

7 40 20 20 20 241 1.8385 x 10?5

The 110 surface has the lowest energy when the coverage of Al, OH, H,O and (1) is 0,
60%, 20% and 20% respectively making it the most favorable configuration from the
configurations examined herein. In addition, concentration effects can be estimated by
assuming the reactions at different surface coverage of OH, Al, H.O and (1) are quasi-
equilibrated. The relative abundance of each surface configuration can be estimated by
assuming a Langmuir-Hinshelwood surface and from equilibrium constants K;
corr es pon dronmTabla S02.2.8k relative abundance of different configurations

in Table S 2.3 are as follows:

1. "YOOMBHOE 6¢

2. YO Ol Opd U

3. YOONRT0E 00 ®

4. "YOOXROE 01 @

5. YO QMBS | w

6. "YOOXBIOE 09 ®
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7. YOOXBHOE 0% ®

We find that under reacting conditions, the 110 surface will have coverage of Al, OH, H,O
and (1) as 0, 60%, 20% and 20% respectively since the relative abundance of this
configuration is very close to 1. We therefore, examine this surface for decarboxylation

reactivity.

2.7.3.2 For 100 surface

For the 100 surface as well, we calculate water desorption and (1) adsorption energies at
different surface coverage of Al, H,O and OH. The results are reported in Table S 2.4.

Table S 2.4 Desorption energies of water and adsorption energies of (1) at different coverage
of Al, OH and H20 on the 100 surface at 140 °C

Entry | %Al | %OH | %H20 | %(1) Gibbs free Gibbs free Gibbs free
energy of water | energy of water energy of (1)
desorption adsorption adsorption
(kd/mol) (kd/mol) (kd/mol)
1 25 25 50 0 adGydesp = 71 - -
2 37.5 25 375 0 ad5zdese = 86 -71 5,20 = -50
3 50 25 25 0 NA -86 5420 = -43

The above free energies result in the following relative surface energies and surface

abundance at 140 °C and water mole fraction of 0.00028.

Table S 2.5 Relative energy and abundance of the 110 surface at different coverage of Al,
OH, H20 and (1) at 140 °C and H20 mole fraction of 0.00028 and balance (1)

Entry | %Al | %OH | %H.O | %(1) | Relative energy | Relative abundance of
(kJ/mol) each configuration
1 25 25 50 0 0 5.0551 x 10
2 37.5 25 37.5 0 71 1.2380 x 10~/
3 25 25 37.5 125 21 0.9449
4 50 25 25 0 157 3.7439 x 10*°
5 375 25 25 12.5 114 3.4825 x 10°

The relative abundance of each configuration reported in Table S 2.5 can be estimated by
assuming a Langmuir-Hinshelwood surface and by assuming adsorption-desorption
equations at different coverage of Al, HO, OH and (1) are quasi-equilibrated resulting in
the following equations.
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Although the lowest energy configuration was Entry 1, the very low concentration of water
makes the slightly less favorable configuration of Entry 3 the most abundant configuration.
Therefore, on the 100 surface we will likely have Al, OH, H.O and (1) coverage of 25%,
25%, 37.5% and 12.5% respectively.

110: Water adsorption 110: Water adsorption 110: Water adsorption 100: Water adsorption 100: Water adsorption
20% Al, 60% OH and 20% 40% Al and 60% OH 60% Al, 20% OH and 20% 37.5% Al, 25% OH and 50% Al, 25% OH and 25%
H,0 H,0 37.5% H,0 H,0

110: (1) adsorption 110: (1) adsorption 110: (1) adsorption (1) adsorption 00: (1) adsorption
20% Al, 60% OH and 20% Al and 60% OH 60% Al, 20% OH and { 37.5% Al, 25% OH and 50% Al, 25% OH and 25%

20% H,0 < |37.5% H,0 H,0

Figure S 2.2 Structures for adsorbed water and adsorbed ( 1) on di ffer eAldOs sur f ace
at different coverage of Al, OH and H20
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2.7.4 Rate expression derivation

K,

L)+ =B ()
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< 0
00 G 007
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DFT predicted free energy diagram suggests that adsorption of (1) and (2) is very strong.
Therefore, we expect the surface to be predominantly covered by (1*) and (2*). Therefore,

the coverage of (2)0 CO- can be neglected which then gives us:

0Q p
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2.7.5 Results of regression analysis

The rate expressions were solved by assuming that rate of consumption of (1) is equal to

the rate of formation of (2).
This results in the following coupled differential equations:

Qp o p
Qo p 6 p 0 ¢

Q ¢ 0o p
Qo0 p 06 p 0 ¢

These equations were solved by discretizing using explicit Euler method for given initial
conditions. The resulting profiles were solved for different values of A, B and C such that
the root mean square error was minimized. The values of these constants at different

temperatures are as followed:

Table S 2.6 Values of regression parameters A, B and C

T[°C] A [min] B C
120 1.59411881 | 1.88800885 | 10.0421926
130 3.99776346 | 3.43062155 | 4.106534
140 5.79053195 | 2.16686937 | 3.05424603
150 8.2482893 | 1.57044347 | 2.16034609

2.7.6 Derivation of initial activation barrier

Assuming [(1)] >> 1 and [(2)]

Therefore, koos = A/IB = kz which corresponds to intrinsic forward rate constant of

decarboxylation of (1*).

[eH Mo}

©

©




Table S 2.7 Ideal gas entropies of different molecules at standard state and 140 °C

Chemical species Saas [kJ/mol*K]
Bicyclic (1) 0.463432392
Diene (2) 0.417132248
CO: 0.226002944
Water 0.199593536

On metal oxides, the entropy loss following adsorption is estimated to be 1/3" ideal gas
entropy.*® Accordingly, the Gibbs free energy was calculated by adding appropriate

contribution to the enthalpy.

2.7.7 1D and 2D NMR product and intermediate identification

6-hydroxy-3-((methoxy-ds)carbonyl)cyclohex-1-ene-1-carboxylic acid: *H NMR (600

MHz, Methanol-ds) 0 7 J% 2.7 HzdlH), 4.54 71 4.52 (m, 1H), 3.30 1 3.28 (m, 1H),

1.9671 1.92 (m, 3H), 1.7271 1.66 (m, 1H). *H-®C-HS QC: i 173.81 4 3,7 6l.224. 54
0 3738R.89, 1091296 1801096 i 30.0% (600 MHz, Methanol-da):

Exact mass: 203.09. Found m/z: 203.02 (UPLC-MS-ESI).

cyclohexa-1,3-diene-1,3-dicarboxylic acid: *H NMR (600 MHz, DMSO-dg) U 7J=22 (t ,
1.7 Hz, 1H), 7.13 (td, J = 4.6, 1.3 Hz, 1H), 2.42 i 2.38 (m, 2H), 2.33 (dd, J = 9.9, 1.8 Hz,

2H). 'H-C-HSQC (600 MHz, DMSO-d¢): U -1B0.4Z2 U(U-1243137,-23. 6,421
2.33-20.08. Exact mass: 168.04. Found m/z: 168.04 (UPLC-MS-ESI).

Isophthalic acid: 'H NMR (600 MHz, DMSO-ds) & 177.99 @n, 2H), 7.64 i 7.59 (m,
1H), 7.48 (t, J = 7.6 Hz, 1H). H-1*C-HSQC (600 MHz, DMSO-de) : Ui F2®.582, U 7.
i133. 30,7 129.12. Exa@ mass: 166.03. Found m/z: 166.05 (UPLC-MS-ESI)

6-hydroxycyclohex-1-ene-1,3-dicarboxylic acid: *H NMR (600 MHz, DMSO-ds) U 6. 89
(d, J = 2.6 Hz, 1H), 4.33 (d, J = 2.9 Hz, 1H), 3.17 (ddd, J = 9.4, 6.5, 2.8 Hz, 1H), 1.80 i

1.73 (m, 3H), 1.51 (ddg, J = 12.6, 8.9, 4.0 Hz, 1H). H-13C-HSQC (600 MHz, DMSO-ds) : (i
68971 138.82,i6W.42.73342356,77120117 87 30.649 ExacBmass:

186.05. Found m/z: 186.14 (UPLC-MS-ESI).

2.7.8 Mass transfer effect calcula t i o n sAl2@statabyzed decarboxylation

Cat al -plt(Strem Chemicals)
-75-



Mass of catalyst: 200 mg
Particle sA@:e 68pEimof o
Particle sSARG651B3cmof o

Tortuosity (1) of 9-Al.Os: 4 (conservative estimation based on Davis, M. E. and Davis, R.
J_)139

Porosity 7)o f-Al#D3: 0.872 (provided by Strem Chemicals)
Tr ue d edhosfiAl#Y)s: 309 g/cm® (provided by Strem Chemicals)
2.7.8.1 Calculation of the diffusion coefficient

To calculate the diffusion coefficient Dag (based onWilke, C. R. and Chang, P.),*** we first

have to determine the molal volume (V) of the model compound benzoic acid.

x8zpm ©z0 8y
—zp?8

O
Molal volume (Vm) of benzoic acid (model compound): 134.8 cm®/mol (based on Wilke, C.
R. and Chang, P.)'*
Association factor (X) of 1,4-dioxane: 1 (based on Wilke, C. R. and Chang, P.)!*
Molar mass (M) of the solvent 1,4-dioxane: 88.1 g/mol

Calculated molar diffusivity (Dag) of benzoic acid in 1,4-dioxane at 25 °C: 9.2526E-06

cm?/s

x8zpm ©z0 8y

0 —~ =

Calculated molar diffusivity (Das) of benzoic acid in 1,4-dioxane at 140 °C: 1.35E-05 cm?/s

Calculated effective diffusivity (Derr) of benzoic acid in 1,4-dioxane at 140 °C: 2.96E-05

cm?/s (Dt calculated based on Fogler, H. S.)°
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Calculated Weisz-Prater number (Nwp) (Calculation based on Fogler, H. S.) 14

i 27 2y
& 20

Initial observed rater;s0 f  t he consumtion of (1) at 140 AC:
Initial observed rate rqps Of the consumtion of (1) at 140 °C: 7.1E-06 mmol/s*mg(cat)

XPZp T, ,O(,‘O( £, O'&)Z'p’T[CX 2
i Qouwo wa

ZpmadEa wa

O T

COUPT QG

T8O C

For Nwp < 1 the absence of internal mass transfer limitations is confirmed. Additionally,
the calculations of internal mass transfer limitations at a temperature of 120 °C yielded a
value of Nwe = 0.27. Given that a linear trend of the Arrhenius plot at temperatures in the
range of 120-150 °C was observed (Figure S 2.1) is further proof of the absence of

transport effects.

In a previous study, we have shown that the absence of external transport effect for the
4590 Parr reactor system was given at a-n agita
Al,O3 support material that was used in this study. Therefore we assume that a 400 rpm

agitation rate is sufficient to eliminate external mass transfer effects.

Given the linear relationship of the Arrhenius plot (Figure S 2.1) in the temperature range
of 120-150 °C, it is evident that reaction was performed in the absence of internal or
external transport effects. Additionally, we have performed reactions with 5 times less
catalyst (40 mg) which resulted in a ~ 5 times lower conversion rate of (1) further

suggesting the absence of mass transfer limitations.
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Figure S 2.3 Proton detected 2D H{*3C} CP-HETCOR NMR spectra of alumina impregnated
with 1,4-dioxane-ds solutions of bicyclic (1) with concentrations of 200 mg/mL (A-C) and 132

mg/mL (D). All spectra were obtained with a 25 kHz MAS frequency and forwards CP contact

time (tce) of 2.0 ms. The contact time used for the backwards **C Y'H CP transfer is indicated

on the 2D spectrum. The 2D spectra were acquired with a 1.3 s recycle delay, 224 to 320

scans per increment, 128 t1 increments and t1 was incremented in steps of 40 /3. Total

experiment times were between 10.3 hours and 14.8 hours.
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Figure S 2.4 Proton detected 2D ?’A| ¥H D-RINEPT HETCOR spectra of alumina
impregnated with 1,4-dioxane-ds solutions of bicyclic (1) with concentrations of 200 mg/mL
(A, D) and 132 mg/mL (B, E) and pure dioxane (C, F). The spectra were obtained with dipolar
recoupling times (frec) of 160 s (left column) or 400 ns (right column). H solid-state NMR
spectra obtained from the positive projections of the direct dimension of each sample are
compared in (G) and (H). The 2D spectrawere typically acquired with recycle delays between

50 ms and 100 ms, between 1024 to 2400 scans per increment, 80 t1 increments and t1 was
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incremented in steps of 11.0 ns (1.1 hours to 5.3 hours total experiment time). The spectra
obtained with frec = 160 78 have the best sensitivity, however, the relative intensity of signals
from 4- and 5-coordinate aluminum are enhanced in the spectra recorded with #rec = 400 71s.

The ?’Al solid-state NMR spectra are compared in Figure S 2.5.

(E)
dioxane-d,
200 mg/mL of (1)

|
1
(F) :
1
dioxane-d; !
132 mg/mL of (1)

———-==--

T, =400 us

(G)

dioxane-d, only

(H)

Comparison

200 150 0 -100 200 150 0 -100
27Al Chemical Shift (ppm) Z7Al Chemical Shift (ppm)

Figure S 2.5 Comparison of surface selective ?’Al solid-state NMR spectra of alumina
impregnated with 1,4-dioxane-ds solutions of bicyclic (1) with concentrations of 200 mg/mL
(A, E) and 132 mg/mL (B, F) and pure dioxane (C, G). The ?’Al solid-state NMR spectra were
obtained from the sum of the indirect dimension of the proton detected 2D ?’A| Y¥H D-
RINEPT HETCOR spectra. The spectra were obtained with dipolar recoupling times (Zec) of
160 ns (left column) or 400 ns (right column). Signals from 4-, 5- and 6-coordinate aluminum
are clearly visible. The ?’Al solid-state NMR spectra of the different samples are compared
in (D) and (H) and show that there is not a substantial variation in the relative intensity of

the different aluminum sites with loading level.
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Figure S 2.6 Proton detected 2D %Al ¥H D-RINEPT HETCOR spectra of alumina
impregnated with a 1,4-dioxane-ds solution with a 200 mg/mL concentration of bicyclic (1).
The spectra were obtained with dipolar recoupling times (Zrec) of 160 s (A), 400 s (B) and
800 s (C). (D) Comparison of the ?’Al solid-state NMR spectra obtained from the sum of the
indirect dimension of each 2D spectrum shows that with longer recoupling times there is a
substantial increase in the relative intensity of the 4-coordinate aluminum site. (E)
Comparison of the *H solid-state NMR spectra obtained from the positive projections of the
direct dimension of each 2D spectrum. The 2D spectrum obtained with frec = 800 78 was
acquired with a recycle delay of 50 ms, 4096 scans per increment, 80 t1 increments and t1

was incremented in steps of 11.0 78 (4.6 hours total experiment time).

2.7.10 Reaction kinetic investigation of the acid catalyzed ring-opening of (1)
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Figure S 2.7 The acid catalyzed ring-opening of (1) in 1,4-dioxane-ds

Table S 2.8 Conversion and selectivity of the acid catalyzed conversion of (1) to (4) and (5)

Temp. [°C] (1) conv. (4) Sel. (5) Sel. [S-1] Sel. [S-2] Sel.

P- [mol%] [mol%] [mol%] [mol%)] [mol%]

80 96 6 67 15 7

90 94 6 71 12 5

100 96 2 80 7 1

110 98 2 87 1 -
Condi tion: starting concentration: ~ 2 3 7NMR3
acquisition time: 269.5 min, solvent: 1,4-dioxane-ds, cat al y sSO4 5 €L D

Table S 2.9 First order rate constants of the acid catalyzed ring-opening step of (1) to
intermediate (4)

Temp. [°C] Temp. [K] k [min]
80 353.15 0.031
90 363.15 0.033
100 373.15 0.036
110 383.15 0.040

Table S 2.10 First order rate constants of the acid catalyzed dehydration step of intermediate
(4)to (5)

Temp. [°C] Temp. [K] k [min]
80 353.15 0.010
90 363.15 0.013
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100

373.15

0.016

110

383.15

0.023

Table S 2.11 First order rate constants of the Na-(1) decarboxylation in D20

Temp. [°C] Temp. [K] k [min]
60 333.15 1.40E-03
70 343.15 2.60E-03
80 353.15 8.80E-03
90 363.15 2.85E-02
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Figure S 2.8 Kinetic data of the conversion of Na-(1) in D20

Table S 2.12 Pseudo first order rate constants of (1) ring-opening step in methanol-d4

Temp. [°C] Temp. [K] k [min]
90 363.15 1.70E-03
95 368.15 2.40E-03
100 373.15 3.60E-03
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110 383.15 6.80E-03
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Figure S 2.9 Gibbs free energy profiles of the water addition and water-initiated
decarboxylation of (1)

2.7.11 Reaction kinetics of the ring-opening of (1) in methanol-d4
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Figure S 2.10 Kinetic data of the conversion of DAP (1) in methanol-d4
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3 Improving Selectivity of Toluic Acid from Biomass-

Derived Coumalic Acid
Reprinted with permission from Pfennig, T., Chemburkar, A., Cakolli, S., Neurock, M., Shanks,
B. H. Improving Selectivity of Toluic Acid from Biomass-Derived Coumalic Acid. ACS Sustain.

Chem.Eng. 2018, 6, 12 8 ECohpyight82618 American Chemical Society.

Theoretical calculations were performed by AC under the supervision of MN.

3.1 Conspectus

The selective formation of bio-aromatics from renewable sources to access greener
alternatives to petroleum-derived aromatics is of great interest in development of
sustainable chemicals. An innovative and efficient bio-based route towards the formation
of toluic acid is demonstrated with selectivities of >99 mol% utilizing a Diels-
Alder/decarboxylation/dehydrogenation domino sequence in conjunction with a
heterogeneous catalyst. 2-Pyrone coumalic acid (or methyl coumalate) cycloaddition with
bioavailable propylene extends the chemical diversity of the coumalate platform.
Additionally, an inexpensive as well as easy to separate dienophile such as propylene
offers an attractive alternative to access bio-aromatics with high atom efficiency. Herein,
we report an in-depth kinetic investigation to evaluate the activation energies of individual
reaction steps and identify the rate limiting step to guide the development of an improved
overall process. The kinetic analysis is complemented by first principle density functional
theory calculations, which corroborate the experimental results. We further explore the
influence of solvents on the production of aromatics from both coumalic acid as well as
methyl coumalate. We show that toluic acid formation is highly susceptible to the solvent
used to mediate the reaction with yields ranging from 51-88 mol% at 100 mol% coumalic
acid conversion. In addition, we provide evidence that the chemical moiety (ester vs acid)
of the staring substrate plays a critical role in the yield. While the maximum toluic acid
yields are 88 mol%, methyl coumalate reactions with propylene afforded increased methyl
toluate yields (up to 98 mol%). Kinetic analyses of methyl coumalate cycloaddition with
propylene and the subsequent decarboxylation reactions indicate that decarboxylation is
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likely the rate limiting step. The Diels-Alder reaction step has activation barriers of 80
kJ/mol (para) and 85 kJ/mol (meta), respectively, whereas decarboxylation barriers are
142 kJ/mol (para) and 152 kJ/mol (meta), respectively. We combine our results with
propylene and different dienophiles reported previously to show that activation barriers as
well as regioselectivity of the cycloaddition depends on the nature of the dienophile.
Electron rich dienophiles appear to have lower activation barriers and higher para to meta
ratio, while electron deficient dienophiles result in high activation barriers and lower para

to meta ratio.
3.2 Introduction

Through technological advances in extraction processes (e.g. hydraulic fracturing), the
economic exploration of non-renewable carbon sources (e.g. shale gas) became a target
of interest in the U.S. energy sector.62037.104142143 The tilization of this inexpensive
alternative as raw material supply in the petrochemical industry, however, causes a
reduced availability of >C4 building blocks and negatively affects the carbon
footprint.20104143 Gjven that aromatics are heavily utilized as chemical building blocks in
the manufacture of consumer products such as cosmetics, plastics, preservatives, and
pharmaceuticals, the development of environmentally benign and economically feasible

alternatives are therefore of interest, 161812326 31,37,104,142,144i 150

Aromatic synthesis from biomass often starts with microbial fermentation or hydrolysis of
sugars that provide direct or indirect access to furanics (furfural,'®! furan,**%2 methyl
furan,®1:153 DMF,1541%5 5.HMF,15¢ as well as oxidized analogs of HMF®157) malic acid,’*"?
lactic acid,**® quinic/shikimic acid,®®"%1%° muconic acid!®%16%162 gsorbic acid,*” etc. These
substrates are examples of a relatively diverse slate of bioavailable feedstocks that can
be used for selectively producing a plethora of functionalized aromatics via chemo-
catalytic conversion,16:181 23,261 31,37,104,142,1441 148,163 The commercial opportunity for many of
these alternative technologies, however, is still problematic as they lack economic
feasibility due to low yield and selectivity. This fosters the need to develop new innovative
processes to access biomass-derived aromatics. In recent years, the manufacture of a
terephthalic acid (TPA) bio-substitute gained significant attention due to the immense TPA
utilization as a precursor for one of the largest volume industrial polymer polyethylene
terephthalate (PET). PET annual global production exceeds 50 million tonnes,'%* which

translates to a $58 billion market?” that is projected to grow to nearly 67 million tonnes#*
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by 2018. Despite the promising development of the bio-advantaged TPA substitute 2,5-
furandicarboxylic acid (FDCA), which could potentially reduce the future TPA need,
renewable alternatives are still of interest for the manufacture of TPA-based
pharmaceuticals, dyes, pesticides, and other chemicals.®!

A promising pathway to access a biomass-derived TPA precursor involves Diels-
Alder/acid-catalyzed dehydration (via modified BEA zeolite) sequence of dimethyl furan
(DMF) and ethylene to p-xylene, a reaction that affords high aromatic yield (up to
97%).23146.163 DMF can be obtained from hydrogenolysis of 5-hydroxymethyl furfural
(HMF) in vyields of up to 96%,' while HMF can be synthesized via acid-catalyzed
dehydration of fructose with reported selectivities as high as 89%!* resulting in an overall
aromatic yield of 83%. Unfortunately, this yield is negatively impacted when glucose is
used as the starting sugar. Alternatively, biomass derived p-xylene can be synthesized
from DMF and acrolein in a sequence of reactions which include Diels-Alder (DA) addition
, oxidation, and dehydration followed by decarboxylation.?? This reaction, however, suffers

from low overall p-xylene yield of <48% and is therefore economically less relevant.

Recently, an ethanol mediated two-step process was introduced starting with the
cycloaddition of trans, trans-muconic acid (ttMA) and ethylene in the presence of silico-
tungstic acid followed by palladium-catalyzed dehydrogenation, which resulted in an
overall diethyl terephthalate yield of 81%.'%° ttMA was synthesized via isomerization of
bio-dervied cis,cis-muconic acid (ccMA). Further developments in the isomerization of
ccMA to ttMA led to an improved overall process with ttMA yields up to 88%.* The current
bottleneck in the manufacture of bio-derived TPA from ttMA, lies in the glucose
fermentation step with a maximum reported titer of 59.2 g/L and a yield of 30%
(MoOlcema/MOlgiucose). 182 Since the maximum theoretical carbon yield is 86% for this metabolic

pathway,® further enhancements are needed for the advancement of this technology.

Miller et al. showed that the TPA precursor p-toluic acid (pTA) can be synthesized from
bio-derived acrylic acid and isoprene in yields up to 77 % using homogeneous Lewis acids
such as TiCl.%® A slightly different pTA synthesis approach with isoprene and acrylic acid
utilized BHs-THF to give a Diels-Alder cycloadduct yield of 80% followed by a 91% vyield
dehydro-aromatization step in concentrated H.SO..3? Taken together the overall yield of
pTA was about 73%. Harsh reaction conditions (e.g., concentrated H»SOa, TiCla,

anhydrous solvents, etc.), however, limits the attractiveness of the reaction system.
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Another approach to bio-derived TPA is based on 2-pyrones (e.g., coumalic acid and
proceeds through a reaction sequence involving Diels-Alder/ decarboxylation/
dehydrogenation reactions. Different dienophiles used in the Diels Alder reaction result in
formation of different products.?6' 31104143 Coumalic acid (CMA) is accessible in high yield
(86%) via dimerization of malic acid,? which has been identified by the US Department of
Energy as a bio-based platform molecule.®>1%¢ There are known organisms that provide
very high titer (159 g/L) and yield (69%) of malic acid from glucose fermentation,’*"2 which
is an important attribute for the overall route to be economically competitive with the

existing petroleum-derived technology.

Various CMA or methyl coumalate (MeCMA) reaction routes in combination with
functionalized dienophiles (acrylates, vinyl ethers, ketals, ortho esters, etc.) have been
demonstrated in literature.?®'3° Many of them, however, suffer from low (regio) selectivity
and/or atom efficiency on the pathway to the final aromatic. For instance, Lee et al.?’
reported an interesting approach to directly access the TPA analog dimethyl terephthalate
(DMT) from MeCMA and captodative dienophiles in high selectivity (up to 95%). This
reaction was achieved via a Diels-Alder/decarboxylation/in situ elimination sequence in
the absence of a solvent and catalyst. Despite exceptional DMT vyields, one of the
limitations of this route is the in-situ aromatization/elimination of intermediates on the
pathway to DMT that leads to loss of carbon fragments, which is problematic from an atom
economy perspective. Additional oxidation is needed to transform DMT into TPA thus
resulting in further carbon loss. Despite the success of recent developments in the
manufacture of TPA and TPA analogs from 2-pyrones, the high dienophile substrate cost,
low selectivity and poor atom economy limits the ultimate viability of this alternative
technology. A potential solution for this dilemma is the reaction of CMA with propylene,
which provides a route to manufacture TA in high selectivity and yield (84 mol%)3! as
shown in Scheme 3.1. This route is of relevance since propylene is inexpensive, easy to
separate/recycle and results in nearly perfect atom efficiency. Additionally, as the
production of propylene from biomass has been demonstrated,®!° a potential alternative

for a 100% bio-based process exists.

As part of the development of biomass-derived TPA technology, we herein report an
improved TA synthesis pathway using a one-pot sequential process affording high TA

selectivities (up to 99 mol%). Given the industrial importance of TA as precursor for TPA,
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the focus of this work is to provide detailed information of intrinsic kinetics of individual
reaction steps to guide the development of an improved overall process to biomass-
derived TA. More broadly, we present a general Diels-Alder reactivity trend for 2-pyrone
coumalates with different dienophiles. A clear trend is revealed when MeCMA is reacted
with electron withdrawing and donating dienophiles as dienophiles with electron
withdrawing groups resulted in high activation barriers and low p-/m- ratio and electron

donating groups resulted in low activation barriers and high p-/m- ratio.

+2c0; o 4H0 -2C0 H; €O,
Fermentatlnn Dlmerlzatlon = Diels-Alder /

Scheme 3.1 The formation of toluic acid starting from glucose fermentation to malic acid
using acid catalysed dimerization to coumalic acid followed by a Diels-

Alder/decarboxylation/dehydrogenation reaction sequence to yield the desired aromatics.

3.3 Results and Discussion
3.3.1 The formation of toluic acid from coumalic acid

To identify the impact of the solvent on toluic acid (TA) formation, we conducted a series
of experiments in which CMA and MeCMA were reacted with propylene using polar and
non-polar solvents (Scheme 3.2). As shown in Table 3.1, Entry 1 mediating the reaction
in non-polar toluene showed significant limitations in the formation of TA
(8(para)+9(meta)). A large amount of the starting substrate CMA was lost due to by-
product formation, which was likely due to the poor solubility of CMA in toluene.
Substantial CMA by-product formation was also observed in previous studies in which
CMA was reacted with ethylene or propylene using the non-polar solvent toluene to form
benzoic acid (BA) or TA.311%4 Mediating the CMA reaction in a polar aprotic solvent such
a s -vaderolactone (GVL), however, considerably improved aromatic yield and selectivity.
Therefore, CMA and propylene reactions were performed in GVL to obtain concentration-
time profiles to elucidate and improve the formation of TA from CMA. The experimental
concentration-time profile in Figure S 3.1 shows that maximum selectivity was achieved
after 1 h at 180 °C in GVL. Performing the reaction in GVL resulted in a yield increase

from 51 mol% to 84 mol% (Table 3.1, Entry 1 and 2). The concentration-time profile,
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displayed in Figure S 3.1, further shows that a significant fraction of the initial CMA is

transformed into by-products of unknown origin which has also been reported in the

literature.31:104

é Ty
RO
(2+3)
(4+5)

(ﬁ 9)

Scheme 3.2 The reaction cascade from CMA (or MeCMA) to 2 (para exo), 3 (para endo), 4

(meta exo) and 5 (meta endo) to 6 (para) and 7 (meta) to 8 (para) and 9 (endo) (R = H, CHz3).

Table 3.1 Conversion of CMA/MeCMA with propylene to TA/MeTA.

Conv. Selectivity
Entry | Reactant Solvent (1) (8+9) (6+7) (10+11) | 8/9
[mol%] | [mol%] [mol%] [mol%] [p-/m-
ratio]
1 CMA Toluene 100 51 [a] [a] 4.8
2 CMA GVL 99+4 84+2 [a] [a] 4.8
3 CMA 1,4-Dioxane | 100+10 | 88+1 [a] [a] 4.4
4 MeCMA Toluene 100+0 9714 <2 [b] <7 [b] 4.2
5 MeCMA GVL 100+0 | 91+1 <2 [b] <7 [b] 4.7
6 MeCMA 1,4-Dioxane 1004 98+1 <3 [b] <5 [b] 4.6

Reaction conditions: Temperature: 180 °C; reaction time: 4 h,
1 MeCMA/CMA (1) in solvent (1,4-dioxane),

reaction volume: 30 ml,

starting concentration: 10 mg ml-

pressure: 130 psig

propylene, agitation: 400 rpm, Pd/C catalyst: 100 mg, [a] unable to quantify by-products with
UPLC-PDA/QDa, [b] by-products detected with GC-FID/MS and quantified based on methyl

toluate as reference due to the similar FID response factor.

Aromatic selectivity improvements of up to 100 mol% were also seen when MeCMA was

used as the reactant in conjunction with ethylene to form methyl benzoate (MeBA).1%*
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Therefore, experiments were performed starting with MeCMA and propylene using various
solvents (e.g. toluene, GVL, and 1,4-dioxane) to further improve aromatic selectivity and
to examine the solvent impact on methyl toluate (MeTA) formation.

As shown in Table 3.1, Entry 4, a dramatic improvement in MeTA yield and selectivity was
observed when toluene was the solvent used, which is further demonstrated in Figure S
3.3. The high aromatic selectivity of 97 mol% was unambiguous evidence that the
solubility of the starting substrate (1) played a critical role in the coumalate transformation
to toluates. Lack of hydrogen bonding in toluene limits the solubility of CMA resulting in its
degradation to unidentified products. On the other hand, due to high solubility of MeCMA,
only small amounts <2 mol% of the diene intermediates 6 and 7 remained after the
reaction period was completed. Less than 7 mol% was attributed to methyl 3-/4-
methylcyclohex-1-ene-1-carboxylate by-products (10 and 11 in Scheme 3.3), which
resulted from hydrogenation of 6 and 7 in the presence of the Pd/C catalyst (Table 3.1,
Entry 4). The hydrogen required for this reaction was likely formed by the concomitant
dehydrogenation of 6 and 7 to 8 and 9. This interplay can be seen in the concentration-
time data in Figure S 3.3. Similar observations of methyl cyclohex-1-ene-1-caboxylate by-
product formation were made in the reaction network analysis of MeCMA conversion to
MeBA.104

h / +H,
e ? e
RO [e]
(6+7) (10411)

Scheme 3.3 Hydrogenation of 6(para) and 7(meta) to 10 (para) and 11(meta) with R = H, CHs

Species identification of combined 10 and 11 was based on GC-FID/MS data suggesting
that hydrogenation of species 6 and 7 (m/z 152) was operative. Structural identification of
diene species 6 and 7 was performed in a previous study®! in which intermediates and by-
products of the CMA to TA were analysed via *H-'H COSY, ¥*C-'H HSQC, GC-FID/MS
and UPLC-PDA/MS.

Reactions of MeCMA with propylene in GVL gave a 7 mol% selectivity improvement from
84 mol% (CMA) to 91 mol% (MeCMA) (Table 3.1, Entry 2 and Entry 5). Similar to the
reactions in toluene, <2 mol% of the reaction products were unreacted diene species 6
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and 7 and <7 mol% of 10 and 11 were detected via GC-FID/MS (Figure S 3.4). MeCMA
reactions with propylene in 1,4-dioxane (Figure S 3.5) further increased the aromatic
selectivity of MeTA (8+9) to 98 mol% at 100% MeCMA conversion with only minor by-
product formation (Table 3.1, Entry 6). This 10 mol% increase compared to TA formation
from CMA was likely due to the functional group (ester vs acid) of the starting substrate 1.
This hypothesis was reinforced by CMA and MeCMA stability tests reported previously
showing that the molecular integrity of CMA is slightly inferior compared to MeCMA. 104
After an 8 h duration at 180 °C, a 10 mol% CMA degradation was observed while MeCMA
degradation to unidentified by-products was only 3 mol%. In addition, mechanistic insights
into CMA breakdown showed that CMA reacts in the presence of water via nucleophilic
attack that initiates ring-opening,'%* since small water amounts were needed to facilitate
CMA ring-opening via rapid proton shuttling. GVL used in our experiments had a water
content of 3.3 vol%, while toluene and dioxane had very low water contents at ~ 300 ppm.
As a result, the observed selectivity to aromatics in GVL was lower by ~ 7% as compared
to toluene and dioxane. Therefore, performing the reaction in the absence of water would
increase aromatic yield and selectivity.

Overall, the presence of an additional methyl group on MeCMA improves its solubility in
non-polar solvents, as a result, the DA reaction and subsequent decarboxylation and
dehydrogenation reactions can be carried out in a range of different solvents, both polar
and non-polar with high selectivity to MeTA. On the other hand, poor hydrogen bonding
offered by non-polar solvents, makes CMA poorly soluble in such solvents and prone to
degradation, decreasing the selectivity to aromatics. In addition, the presence of water
can degrade CMA, but the presence of the additional methyl group makes MeCMA slightly

more stable.
3.3.2 Reaction kinetics in the absence of a catalyst

The kinetic investigation for DA cycloaddition of MeCMA and propylene followed by
decarboxylation of the bicyclic intermediates were performed in 1,4-dioxane, which was
an ideal model solvent for kinetic investigation as shown previously.** Using the polar
aprotic low boiling solvent 1,4-dioxane (compared to GVL) provided high substrate
solubility and stability, which was essential to minimize by-product formation and to isolate
temperature sensitive intermediates in high yield and selectivity. This attribute was of

paramount importance for subsequent NMR identification and quantification. Additionally,
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fully deuterated 1,4-dioxane-ds is commercially available through which kinetic
investigation of the bicyclic lactone (DAP(2,3,4 and 5)) decarboxylation can be performed
in-situ in high pressure NMR tubes to minimize sample workup and to increase sample
throughput. Fully resolved spectra are shown in Figure 3.1, which provides clear evidence
that this methodology enables clear species quantification while maintaining high carbon
balances of >92 mol%. Species identification of 2,3, 4, 5, 6, and 7 was corroborated via
2D NMR H-'H-COSY and *C-'H-HSQC analysis in combination with UPLC-PDA/QDA
and GC-FID/MS analysis from our previous CMA to TA reaction network analysis.3!

Quantification of species 2, 3, 4, 5, 6, and 7 was based on *H NMR.
3.3.3 Diels-Alder reaction step

An in-depth kinetic investigation of the DA reaction of MeCMA and propylene was
conducted to identify kinetic parameters (e.g. activation barrier) and to gain critical
information as to how selectivity and the para to meta TA ratio could be further improved.
Given the industrial importance of pTA in the production of the large-scale commodity
TPA, pTA would be preferred.

NMR analysis in benzene-ds In situ decarboxylation in dioxane-dg
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Figure 3.1 NMR trace of the DA reaction products 2, 3, 4, and 5 after cycloaddition of MeCMA
and propylene (left figure). NMR trace of the in-situ decarboxylation of bicyclic lactone

intermediates 2, 3, 4, and 5to 6 and 7 (right figure).
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Batch reactor kinetics of MeCMA and propylene in 1,4-dioxane were performed within a
temperature range of 90-120 °C to screen the concentration-time dependency of the CMA
consumption and concomitant formation of the bicyclic lactone intermediates (Figure 3.2
(A)). Based on a previous reaction network analysis,®' the reaction of MeCMA with
propylene forms four DAP isomers (para (endo/exo) and meta (endo/exo)) resulting in a
complex rate equation (Eqn. (3.1)) were [P] is the concentration of propylene and [2], [3],

[4], [5] are the concertation of the individual bicyclic lactones.

i Qs p L Q PUO O ¢ c Q; pu (3.1)

i Qpd QY Npd QY (3.2
iee Qp QY Tp QY (3.3)
iee Tp TQp (3.4)
iee T 0 op (3.5)

To simplify the kinetic analysis, we assumed that kinetic difference in the end/exo isomer
formation were negligible so 2 and 3 were lumped into a single species S..; as were 4 and
5 into S4.s. Based on this assumption, we used a simplified rate law that only accounted
for the DA reaction of MeCMA and propylene to the combined DAP species Sz.3 and Sss
and included the reverse reaction (rDA) (Egn. 3.2). Since propylene was in large excess
~10 times, Eqn. (3.2) was further simplified to a pseudo-first order rata law as shown in
Eqn. (3.3). The kinetic and DFT computational results presented herein indicate that the
formation of 2, 3, 4 and 5 proceed in the absence of the retro DA (rDA) reaction. A least
square regression analysis of the experimental concentration-time profiles (Figure S 3.6)
clearly show that ko<<k: and ks<<ks. This is consistent with DFT results that show that the
reverse reaction (rDA) has a very high barrier (> 180 kJ/mol) (Figure 3.2 (B)) as compared
to the forward reaction (~147 kJ/mol). This further suggests the absence of the rDA
reaction. These results allowed the rate expression reported in Egn. (3.3) to be simplified

to Egn. (3.4) and subsequently to Eqgn. (3.5).

The rate constants ki and ks obtained at different temperatures (Table S 3.1-S 3.2) were

used to calculate the apparent activation barrier (Ea) from an Arrhenius plot for the
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combined formation of the endo/exo DAP species S,.3 and Sas, respectively (Figure 3.2
(C)). The calculated barriers of formation for S,.3 and Sss were 80 kJ/mol and 85 kJ/mol,
respectively, and were in close agreement to the DFT calculated gas phase barriers
(Figure 3.2 (B)). Both species 2 and 3 resulted in theoretical enthalpic barriers of 74
kJ/mol, while species 5 and 4 had slightly different barriers of 76 and 81 kJ/mol,
respectively. The structures for all of the different isomers are reported in Figure S 3.7-S
3.8. We calculated the barriers for lumped Sz3 and Sa.s species by taking a Boltzmann
average of individual activation barriers between 90 °C- 120 °C. This resulted in a DFT
activation barrier of 74 kJ/mol for the formation of S,z and 77 kJ/mol for the formation of
S4s. In a similar manner, we calculated the Boltzmann averaged Gibbs free energy barrier
for cycloaddition to form the lumped para species was 130 kJ/mol and that for the lumped
meta species was 134 kJ/mol. The detailed Gibbs free energy diagram is reported in the
S| (Figure S 3.9).

From the rate constant analysis (Table S 3.1-S 3.2), it is evident that the formation of
Species Sy is roughly 5 times faster than Sa.s which explains the observed 8/9 product
composition shown in Table 3.1, Entry 6. Given the absence of an rDA reaction step, the
p/m ratio can be obtained from the ratio of the rate constants ki/ks. At temperatures in the
range of 90 °C and 110 °C, the ratios of ki/ks were only slightly affected by temperature
and ranged from 4.6 to 4.8. This implied that the p/m product ratio can only be slightly
influenced by temperature and is effectively predetermined by the DA reaction step. Based
on the DFT calculated Gibbs free energy barriers, we obtain p/m values in the range 3.4
to 3.8 for temperatures of 90 to 120 °C, which is in close agreement to the experimental

values of p/m.

Interestingly, in comparing the activation barrier for propylene addition to MeCMA with
activation barriers of 2-pyrones in combination with various dienophiles, it is evident that
not only degree of functionalization but also position of the functional group on the 2-
pyrone considerably contributes to the success of the Diels-Alder junction. While ethyl
coumalate cycloaddition with butyl vinyl ether results in an activation barrier of 27.6 kd/mol,
a noticeable change in the barrier was observed when changing the functional group
position of the 2-pyrone from the C5 to the C6 carbon position that results in a barrier of
36.4 kJ/mol.8” Evidently, changing the position of the functional group influences the

charge distribution in the 2-pyrone conjugated C=C bonds of the pyrone that results in
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altered reactivity. When MeCMA is reacted with deactivated dienophiles such as acrolein,
methyl acrylate and acrylonitrile, it resulted in activation barriers that were in the range of
106.7- 125.1 kJ/mol,* providing clear evidence that that degree of functionalization of the
dienophile is another contributing factor that dictates the cycloaddition.
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Figure 3.2(A) Reaction network of the Diels-Alder/decarboxylation reaction sequence of
MeCMA 1 and propylene. (B) DFT calculated reaction energy profile diagram for the MeCMA
reaction with propylene to bicyclic lactones 2, 3, 4, and 5 followed by decarboxylation to
cyclohexa-1,5-diene carboxylate species 6 and 7. (C) Experimentally measured activation
energies of the DA reaction of 1 with propylene to a single para species consisting of
endo/exo isomers 2 and 3 and a single meta species consisting of endo/exo isomer 4 and 5.
(D) Experimentally measured activation energies of the decarboxylation of the combined
endo/exo para species (2+3) to 6 and endo/exo meta species (4+5) to 7. Endo/exo isomers
2,3 and 4, 5 are combined to a single para and meta species to simplify the kinetic analysis

and to obtain an average

Gas phase calculations for ethylene addition to MeCMA resulted in an enthalpic barrier of

74 kJ/mol and a Gibbs free energy barrier of 127 kJ/mol. Propylene addition to MeCMA
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on the contrary exhibited enthalpic and Gibbs free energy barriers of 74/77 kJ/mol
(para/meta) and 130/134 kJ/mol (para/meta), respectively. Comparing the Gibbs free
energy barriers for the two cases, we expect ethylene to react faster than propylene, which
was observed experimentally. However, the presence of the additional T CH3z group should
make propylene more electron donating compared to ethylene, and in principle accelerate
the rate of the propylene cycloaddition. We found that the energy difference between
interacting molecular orbitals LUMOgiene - HOMOuienophile fOr the inverse electron demand
Diels-Alder addition was equal to 656 kJ/mol for propylene addition and 709 kJ/mol for
ethylene, suggesting that propylene reacts slightly faster than ethylene just based on the
Frontier Molecular Orbital theory. However, the presence of the additional methyl group
on propylene makes it slightly bulkier possibly increasing steric hindrance during addition
which could explain why ethylene addition is ~3 fold faster than propylene addition. The
calculation results show that steric repulsion during propylene addition resulted in a longer
C-C bond by ~ 0.1 A and slightly larger angles with MeCMA as the dienophile approaches
(Figure S 3.12). The similar enthalpic barriers calculated for propylene and ethylene
addition are likely due to a balance between electronic effects that favour propylene and
steric effects that favour ethylene. The entropic differences between ethylene and
propylene addition are also important as the calculated Gibbs free energy of activation for
ethylene 177 J/(mol K) is > 11 J/(mol K) lower than that of propylene 188-193 J/(mol K),
depending on regioselectivity of addition. Therefore, it seems that while electronics slightly
favour propylene addition, sterics and entropic contributions render cycloaddition between
ethylene and MeCMA to be a slightly faster reaction than propylene and MeCMA.

3.3.4 Decarboxylation reaction step

In situ decarboxylation of the bicyclic lactones 2, 3, 4 and 5 to 6 and 7 were performed in
a temperature range of 140 °C to 160 °C using Wilmad-Labglass high pressure NMR
tubes. The bicyclic lactones for the experiments were synthesized at 110 °C for 40 h using
a batch reactor and resulted in 86 mol% combined yield at ~ 98 mol% selectivity. The
crude material was subsequently dissolved in dioxane-ds, transferred into NMR tubes and

heated to the respective temperature to initiate decarboxylation.

In previous decarboxylation studies of bicyclic lactones from MeCMA and ethylene
cycloaddition, we purported that the decarboxylation of the cycloadduct of MeCMA and

propylene followed unimolecular first order kinetics with respect to the bicyclic lactones
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(Egn. (3.6)). To further simplify the decarboxylation kinetic analysis, we assumed that the
activation barriers for the decarboxylation of the endo and exo isomers were similar and
lumped the endo/exo species 2, 3 and 4, 5 into single species, S,.3 and Sa.s. Hence, the
rate equation (Eqgn. (3.6)) was simplified to Eqn. (3.7).

i Q¢ Qo Q1 1Qu (3.6)
i QY QY (3.7)

Based on Eqgn. (3.7), plots of In(DAP/DAP;) vs time resulted in linear relationships (Figure
S 3.13), validating our assumption of a first order reaction with respect to the bicyclic
lactones. From these plots we obtained the rate constants kigand ki1 (Table S 3.1-S 3.4),
through which the decarboxylation activation barrier was determined via the Arrhenius plot
in Figure 3.2 (D). The activation barrier for the combined species Sz.3 was 142 kJ/mol,
while that for species Sss was 152 kJ/mol. These values were in close agreement with
DFT results, which predicted decarboxylation activation barriers of 147 kJ/mol for 2 and
148 kJ/mol for 3, while the barriers for decarboxylation of 4 and 5 were 149 and 150
kJ/mol, respectively. The structures are shown in the SI (Figure S 3.7-S 3.8). We further
calculated the barriers for the lumped Sz3and S5 species by taking a Boltzmann average
of individual activation barriers between 140 °C- 160 °C. This resulted in activation barriers
from DFT of 147 kJ/mol for S..; decarboxylation and 150 kJ/mol for S4.s decarboxylation

fully consistent with the barriers resulting from the lumped experimental kinetic model.

The decarboxylation activation barrier of the bicyclic lactones of MeCMA and propylene
were in close agreement to the decarboxylation barrier of the bicyclic lactone DAP from
MeCMA and ethylene (148 kJ/mol).1°* Evidently, the methyl group of propylene has no
significant influence on the DAP decarboxylation as compared to the ethylene based

bicyclic lactone.

In contrast, decarboxylation of the cycloadduct from activated dienophile butyl vinyl ether
in conjunction with ethyl coumalate revealed significant lower barriers (111 kJ/mol
experimental and 120 kJ/mol computational) than those for ethylene and propylene with
MeCMA.®” The decarboxylation of the cycloadduct of 3-carbomethoxy-2(H)-pyran-2-on
and butyl vinyl ether on the other hand results in a decarboxylation barrier of 90 kJ/mol

experimentally and 108 kJ/mol computationally. Apparently, the degree of dienophile
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functionalization and position of the functional group on the 2-pyrone plays an important

role in DAP decarboxylation.

DFT energy mapping calculations reported in literature,** provides evidence that the CO,
bridge of the bicyclic lactone of CMA and ethylene leaves in an asynchronous mechanism
with a significantly elongated C-O bond in the transition state which was also reported in
the literature.®” Based on literature data and from our observations, it appears that thermal
decarboxylation of 2-pyrone derived DAP species first induces C-O followed by C-C bond
cleavage. These findings provide a better understanding about the CO; extrusion
mechanism and can potentially be applied to similar 2-pyrone based bicyclic systems.
Lastly, our Kinetic analysis showed that decarboxylation was the rate-determining step in
the Diels-Alder/decarboxylation/ dehydrogenation sequence as only minimal
accumulation of the diene species 6 and 7 was observed when the reaction was carried
out in the presence of catalyst. Additionally, decarboxylation is significantly slower than
the DA reaction step, which renders the CO, extrusion as the bottle neck in this sequence
of reactions, which was also reported.’®* This information is of critical importance as it
provides evidence that enhancements on the decarboxylation step could significantly
improve the overall reaction process. A recent study with the ethylene-derived bicyclic
lactone with MeCMA showed, that the decarboxylation reaction could be considerably
enhanced via use of a solid Lewis acid catalysts.®* The Lewi s acA®;,waat al yst
found to significantly lower the decarboxylation barrier allowing a lower reaction
temperature and minimized by-product formation resulting in a nearly 100 mol% aromatic

yield.
3.3.5 Diels-Alder reactivity trend of coumalates

Based on our research findings combined with literature data, it appears that 2-pyrone
coumalates follow a general reactivity trend of ethyl vinyl ether> ethylene> propylene>
acrolein> methyl acrylate> acrylonitrile> methyl propiolate (Figure 3.3) in which the DA
activation barrier increases with increasing the frontier molecular energy gap of the
dienophiles and diene MeCMA. As expected, the reactivity trend appears to follow that of
an inverse electron demand DA reaction in which the coumalate cycloaddtion is enhanced
with activated (electron donating) dienophiles. In contrast, deactivated (electron
withdrawing) dienophiles have a considerable HOMO-LUMO mismatch, which translates

to lower reactivity. Interestingly, the regioselectivity towards the para substituted product
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follows the opposite trend. With increasing activation barrier and FMO gap, the para to
meta ratio decreases from electron donating to withdrawing dienophiles (ethyl vinyl ether>
propylene> acrolein> methyl acrylate> acrylonitrile> methyl propiolate). This drop-in
selectivity towards para adduct likely results from localization of electron density away
from the terminal sp? carbon atom (C6) due to electron withdrawing groups (Figure S
3.10). This result is evident from the charge analysis of the dienophiles and resonance
structures (Figure S 3.14). Since the enthalpic activat i o n b a. acdounts forgbbith
electronic and steric effects and the FMO gap only accounts for electronic effects, it
appears that steric effects play a role in the DA reaction of coumalates and activated and

deactivated dienophiles. Sterics effects likely result in the observed scatter in Figure 3.3.
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whereas the FMO energy gap values were calculated in the present study. The p-/m- ratios
are reported on the experimentally observed aromatic product except for ethyl vinyl ether
and methyl propiolate. The p-/m- ratio of the reaction of MeCMA and ethyl vinyl ether is

based on the cycloadduct and methyl propiolate is based on DFT.%°
3.4 Conclusions

Herein, we demonstrate that the DA chemistry between CMA or MeCMA and propylene

can yield high conversion and selectivity towards TA and MeTA, which provides a
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renewable alternative to current petroleum based toluate production. Detailed kinetic
analyses provided important kinetic information including rate constants and activation
energies for DA cycloaddition and decarboxylation showing that DA was considerably
faster than decarboxylation within the tested temperature range. The decarboxylation
activation barrier was considerably higher than the barrier for DA cycloaddition which was
corroborated via DFT computational analysis. Experimental investigation further revealed
that methyl 3-/4-methylcyclohexa-1,5-diene-1-carboxylate species accumulation was
minimal throughout the reaction procedure and was the result of immediate

dehydrogenation to the final aromatic indicating that CO2 extrusion was rate limiting.

We show, that the high decarboxylation activation barrier allowed for the successful
isolation of DAP species from CMA (or MeCMA) conversion in conjunction with propylene,
providing access to novel bicyclic lactone molecules in high selectivity. These species
could be exploited as substrates to further expand the 2-pyrone platform with new and
novel biomass-derived compounds that are challenging to access via conventional
petroleum routes. Moreover, the controlled decarboxylation of the DAP yielded
dihydrobenzenes with dual functionality that are potentially interesting for various
applications (e.g., pharmaceuticals, antimicrobials, surfactants, etc.). Lastly, we provided
a general reactivity trend of 2-pyrone coumalate cycloaddition with various electron
donating and withdrawing dienophiles, which can be used to predict the feasibility of the
Diels-Alder reaction step.

3.5 METHODS AND MATERIALS
3.5.1 Reagents and Materials

Coumal i ¢ a c ivdlerdlastén@ (988%),,andd0 wt% Pd on activated carbon were
obtained from Sigma Aldrich. Methyl coumalate (> 98 %) and methyl m-toluate (98 %)
were obtained from Alfa Aesar. p-Toluic acid (98 %), m-toluic acid (99 %), and methyl p-
toluate (99 %) were obtained from Acros Organics. 1,4-Dioxane (> 99%), toluene (99.9
%), methanol (MS grade), water (MS grade), acetic acid (MS grade) were obtained from
Fisher Scientific. Propylene (>99.9 %) was obtained from Matheson. The deuterated
solvents DMSO-ds (99.5 %), dioxane-ds (99.5 %) were obtained from Cambridge Isotope

Laboratories Inc. All chemicals were used without further purification.
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3.5.2 Apparatus and general procedure

Kinetic measurements of the overall reaction sequence (Diels-
Alder/decarboxylation/dehydrogenation) of CMA or MeCMA in with propylene were
conducted using a 50 mL microreactor system from Parr Instruments (4590 Series).
Reactions in the presence of catalyst were performed using a 10 wt% Pd/C catalyst, which
was added to the reaction solution before the reactor was sealed and purged with nitrogen
to remove residual air from the system. Subsequently, the batch reactor was charged with
130 psig propylene for 30 min to ensure saturation of propylene in the solvent so that the
concentration of propylene was at all times in large excess (~10 times) compared to the
starting substrate MeCMA or CMA. Next, the reactor temperature of the system was
increased to the desired reaction condition with a heating rate of 10 K min. Samples were
periodically withdrawn from the reactor through a high-pressure sampling tip tube to obtain
the concentration-time profile. Once the reactor reached the desired reaction temperature,
a sample was withdrawn as the starting point reference. After sample collection, the liquid
phase products were filtered through a 0.2 micron syringe filter to retain the catalyst and
analyzed via *H-NMR, UPLC-PDA/QDa and GC-FID/MS.

Reaction kinetics for the DA reaction of MeCMA and propylene were performed at a
temperature range between 90-120 °C in the absence of the 10 wit% Pd/C catalyst
following the reaction procedure described above. 1,4-Dioxane was used as the solvent
due to its superior solubility and stability of both CMA and MeCMA.

Reaction kinetics of the DA product (DAP) decarboxylation were performed at a
temperature range between 140-160 °C, using high pressure NMR tubes from Wilmad-
Labglass to minimize sample workup and improve the carbon balance. The DAP for this
study was synthesized via DA reaction of MeCMA and propylene in 1,4-dioxane at 110 °C
for 40 h giving high yield (> 86 mol%) and selectivity (>98 mol%). The DAP was separated
from the solvent through careful evaporation using a stream of dry air and subsequently
dissolved in fully deuterated dioxane-d8. The reactant solution was then transferred into
the high-pr essure NMR tubes. Before the tube

(dimethylformamid, DMF) was added to perform quantitative analysis. Next, the tubes
were placed into a heated oil bath to initiate the decarboxylation reaction. The tubes were
periodically taken out of the oil bath cooled to room temperature and the reaction products

analyzed via *H-NMR.
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3.5.3 Sample analysis

H-NMR sample analysis of the reaction products obtained from the batch reactions were
carried out using a Bruker spectrometer equipped with a 14.1 Tesla superconducting
magnet. TOPSPIN (version 3.0) and MestReNova (version 10.0.1-14719), were used to
process the acquired data from NMR analysis. The NMR samples were prepared using
fully deuterated DMSO-ds or dioxane-ds, to reduce the solvent background and as a
species to use for field calibration. *H spectra were acquired using a recycle delay of 3.0

sec. and 30° H excitation pulse lengths.

The liquid reaction products were also analyzed with ultra-pressure liquid chromatography
(UPLC) using a Waters Acquity H-Class System. The UPLC was equipped with a

Photodiode Array (PDA) and a QDa mass detector and species separation was carried

out on a Waters BEH Phenyl column (2.y1x100

samples were analyzed by GC using an Agilent 7890B gas chromatograph equipped with
an Agilent DB-1701 column (60 m x 0.25 mm), a flame ionization detector (FID), and an
Agilent 5977A mass spectrometer (MS).

3.5.4 Computational

The calculations reported herein were performed using density functional theory with
MO062X88 hybrid functional as implemented in Gaussian 09.%°° Optimizations were
performed on an ultrafine grid while using a tight force convergence criterion. The 6-
311+G(d,p) basis set was utilized for all optimizations including saddle point calculations.
Transition states were isolated using the QST2 algorithm within Gaussian. Frequency
calculations were performed to confirm stationary and saddle points. Thermal corrections
and partition functions were used to estimate values of enthalpy and Gibbs free energy
for all species in the gas phase under harmonic approximation at 298.15 K. All the values
reported for enthalpy and Gibbs free energy of reaction as well as activation barriers

correspond to reactions in the gas phase.
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3.6 Supplementary Information
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Figure S 3.1 The formation of toluic acid from coumalic acid in GVL at 180 °C 4h.
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Figure S 3.2 The formation of toluic acid from coumalic acid in 1,4-dioxane at 180 °C 4h.
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Figure S 3.3 The formation of methyl toluate from methyl coumalate in toluene at 180 °C
4h.

Figure S 3.4 The formation of methyl toluate from methyl coumalate in GVL at 180 °C 4h.
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