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Abstract

Polyesters have emerged as an attractive alternative to industrial olefins due to their
multiple end-of-life options and potential to be derived from biomass and waste feedstocks. This
thesis will focus on investigating new degradable polyester synthesis via two methods:
hydroesterification and ring-opening polymerization. Chapter 2 aims to expand the applications
of hydroesterificative polymerization by first tuning polymer microstructure through catalyst design
and then increasing the hydroesterification monomer library by a two-step carbonylation and
condensation approach. Chapter 3 describes the synthesis and ring opening polymerization of
lactones derived from isoprene, 1,3-butadiene, and CO,. Copolymers with varying ratios of
isoprene incorporation were isolated and characterized. Through stepwise synthesis and
individual reactivity studies, the inhibitory effect of one lactone was identified. Finally, chapter 4
investigates copolymerizations of CO; and but adi e ne -lagtenesi witle domniercially
available lactones, L-I a c t i d-eaprelactdne. Based on monomer feed ratios and the type of
addition employed, a wide range of polymer thermal and mechanical properties were achieved,
thus expanding the potential applications of CO,-derived polyesters.
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Chapter 1 : Degradable Polyester Synthesis via Two Different Methods:

Hydroesterification and Ring-Opening Polymerization

Reproduced in part with permission from:
Folster, C. P.; Harkins, R. P.; Lo, S. Y.; Sachs, J. D.; Tonks, I. A. Development and

Applications of Selective Hydroesterification Reactions. Trends Chem. 2021, 3, 469i 484.



1.1 Motivation

Global plastic production has exploded ever since the first large-scale synthesis in the
1950s.! As of 2022, production reached 400 million metric tons with over two-thirds being short-
lived products.? While this has facilitated a significant technological advancement, it has also led
to an enormous pollution and atmospheric problem. Currently, only a fraction of plastics are
recycled (13%) with the rest being incinerated (25%), ending up in landfills (40%), or unmanaged
dumps (22%).2 The negative environmental impact of plastics stems beyond their end-of-life
(EoL), with the vast majority (>99%) being derived from fossil fuels.* Therefore, an emphasis
needs to be placed on developing new materials with multiple EoL options while also employing
bio-derived or waste feedstocks whenever possible. Polyesters, a specific type of polymer with
ester linkages, have emerged as a promising class of more sustainable plastics. Polyesters are
attractive due to the potential degradability of the ester linkage via hydrolysis, alcoholysis or
enzymatic degradation.® Coupled with their already demonstrated potential to be synthesized
from bio-based substrates, polyesters are one of the most environmentally attractive plastics
available today.

Condensation polymerization (also known as polycondensation) is the most common
industrial method for large-scale polyester synthesis. This method typically couples a diacid or
diester with a diol to synthesize polyesters such as polyethylene terephthalate (PET) (Figure 1.1,
top).®” PET is the most abundantly produced polyester (56 million tons annually as of 2022) and
has been widely used for plastic bottles, packaging, clothing, and carpeting.® PET not only
demonstrates the robustness and scalability of condensation polymerization, but also the
versatility of polyesters. Unfortunately, PET and other aromatic polyesters are unable to be fully
derived from bio-based or waste feedstocks and struggle with biodegradability under mild

conditions.®

Polyesters can be broken down into two main classes: aliphatic and aromatic, the latter of
which PET falls into. While aromatic polyesters typically have superior performance and thermal
properties, aliphatic polyesters exhibit enhanced degradability, biocompatibility and currently a
greater potential to be fully bio-derived.® Polylactic acid (PLA) for example is an aliphatic polyester
made from lactic acid, which is a fermentation product of many organic substances such as corn.®
PLA has already been implemented in many biomedical applications and as a compostable
single-use plastic displacing many fossil-fuel based polymers.®!! Both aromatic and aliphatic

polyesters have demonstrated closed-loop chemical recycling as a potential EoL option. One
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current industrial method utilizes alcoholysis for aromatic polyester degradation. In the case of
PET, alcoholysis by methanol (better known as methanolysis) can yield dimethyl terephthalate
(DMT) and ethylene glycol (EG) which can then be repolymerized (Figure 1.1, top) without the
loss of virgin polymer properties.? Aliphatic polyesters, the main focus of this thesis, can also be
chemically recycled by alcoholysis. However, depending on the ceiling temperature (vide infra),
aliphatic polyesters are capable of ring-closing depolymerization (Figure 1.1, bottom). While most
aliphatic polyesters can be synthesized via AABB or AB condensation polymerization, other
strategies have emerged as viable alternatives under more mild conditions.*® This introduction
will first provide an overview of hydroesterification; a method used for ester and polyester
synthesis via transition-metal catalyzed carbonylation. Then, another method of aliphatic
polyester synthesis will be discussed; ring-opening polymerization (ROP) of CO.-derived
lactones. An emphasis will be placed on synthesizing chemically recyclable materials from bio-

based or waste feedstocks.
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Figure 1.1. (Top) Example AABB condensation polymerization and depolymerization. (Bottom)
Example aliphatic polyesters and potential chemical recycling by alcoholysis or ring-closing

depolymerization.

1.2 Hydroesterification

Hydroesterification (also known as alkoxycarbonylation) is an atom-economical method
used for ester synthesis and was first reported by Reppe in 1953.1* This mechanism combines
an alkene, an alcohol, and carbon monoxide (CO) in the presence of a transition-metal (TM)
catalyst (typically Pd) for ester synthesis (Figure 1.2) and has been implemented industrially for

the large-scale synthesis of methyl propionate via the Lucite-h process.'®
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Figure 1.2. General Pd-catalyzed alkene hydroesterification.

Hydroesterification of terminal alkenes yields two major ester products, one branched and
one linear (Figure 1.2). Although alkoxide mechanisms have been proposed, a hydride insertion
mechanism likely operates based on deuterium labelling studies.'®'8 The catalytic mechanism
starts with the formation of a Pd-H* (INT-1) species, which is usually facilitated by an acid promoter
(Figure 1.3). INT-1 undergoes alkene association followed by either a 1,2- or 2,1-migratory
insertion of the alkene forming a Pd-C bond (INT-3A or -3B). INT-3A (from 2,1-insertion) leads to
a branched ester whereas INT-3B leads to a linear ester. This step is typically under ligand control
(vide infra). The resulting Pd-alkyl intermediate undergoes CO insertion forming Pd-acyl
intermediates INT-4A or -4B, respectively. This is followed by alcoholysis, typically rate-
determining,*® affording the branched or linear ester products. All steps are generally considered
reversible except for alcoholysis.?
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Figure 1.3. General catalytic cycle for Pd-catalyzed hydroesterification.

As mentioned, regioselectivity of the migratory insertion is typically dictated by the ligands
employed, although can be favored by steric and electronic effects of the alkene.?! Over the last

few decades, control of the branched and linear ester formation has been well studied for small-
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molecule synthesis. For linear-selective catalysts,??'?6 sterically encumbered, electron rich
phosphines are used (Figure 1.4A), with the industry standard 1,2-bis(di-tert-
butylphosphinomethyl)benzene (dtbpx, L1.1) giving 100% linear selectivity.?> While catalysts
bearing ligands such as dtbpx will undergo both 1,2- and 2,1-insertion, alcoholysis only occurs on
the linear Pd-acyl due to hinderance. High branched selectivity is less developed but has been
achieved using enantioselective diphosphines and hemilabile monophosphines (Figure
1.4B).2""3% Branched esters are desirable due to potential applications in the flavor and fragrance
industry. When identifying a good hydroesterificative catalyst system, a few different features
affect overall regioselectivity and activity (Figure 1.4C). Other than ligands, the anion employed
can significantly impact the reaction rates and observed regioselectivity. Non-coordinating
counteranions typically improve overall reactivity by creating a more electrophilic Pd-acyl and are
commonly employed in high turnover frequency (TOF), linear-selective catalyst systems. For
branched-selective catalysis, chlorine containing complexes typically lead to higher
regioselectivity due to an alternative route of alkene association caused by the stronger Pd-Cl
bond.?®'3! Finally, ligands containing 2-pyridyl groups can act as built-in base chaperones

increasing the rate of alcoholysis.
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Figure 1.4. (A) highly linear-selective ligands, (B) highly branched-selective ligands, (C) general

hydroesterification ligand effects.

Hydroesterification can be used for polyester synthesis by tethering together an alkene
with an alcohol, also known as alkenol. The most well studied alkenol towards hydroesterification

is 10-undecenol (10-U), which can be bio-derived from castor oil.3> Hydroesterificative
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polymerization, like condensation polymerization, proceeds via a step growth mechanism (Figure
1.5) which requires high monomer purity, high yield, and high thermal stability in order to obtain
moderate to high molecular weight material. In fact, a degree of polymerization (X») of 50, where
many polymers exhibit sufficient mechanical strength,>*i s n 6t r e ac fcendersiomh t i | 98 %

QQOQ Q0909

3333 3333 - 3333
Q090 Q000 0VV0 VOO

Figure 1.5. General schematic of step-growth polymerization.

The first polymerization of 10-U was reported by Mecking in 2009 (Figure 1.6) 3436 and
utilized Co,COs under extreme conditions (2750 psi CO, 160 °C) to obtain a semi-crystalline
polyester with a M, of 23.0 kDa and n = 2.0. Further reports by our group and Mecking in 2019,
used more mild conditions (120 psi CO, 100 °C) in the presence of a Pd catalyst and phosphine
ligand to obtain polyesters with M, = 16.0-17.4 kDa and n = 1.8 (Figure 1.6). In all three reports,
the resulting polymers contained an approximate 2:1 linear:branched repeat unit ratio. Our
catalyst system employed PPh; whereas Mecking utilized 4,5-Bis(diphenylphosphino)-9,9-
dimethylxanthene (xantphos), both of which can be considered moderately linear-selective for
terminal alkenes. While Mecking explored other linear-selective ligands, such as dtbpx, neither
group investigated highly branched-selective systems, nor studied the impact methyl branching
had on polymer synthesis and resulting properties.

hydroesterificative
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(from castor oil) linear branched

Mecking 2009 Mecking 2019 Tonks 2019
2750 psi CO(g) 435 psi CO(g) 120 psi CO(q)
2% Coy(CO)g 0.2% Pd(OAc),, 0.4% xantphos 1% Pd(OAc),, 8% PPhs
64% pyridine 2% MeSO3H 4% TsOH+H20
160 °C, 67 h 120 °C, PhCH3, 48 h 100 °C, PhCH3, 16 h
M, =23.0 kDa M, =17.4 kDa M, = 16.0 kDa
2:1 linear : branched 2:1 linear : branched 2:1 linear : branched

Figure 1.6. Initial reports of hydroesterificative polymerization of 10-undecenol.

Other than regioselectivity, another underdeveloped area of hydroesterificative
polymerization is the current substrate scope. Outside of 10-U, only vinyl benzyl alcohol (VBA)

(Figure 1.7A), oleyl alcohol (OA), and " ,w-enol ethers (essentially diol modified 10-U) have been
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reported.®37:38 As mentioned, high yields and conversion are required in order to reach high X,
in a step-growth polymerization. Unfortunately, Pd is prone to unproductive side reactions leading
to detrimental functional group imbalance. Our group studied this more in-depth with the
polymerization of VBA (Figure 1.7B).*® In the absence of CO; oxidation, transfer hydrogenation,
and hydrovinylation occurred. This adverse side reactivity explains the low molar mass material
(3.3 kDa) obtained in the hydroesterificative polymerization of VBA. Outside of VBA,
isomerization of terminal alkenes to more stable and less reactive internal alkenes are commonly
observed (Figure 1.7C). This was significant in the case of 10-U with dtbpx (L1.1) where large
amounts of aldehyde was formed resulting in only 29% polyester yield.® These unproductive side-
reactions make obtaining high yields, and thus high molecular weight polyesters, for new alkenols

extremely challenging.

A. Hydroesterificative polymerization of VBA E C. Pd-catalyzed alkene isomerization

120 psig CO

!
1% Pd(OAC), ; HO%

1% TSOH HZO [¢] of !

OH _ 4%PPhy . P
0 H

S Phcrgszf °C A ol j PR;
branched ,

linear

vinyl benzyl alcohol (VBA) M, =3.3kDa, D =2.0 R:_ R
88% yield, 63:37 linear:branched N *
! ! Pd
B. Reaction of VBA in the absence of CO ! AN P/ H
A Y
HO™\ /5
oxidation transfer hydrogenation hydrovinylation : less reactive

internal alkenes

Figure 1.7. (A) Hydroesterificative polymerization of VBA, (B) Observed products in the absence

of CO, (C) Pd-catalyzed alkene isomerization of terminal alkenes.

In 2010, Mecking introduced an alternative strategy for polyester synthesis via
carbonylation and condensation polymerization.®® Methyl oleate (MO), found in various oils,* can
undergo isomerizing methoxycarbonylation catalyzed by Pd and dtbpx (Figure 1.8, top). The
resulting linear diester can couple in AABB polycondensation to synthesize polyethylene-like
polyesters and polyamides.3® This two-step carbonylation and condensation strategy was later
applied by Cole-Hamilton in 2016 for the synthesis of bioderived alkenols from cardanol (Figure
1.8, bottom).** Unfortunately, AB condensation polymerization of these cardanol derivatives
yielded only low molar mass material (up to seven monomer units) as well cyclization to

macrolactones. Currently there exists no other reported examples of carbonylation and
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condensation of alkenols for polyester synthesis. However, this may be a viable strategy for
monomers sensitive to functional group degradation by Pd.

Mecking 2010

AABB condensation

0.8% (L1.1)Pd(OTf), polymerization

_ OMe MeO OMe .
7 7 ——— > polyester synthesis
MeOH, 90 °C, 90 h 15
O 300 psi CO o o)
methyl oleate (MO)
Cole-Hamilton 2016
OH
2.3% Pdy(dba)s oH )
23% dtbpx AB condensation
46% MsOH o polymerization  macrolactonization
— — - and oligimerization
MeOH,80_C, 24 h OMe
cardanol 435 psi CO 7

Figure 1.8. Two step carbonylation and condensation of bioderived oils.

1.3 Pd-Catalyzed CO;, Telomerization of 1,3-Dienes

Telomerization is an atom-economical method used for the oligomerization of 1,3-dienes
under the addition of a nucleophilic compound.*? Pd-catalyzed telomerization of 1,3-butadiene
with CO; for lactone synthesis was first reported in the 1970s and has been optimized all the
way up to the mini-plant scale.**#* The current state-of-the-art system uses a Pd(0) catalyst in
combination with a monophosphine ligand (Figure 1.9).° The resulting major product, 3-
ethylidene-6-vinyltetrahydro-2H-pyran-2-one (EVP) is of interest from a sustainability standpoint
as it is derived from two cheap and abundant waste feedstocks. Butadiene, typically a side
product of steam cracking, has the potential to be bioderived and is mainly used to produce
synthetic tires.*®'4° CO.is a major waste product in the energy sector and is a challenging issue
when it comes to plastic production. Infact,it 6 s est i mated the plastic | ife
of global greenhouse gas emissions (which are mainly CO,) by 2040.%° Not only is EVP derived
from waste feedstocks, it is approximately 30% by weight CO; which can help contribute to a
more circular carbon economy.

o NN

= co B ——————
NS+ 2 MeCN, 80 °C
20 h

(0] 67% yield
/ 92% selectvity

EVP

Figure 1.9. Optimized synthesis of EVP from the telomerization of butadiene and CO,.

Many side products can be formed from the telomerization of CO, with butadiene. The

formation of EVP and other compounds can be rationalized by the proposed catalytic cycle which
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was studied in-depth by Behr in 1986 (Figure 1.10).°! The first step is oxidative coupling of two
diene molecules to a Pd(0) source that is either pre-formed or formed in situ. The resulting Pd-
diallyl species (Int-1) is in equilibrium with Int-2 which can undergo b-hydride elimination to form
a butadiene-dimer(1.1) or insert CO.into the Pd-C bond forming Int-3. Reductive elimination and
isomerization yield the desired product, EVP, however 5-membered lactones (1.2 and 1.3) and
long chain esters (1.4 and 1.5) can also be formed from Int-3.51 EVP is the kinetic product and

can re-enter the catalytic cycle after formation, whereas 1.2 (and thus 1.3) are the thermodynamic

7Y NN NF
Ln_Pd = L, —Pd
Oxidative Int-1 Int-2 N\
o Ji}f Ji)—ﬁ

Insertion

products.

/\/

i\/\/ i\/\/
Reductive J

Elimination

EVP

Figure 1.10. Catalytic cycle and common products for the Pd-catalyzed telomerization of CO,and
butadiene.

EVP synthesis has been successful with a multitude of homogeneous and even
heterogeneous catalytic systems.*? The highly selective (92%) and high yielding (67%) system
reported by Beller in 2017 uses 0.06 mol % Pd(dba). and 0.18 mol % of P(o-OMePh)s (Figure
1.9).% In 2018, a higher turnover number (TON) system was reported by Balbino et al. (Table
1.1).% This system uses 0.02 mol % of Pd(OAc),, a more robust and cheaper starting material
than Pd(dba),. A similar ligand, P(p-OMePh);, was employed along with N,N-
diisopropylethylamine (DIPEA) and hydroquinone. The absence of either additive resulted in
lower EVP selectivity and overall butadiene TON when P(p-MePh); was used as the ligand (Table

1.1, entries 4-6). TON showed significant improvement from 1500 in the Beller system to 4540



(Table 1.1, entry 7) in the system employed by Balbino et al. This combination is also attractive

due to the smaller ligand cone angle, which will be briefly discussed further in Chapter 3.

Table 1.1. Butadiene Telomerization in the Presence of Hydroquinone and DIPEA.

0.02% Pd(OAc),

0.06% PR,

0.5% hydroquinone
1.0% DIPEA X (0]

MeCN, 70 °C

5h

EVP

Selectivity (%)

Entry PR3 Evph TON®
1 - 0 -
2 PPhs 77 2200
3 P(o-MePh)s 47 930
4 P(p-MePh)s 79 2850
5d P(p-MePh)s 42 930
6° P(p-MePh)s 35 820
7 P(p-OMePh)s 96 4500

aReaction conditions: 0.0012 mmol Pd(OAc)2, 0.0036 mmol PR3, 0.30 mmol hydroquinone, 0.60 mmol

DIPEA, 4 mL of MeCN, 120 mmol butadiene, 435 psi CO2, 70 °C, 4 h. bcalculated from n-Dodecane as

an internal standard. °TON calculated by mol of butadiene converted per mol of Pd after 5 h reaction.
dreaction without hydroquinone. éreaction without DIPEA.

As mentioned, optimization of EVP synthesis has occurred over the last 40 years.

Phosphine ligand, solvent, temperature, and CO pressure are some of the key factors that govern

overall EVP yield and selectivity. Some of the major takeaways are as follows:

1. Strong electron donating ligands create a highly nucleophilic s-Pd-carbon bond which

promotes CO; insertion.*

Nitrile containing solvents (i.e acetonitrile) improve EVP selectivity.>3

Diene conversion increases with rising temperature, however EVP selectivity decreases

above 80 °C. %

4. Reactions are typically run between 300-500 psig CO- to obtain high yield and selectivity

for EVP.

While the impact these factors have on EVP synthesis is well understood, the same cannot

be said when investigating other 1,3-dienes, such as isoprene. Isoprene is a biomolecule

produced by both plants and animals.>® Because of this, significant research has been done to

move away from petroleum derived isoprene to microbial isoprene production, making it an
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attractive coupling partner with CO,.%%'%° To date, the homotelomerization of isoprene has only
been reported once by Dinjus and Leitner in 1995.%° Using a phosphine-modified catalyst system,
they were able to isolate two lactone regioisomers in <1% overall yield (Figure 1.11A). While this
serves as proof-of-concept, the yield is too low to justify polymer synthesis. Increased yields have
been observed when moving from a homotelomerization to a cotelomerization with butadiene,
isoprene, and CO.. This reaction was first reported by Behr in 1986 and then improved upon by
Nozaki in 2014 (Figure 1.11B).5%%! Here, up to 14.8% vyield of 3-ethylidene-6-methyl-6-
vinyltetrahydro-2H-pyran-2-one (EVMeP) was reported. However, for aliphatic polyester
synthesis, EVMeP is the less desirable regioisomer due to the tertiary alkoxide that will form upon
ring-opening (discussed vide infra). The lactone of interest, 3-ethylidene-6-(prop-1-en-2-
yhtetrahydro-2H-pyran-2-one (EPeP), was observed in only 3.6% yield. Neither group attempted

isolation of the d-lactones or investigated their reactivity towards polyester synthesis.

A. Isoprene homotelomerization (Dinjus and Leitner 1995)

o

o
0.07% Pd(acac), )k
0.14% DCPB ]
+ CO, —— > I +
MeCN, 90 °C
2eq. 20 h

1
<1% isolated yield

B. Isoprene cotelomerization (Behr 1986 and Nozaki 2014)

Behr 1986
0.2% Pd(acac),
0.6% P'Pry
Nozaki 2014

o
CO, 0.4% Pd(acac),
1.2% PPh3
D -
MeCN or ethylene —

1-15 eq. carbonate
80°C,20h EPeP EVMeP EVP
Nozaki Yields (%) 3.6 14.8 12.8

Figure 1.11. Reported isoprene homotelomerization and cotelomerization with butadiene.

1.4 Ring-Opening Polymerization of CO»-Derived Lactones

Ring-opening polymerization (ROP) of lactones is one method employed for polyester
synthesis. This type of chain growth mechanism is used for the industrial synthesis of PLA and
other aliphatic polyesters.®> ROP is driven by the release of ring-strain and is commonly used for
4, 6, and 7-membered rings. ROP of lactones typically proceeds via an anionic mechanism
(Figure 1.12) which begins with initiation (usually by an added alcohol) followed by alkoxide

propagation and eventually termination. Compared to condensation polymerization, ROP
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commonly exhibits living polymerization characteristics and can reach high molecular weights at
lower conversions under more mild conditions. A major limitation is deleterious transesterification
reactions which typically broaden the overall polymer dispersity. Depending on the monomer
selected, low temperatures and specially designed catalysts may be needed to push equilibrium

towards polymerization and to prevent unwanted side reactions.®®

o
/—\0 RO (0 o
S ~ (e} /\ o
o o . o . )W o o M H

Figure 1.12. Generic mechanism for anionic ROP.

Generally, for ROP, the change in enthalpy (DH) is favorable whereas the change in
entropy (DS) is unfavorable. When designing new lactones, there is an interplay between
increasing ring-strain and decreasing the order of a system upon polymerization when adding
substituents to the lactone structure.®* The thermodynamic parameters can be used to determine
the ceiling temperature (T¢).®*Tci s defined by | UPAC as fAthe temper:
concentration of monomer in equilibrium with its polymer becomes essentially equal to the initial
monomer c on & Eailingrteanperatumes abl M for selected lactones are shown in Figure
1.13. T¢ is concentration and solvent dependent and increases as the solution becomes more
concentrated. Generally, the higher the lactones T, the more polymerizable. On the other hand,
the lower the T, the more facile depolymerization will be. 5-membered lactones have low ring
strain resulting in very low ceiling temperatures (-131 °C for gBL)®* and low polymerizability.
Whereas more strained lactones such as e-caprolactone (e-CL) and L-lactide (LLA) are
considered very polymerizable (T. = 261 °C and 273 °C, respectively).5*®” d-valerolactones fall
somewhere in the middle with a T of 155 °C for d-VL, 109 °C for a-Me-d-VL and 62 °C for d-Me-
d-VL (Figure 1.13).54%® While adding substituents increases the ring strain of d-VL, it also
decreases rotational freedom and lowers the overall bulk concentration leading to a more negative

DS,” which accounts for the observed decrease in Te.

ddﬁd@

y-BL 5-Me-5-VL a-Me-5-VL &-VL e-CL (¢] LLA
T. (°C) -131 109 155

Figure 1.13. Reported T¢ (1 M) for relevant lactones.
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The ROP of EVP (derived from butadiene and CO, telomerization) has proven difficult due
to its low ceiling temperature (T = -122 °C) and tendency to undergo self-Michael addition.®® Early
polymerizations of EVP focused on thiol-ene polyaddition and radical polymerization.6*° On the
other hand, linear polyester synthesis from EVP by ROP is possible but requires low
temperatures, suffers from poor monomer conversion, and results in low molar mass
materials.”>"2 EVP analogues, however, have shown much greater success. In 2022 our group
reported the semi-hydrogenation of EVP to 3-ethyl-6-vinyl-tetrahydro-2H-pyran-2-one (EtVP) can
undergo organocatalyzed ROP (Figure 1.14).”® In the presence of 5 mol % triazabicyclodecene
(TBD) and 0.5 mol % 3-phenyl-1-propanol (3-PPA), moderate molar mass (up to 13.6 kDa)
material was afforded. Notably, a decent number of ROP catalysts such as tin(ll) 2-
ethylhexanoate (Sn(Oct),) were unable to produce high degrees of polymerization and in many
cases no reactivity was observed. Cationic ring-opening polymerization (cCROP) by diphenyl
phosphate (DPP) yielded a 7.8 kDa polymer but was significantly slower than TBD (0.029 vs 1.44
M h?).

TBD-catalyzed ROP of EtVP exhibited living characteristics and reached 80% conversion
at21°C.Vanot Hof f an aDHpy=s2i3kcalmelVamdDSge=d5.5aal mol! K resulting
in a slightly favorable polymerization at room temperature and a T, = 138 °C (bulk).” For
reference, a-Me-d-VL has a reported DH,, = -3.1 kcal mol* Kt and DS, = -3.7 cal mol! K** whereas
d-Me-d-VL has a reported DH, = -3.3 cal mol* K'! and DS, = -5.5 cal mol* K*.%¢ These results
combined suggest there is an enthalpic and entropic penalty present in the disubstituted EtVP
when compared to single methyl substitution in the " and d positions. Nevertheless, EtVP has a
much higher T (18 °C at 1 M) than EVP (-122 °C at 1 M) which is a major reason for the
increased polymerizability observed. Our group along with Lin reported the fully hydrogenated
lactone, 3,6-diethyltetrahydro-2H-pyran-2-one (DEtP) could also be isolated and polymerized and

had promising adhesive properties.”

3% Sn(Oct),
165 °C, 2 h,
vacuum
o) o)
0.2 eq. HMPA 5% TBD o] N
! o A
XN o 2 eq. CI3SiH o 0.5% 3-PPA a/
P CH,Cl, _ neat, 21°C, O
0°Cto21°C,4h 3 days
EVP 86% yield EtVP 39% vield
o yie poly(EtVP)
M, =13.6 kDa, D= 1.3
Ty=-39°C

Figure 1.14. Semi-hydrogenation and ROP of EVP to chemically recyclable poly(EtVP).
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Not only is poly(EtVP) derived from waste feedstocks and approximately 28 % by weight
CO,, but it was also found to be chemically recyclable by reactive distillation (84% yield in 2 h) in
the presence of 3 mol % Sn(Oct). at 165 °C (Figure 1.14). Poly(EtVP) also degraded hydrolytically
in 0.1 M NaOH at 50 °C and was deemed inherently biodegradable by the OECD-301B protocol.”®
Combined these results suggest CO»-derived lactones can degrade via closed-loop recycling or

in the environment in instances where recycling is not possible.”

Poly(EtVP) is an amorphous, ductile material with a low glass transition temperature, Tq
(-39 °C). In order to tailor the polymer properties and therefore expand the potential applications
of CO./butadiene polyesters, our group and Lin reported the post-polymerization modification
(PPM) of the vinyl group on poly(EtVP) (Figure 1.15).”*7 PPM was achieved via thiol-ene click
reactions of the pendant alkene utilizing UVA light and 2,2-dimethoxy-2-phenylacetophenone
(DMPA). This allows the incorporation of various functional groups (such as quaternary amines,

photoluminescent species, and others) as well as the formation of polymer networks.

0.01-0.03 eq. CF3
o)
i /\)J\
Et
s/\)J\o ( HS O/\)E/ g

poly 0o X 5.0 eq. Ar-SH
0.02 eq. DMPA 0.1 eq. DMPA o
_—
Q gt~ Poly 385-400 nm, 10 min Oy 254 and 365 nm a/
RT, overnight 07/,
o,
poly(EtVP)

Figure 1.15. Post-polymerization modification of poly(EtVP) via thiol-ene click chemistry.

An alternative and well-established method for tailoring polymer properties is by
copolymerizations with one or more monomers. Various comonomers can be introduced to tune
polymer thermal or mechanical properties as well as improve the potential degradability of a
material. A relevant example is for PLA which is commonly copolymerized with soft materials to
improve toughness.”” Numerous reports exist of copolymerizations of LLA with commercially
available lactones such as e-CL and glycolide.®”® Nalampang et al. investigated the effect one
pot vs. sequential monomer addition had on random and diblock copolymers with varying ratios
of LLA:e-CL catalyzed by Sn(Oct), (Table 1.2).” One pot or concurrent addition resulted in
random copolymers which only exhibited melting points at high LLA or high e-CL incorporation
(Table 1.2, odd entries).This random microstructure prevents crystalline domains from forming
and leads to an overall decrease in mechanical strength.8° On the other hand, sequential addition

led to the observance of melting points regardless of feed ratio (Table 1.2, even entries) giving
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diblock copolymers. Block copolymers are desirable due to their ability to exhibit characteristics
of both homopolymers and self-assemble into various ordered morphologies.®* Interestingly, a
melting temperature (Tm) of 51 °C was observed for a 50/50 LLA:e-CL copolymer synthesized by
sequential addition (Table 1.2, entry 6). The absence of a higher melting point suggests that the
LLA sequences were not long enough to form PLLA crystalline microdomains.” These results
highlight that the type of addition employed as well as the length of monomer sequences can

have a significant impact on polymer thermal properties and thus potential applications.

Table 1.2. Comparison of e-CL and LLA copolymers with varying feed ratios by concurrent and

sequential Addition

Concurrent Addition
0]

0.1% Sn(Oct), 0 :
o 0.1% 1-hexanol fe) .
6 * neat, 120 °C WO/\ \ﬂ/\o{
48 h e} [e)
QLA

ly(CL-co-
Sequential Addition poly(CL-co )

(e}

0.1% Sn(Oct), 0 -
o 0.1% 1-hexanol H
o)
neat, 120 °C neat, 120 °C o7, \n/\oj’}l
0 o]

;&Lymerized‘to 48 h
QLIS QO
poly(CL-b-LLA)

Entry (Ln%g//r‘:g;b Addition  Mnsec (kDa)e ne T (°C)¢
1 70/30 Concurrent 9.3 1.9 138
2 70/30 Sequential 7.7 2.0 145
3 60/40 Concurrent 7.6 2.2 none
4 60/40 Sequential 7.5 2.0 50, 151
5 50/50 Concurrent 11.4 1.8 none
6 50/50 Sequential 12.7 15 51
7 40/60 Concurrent 11.7 1.8 none
8 40/60 Sequential 11.7 1.9 52
9 20/80 Concurrent 12.2 1.6 36
10 20/80 Sequential 12.6 1.5 52

aReaction conditions: 0.1 mol % Sn(Oct)z, 0.1 mol % 1-hexanol, neat, 120 °C, 48 h. e-CL was
polymerized to 70% before LLA addition for sequential procedure. Pinitial molar ratios. cdetermined by
THF GPC against polystyrene standards.?determined by DSC from second scan after melt quenching at
a heating rate of 10 °C/min.
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For CO.-based lactones, there have been a few reported examples of ring-opening
copolymerizations (ROCOP) (Figure 1.16). The first report was by Niin 2021 with b-butyrolactone
(b-BL).82 By employing scandium(lll) trifluoromethanesulfonate (Sc(OTf)s), an alternating
copolymer with up to 38% EVP incorporation and a M,, = 1.1 kDa was isolated. This was followed
up in 2022 with the scrambling polymerization of eCL and in 2024 with various epoxide
comonomers.8¥& Al four reports were with the fully saturated analogue, EVP. As
aforementioned, EVP has a low T¢, along with the potential for 1,4-addition of the a,b-unsaturated
ester. Due to these limitations, the resulting copolyesters typically have low EVP incorporation,
limited molar masses, and adopt a moderately alternating microstructure. In many cases, EVP-
based copolymers exhibit a bottlebrush-like structure from the dimerization and trimerization of
EVP before ring-opening.83# Reactivity ratios are a commonly used method to determine the
copolymer microstructure (random, gradient, blocky, or alternating). It was determined that reyp =
0.01 when copolymerized with b-BL or cyclohexene oxide, and no EVP diads were observed by
NMR.8284 Overall these copolymers suggest that EVP is currently not suitable for block copolymer
synthesis, and is a challenging lactone for new copolymer synthesis. To access CO.-derived
copolyesters, new reaction conditions need to be developed or a higher T. monomer (such as
EtVP or DEtP) needs to be employed.

Ni 2021 Ni 2022
revp = 0.01 rgsL = 0.27 /
)J\/\)\ )’L)\ 4— O
=6.0-29 kDa
D 1.5-10.3
=1.5-5.0kDa EVP
D 1.9-3.5 up to 50% EVP incorporation
Ni 2024 Tang 2024

up to 51% EVP incorporation o

@ A

revp = 0.01 reno = 1.07

R, O
M, = 1.5-10.1 kDa
= 2.2-7.9 kDa \6 ﬁ/‘\o/\ of " o= 13.90
n = oL
D 1.6-3.4 ¢} | R,

up to 57% EVP incorporation up to 93% EVP incorporation

Figure 1.16. Reported copolymerizations of EVP with commercially available lactones and

epoxides.
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1.4 Thesis Overview

Overall, this thesis aims to synthesize novel degradable polyesters from bio-based and
waste-feedstocks by utilizing transition-metal catalysis. Chapter 2 focuses on expanding the
potential applications of hydroesterificative polymerization. First, catalyst control allows the tuning
of methyl branching in the polymerization of 10-undecenol. Then, a two-step carbonylation and
condensation approach facilitates the polymerization of alkenols and diesters previously
inaccessible by hydroesterificative polymerization. The objective of Chapter 3 is to further
investigate the potential of isoprene towards lactone synthesis and ROP. Initial results focus on
the optimization of the cotelomerization of isoprene, butadiene and CO.. The optimized system
was scaled-up and copolymers with varying ratios of isoprene-based monomer incorporation were
isolated and contrasted. Finally, Chapter 4 focuses on expanding the available properties and
applications of CO.-derived polymers through copolymerizations with commericial lactones.
Polyesters with various microstructures including block copolymers were synthesized and
characterized. A range of polymer thermal and material properties were accessed, and chemical

recycling was investigated as a potential EoL option.
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Chapter 2 : Expanding the Understanding and Applications of Hydroesterificative

Polymerization

Reproduced in part with permission from:

Sachs, J. D.; Anderson, R. J.; Tonks, |. A. Catalyst Control of Polyester Branching in the
Hydroesterificative Polymerization of 10-Undecen-1-ol. ACS Catal. 2023, 13, 146507 14656.

*Initial ligand screenings, polyester synthesis, and transesterification experiments for catalyst

control of polyester branching were conducted by Janaya Sachs.

*Qleyl alcohol carbonylation for two-step approach conducted by Janaya Sachs.
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2.1 Overview

As described in Chapter 1, hydroesterification is an atom-economical method that can be
used for the synthesis of esters and polyesters from an alkene, an alcohol, and CO.
Hydroesterificative polymerization utilizes tethered alkenols for polyester synthesis via a step-
growth mechanism. This chapter aims to expand on the understanding and potential use of
hydroesterificative polymerization by addressing the following limitations of hydroesterificative
polymerization:

1. Controlling regioselectivity of the hydroesterificative polymerization of 10-undecenol by
employing well-studied catalyst systems for small-molecule hydroesterification. Polyesters
with up to 78% branching were obtained by judicious choice of catalyst system. Mixed
ligand systems were able to achieve finer tuning of polymer branching and post-
polymerization transesterification allowed access to higher molar mass material.

2. Expanding the monomer scope of hydroesterificative polymerization by using a two-step
methoxycarbonylation followed by condensation polymerization strategy. A variety of
alkenols, alkenyl esters, and dienes were carbonylated and isolated using simple catalyst
systems. AABB and AB condensation polymerization yielded polyesters previously

inaccessible or problematic for hydroesterificative polymerization.

2.2 Introduction: Catalyst Control of Polyester Branching in the Hydroesterificative

Polymerization of 10-Undecen-1-ol

Met tbylanchi ng has sheenn fisicpeanatll tymmeoperti es such &
Tg, hydrophobici €% 8 oandxfamekebi laikGyoapnodl-ydrettly | o f
caprolactone has been shown to ufi%dier goonfpastiesroner
pol ycapr ®ICy{ctiomper oivi ng its usefulness &8Matrwyl dr ug
branched polyhydroxyal kanoates have improved proc
l owemedti ng @Hf) hadndy a r elTatlianmal ymébhritagnic he-d pol y
val erol acton&sc clmpwer ddbowea unsivbs er bltdéftl @émalyng t o
| ower temperatprecefs®RtN?°Pygpi cal |l vy, branched pol
synt hewiilersppoke monomer sROPOhesiondegmisat i bd® p*ol y me
We are interested in developing branched polyeste
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strategy could provide precision syntheses of ma |
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— A branched-selective alk hydroesterification —————

40 bar CO o OMe

catalyst [_)\
p” N IH PCy2 OMe; ~0
"Bu \@ @/

MeOH
120 °C
Beller 2016 Bredenkamp 2016
1% PdCl, 0.11% PdCl, L2.4 L2.3
4% L2.4 1.8% L2.3, 0.4% MsOH cataXCium POMeCy
88% yield 99% yield
84% branched 80% branched
— B —— selectivity in alkenol hydroesterificative polymerization
co 0
Pd or Co catalyst MO
N o | e o X
8 s A
m
10-undecenol linear branched © !

(from castor oil) prior work - exclusively 2.5 : 1 linear : branched

this work - precision branching control through phosphine choice:
100% linear 100% branched
¢ |
|

condensation PPh3 furyl o-OMePh
polymerization
PPhj + P(furyl)z P(furyl); + P(0-OMePh);

» phosphine choice provides a range of branching
> lower M,, can be increased via transesterification
» step-growth mechanism enables dual catalysis

Figure 2.1. (A) Prior examples of branched-selective alkene hydroesterification in small molecule
synthesis. (B) Regioselective hydroesterification offers potential as a polymerization strategy to

develop various microstructures from the same alkenol starting material.
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dioxane, 100 °C
72h

CO (750 psig)
1.5% PdCly, 8% L
1 drop H,0
/\MB/\OH

linear branched
— OMe
LZ 1 L2.2 L2.3
28% branched 46% branched 78% branched
77% yield 75% yield 89% yield

Figure 2.2. Select results from initial phosphine ligand screen of 10-U polymerization.
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CO (750 psig)
1.5% [Pd], 8% L
/\f\%/\ 4% additive
] & OH [1|nxant 100 °C
?2 n linear b anched

ing (%

AL-iza T B L=122 %) - =123 vaagny )

Branching (%)
Yield (%)

MSA TsOH HCI  H,0 MSA TsOH MOl HO MSA TsOH HCl WO MSA TsOH HCl  H0 MSA TsOM MOl H,0 MSA TsOH HO K0
Pd(OAc), PdCl, Pd{OAc), PdCl, Pd(OAc), PdCl,
Pd precursor Fd precursor Pd precursor

Figure 2.3. Pd precursor and additive effects on the regioselectivity (% branching) and yield of
10-U hydroesterificative polymerization for (A) PPhs (L2.1) (B) P(furyl)s (L2.2) (C) P(o-OMePh);

(L2.3) ligands. Results are based on single data points.
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hindered by rapid alkene isomeriz&%t%isom, resupneviao
l' i near pMrty 8ksBaera (= 1.5) wadacyhnemeast izend pol ymer.i
comparison ( 62)VieroH Bato,é dig nfeged dlecy | oat e) decreased
met hyl br amadieadngd WWalse oadened with additoh)aC br an

The branched repeat uni t also differs in that it
contributes to a decrease® i overall polymer crys
o
co
(0]
Ns/\OH _ > o A
optimized 8 i n
conditions linear branched © 31
53:47 L:B
12-hydroxydodecanoic acid 120 psi CO
condensation polymerization 3% PdCly, 18% P(furyl)z (L2.2)
5% Sn(Oct), 37% H,0
vacuum, 115 °C 100 °C, dioxane, 72 h
M, = 9.5 kg/mol B = 1.5 M, =7.2 kg/mol B = 1.4
X, = 48 T4=351°C X, = 36 T4 =303 °C
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! | | | |
! @ & ¢ |
100% linear 1 1 100% branched
——72:28 L:B N 22:78 L:B
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1% Pd(OAC),, 8% PPh; (L2.1) | [1.5% PdCl,, 8% P(OMePh); (L2.3)
4% TsOH 37% H,0
100 °C, PhCH3, 16 h 100 °C, dioxane, 72 h
M, =9.4 kg/mol D=1.3 M, =7.5kg/mol B=1.1
X, =48 Tq=329°C X, =38 Tg =160 °C
L Tm = 48.3,54.6 °C ) Tm = not observed

increasing branching content
« decreased T4« decreased T,

_—

Figure 2.4. Poly(dodecyloate) polyesters with a range of degrees of branching are accessible
following the optimization of the 10-U hydroesterification reaction conditions for each ligand/Pd

combination.

With proof that catalyzed hydroesterificative
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Table 2.1. Degree of branching in poly(dodecyloate) further fine-tuned through dual catalysis that
leverages the step-growth polymerization mechanism.

1.5% PdCl»

4% X, 4% Y

1dr0pH20

"/\%%S/\OH 120 or 750 psig CO W \H/%
dioxane, 100 °C, 72 h linear branched

Entr Liganct Ligan(Co(no/\é)er Yield Br(a:)/ﬂr;ch Mn (M)
1¢ L21 L2 1 79 76 26 3.2 (
2° L21 L2 2 70 79 4 2 2.5 (
3¢ L2. 2 L2. 2 80 80 46 3.6 (
4f L21 L2 3 75 71 55 4. 2 (
5f L2 2 L2 3 76 69 61 1.7 (
6' L2 3 L2 3 82 89 78 7.5 (

aReaction conditions: 1.67 M monomer in dioxane, 1.5% PdClz, 1 drop H20, 4% each ligand; 100 °C and
72 h. Pcalculated from alcohol end group. ¢in situ *H NMR vyield calculated via DMT internal standard. ¢
measured by in situ H NMR spectroscopy. €120 psig CO. 750 psig CO.

Wheb2lanbH22were both added to the reaction a Yyie
was observed with 42% branchi ng Lah(idc7h%)iL8lnbdet we e n
(28%) al onel (Tablsei ntermedi ate branchiL23pnwas obse
L21(55% branchi ngldand22wel % kkbrsanching). While succe
intermedi ate branching, these systems suffer from
|l ow mol ecul ar weight polyesteardhet ipsgiimal perc@aps o
are different for each catalyst species. Nonet hel

i mpr owveedansest er i fdicsactuwdstbawad mk u @

I'n theslei gnaxeddr eactions, ibi(pdoppadhpandeilles tdha@ul dn
be present during catamnhyesi@tiHlaeaNIMR ns tfuad2t.¢,5 dfi Fgihg ur e
the mixtur&£de&vi ( MeRBR@{2 Y2 vuin)d eiOtMle @s(D2P.Y3 o r 3 (P.Plh
reveals the formati onP ddd peeactehre §t.Bien hFoingu reepA6 ,c tLo p;
Din Fi2g,brbeott om) as weilgaldd ¢ pbecidiar @¢°2°T ni ti al
rates studiesl iodanderseaactii QEnsgdi CRiteguntdat they proc
similar to (but not-lamgmaademra@etadfo)nst he ndiirca@lte ng t

speciation is |Iikely playing a role in catalysis,
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Plfuryl)s (L2.2)

Cl Pifuryl)s .
FFhs (L2.1) N S e /Pph' CI\ /PPnz
(MeCN);PdCl; ————= F'd\ + Pd + Pd
dioxane  (luryP" CI R N
80°C, 1h =
B
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Cc [+ c
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Figure 2.5. 3'P{*H} NMR spectra (dioxane, 80 °C) of mixtures of (MeCN).PdCl, with L2.1 and
L2.2 (top) or L2.2 and L2.3 (bottom) to showcase the formation of multiple palladium species that

can form when mixed ligand catalytic conditions (c.f. Table 2.1) are used for polymerization.
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obviolds NOWMR spectroscopy of the crude reaction mix
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used to generate higher molar mass material, circ
pl ague t hesebreacntcihveed nc aprail nycsitpsl.e, a s icmirlbarn ydftart a toeng
l10Uwi t h mentahkaanogmi xt ure of branched and | inear meth
condensation pol ymeriidzatpiodcra meocu bksd riucg aulrtei | h be th

Chaptér

catalyst

150 °C, vacuum,
alkenol end group alcohol

linear branched linear brancne
(or isomer) end group
ab,c>m,n |

+ isomers

Figure 2.6. Transesterification strategy to increase molecular weights of synthesized
poly(dodecyloate).
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based ol e@R38@k icg2hmn .( Polymerization of each of t
l'imited moMAr amassewef al kene cb@lelai bhéeBgasmpane
sever al unwanted side products resulting from t
observed, and &™Mpdfy 3A. dnakDanu@Api eledhedh eadnl y ol i gomer
the | ower reactivity of internal al kenes.

—— A — hydroesterificative polymerization of alkenols

(]
[Pd]
Ao ——— o °
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- (@) n
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(from castor oi) linear branched

_ a,w-enol ethers vinyl benzyl oleyl alcohol
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R1 methoxy condensatlon
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= OH, COOMe » MeOH | ABB diol
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Figure 2.7. (A) Hydroesterificative polymerization of 10-undecenol and other reported monomers.
(B) This work.

As di s cuGhsaepdt ejriiet k2 ng introduced an alternati v
synthesis via carbonyl ationian®06Mdetnhlyelnsvxd) ¢ @atae p |
under geoatPadl y zed i s o me banyation gesuling tn la bneay diester which can
be used for AABB polycondensation.?6112113 This two-step carbonylation and condensation
strategy was also applied by Cole-Hamilton in 2016 for the synthesis of bioderived alkenols from

cardanol and low M, oligomers by AB polycondensation.*
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expand the scope of availabl e monome-dsveMhddgded st
regioselective (or unselective) carbonylations to
optimization and synthesis of hydcaxyoesfeit $owed
condensation polyme(Fizaguien2t oBpolyesters
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We also sought to wutilize hydroest ertiyfpiecat i o

condens®@MQOwanss .carbonylated in 97% conversion with
investigat ed -dywonl add ctGOd®i; carbedi4fdy | clehet&¥H, which is
a di mer of but adi ene. Both wunder went di carbonyl a
studied in this report, di carbonyl ations of al k
straitddy.
[Pl e
ggd Terminal Olefins: ' : Internal Olefins: |
3 1% Pd(OAc), '\  3%PdCl,
SN, T J\(\ 8% PPh L o Dy !
Ri Rz cog), MeOH J\[ 4% TSOHH,0 || 6/802(:%')3 1
20h 120 psig CO ' 750 psigCO |

( a72h
Conversion %, (L/B)

10- undecenol (10-U) vinyl benzyl eugenol oleyl alcohol (OA) cis-5-octenol (5-0)
alcohol (VBA)
99 (54/46) 95 (0/100)2 99 (0/100)
15% isolated 75% isolated 29% isolated 12% isolated 46% isolated

4-vinylcyclohex-

cis-3-octenol (3-0) 3-cyclohexen-1- methyl oleate (MO) 1,4-cyclooctadiene (COD) 1-ene (4-VCH)
methanol (3-CHM) (dicarbonylation) (dicarbonylation)
99 (0/100) 97 (0/100) 97 (0/100) 94 (0/100) 97 (n.d.)
mixture of 5 and 72% isolated 51% isolated yield 32% isolated yield 30% isolated yield

6-membered lactones

Figure 2.8. Substrate scope for the methoxy carbonylation of alkenols, alkenyl esters, and dienes.
Conversion and branching determined by *H NMR using dimethyl terephthalate (DMT) as an
internal standard from 6-well small-scale reactions (1% Pd(OAc)., 8% PPhs, 4% T g00dd A H
terminal olefins, 3% PdCl,, 6% P(furyl)s, 8% HCI for internal olefins and Eugenol, 100-200 mg
substrate (1-2 mmol), 1-2 mL MeOH (1.15 M), 100 °C, 20 h, 120 or 750 psig CO). Isolated yield
from the purification of scaled-up reactions (terminal alkenes: 1% Pd(OAc)., 8% PPhs, 4%
T s O HA F.5-5 g monomer (19-29 mmol), 16.5-25 mL MeOH (1.15 M), 100 °C, 20 h, 120 psig
CO, Fischer-Porter tubes; Internal alkenes and Eugenol: 3% PdCl,, 6% P(furyl)s, 8% HCI, 5-15
g monomer (30-58 mmol), 26-50 mL MeOH (1.15 M), 100 °C, 20 h, 750 psig CO, 300 mL Parr

reactor).

Next, we sought to compare the catalytic behavior of methoxycarbonylation to that of
hydroesterificative polymerization, envisioning that polymerization would be slower than methyl
ester formation because the rate-determining step for hydroesterification is typically alcoholysis
of a Pd-acyl with the provided alcohol.’®* The TON and TOF for 10-U, VBA, and 5-O
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polymerization and methyl ester formation are reported in Figure 2.9. In each case,
hydroesterification by MeOH and polymerization were run side by side under identical conditions
with the only difference being solvent; MeOH for the former and dioxane for the latter. Starting
with 10-U, TON increased from 83 to 93 when going from polymerization to hydroesterification by
MeOH. This effect was even greater at a decreased catalyst loading (0.5%), where TON
increased from 38 to 174. TOF showed a similar trend with 38 h for polymerization and 70 h* for
hydroesterification by MeOH. In these experiments we also noticed a significant difference in
isomerized alkene yield (20% for polymerization and 9% for methoxycarbonylation). Inspired by
this, we also investigated the linear-selective methoxy carbonylation of 10-U using the highly
linear-selective ligand, 1,2-bis(di-tert-butylphosphinomethyl)benzene (dtbpx). Previous reports of
this ligand towards hydroesterificative polymerization of 10-U resulted in only 30% yield mainly
due to a large amount of aldehyde formation.*® Methoxycarbonylation yield increased to 42%
(Figure 2.62), however aldehyde formation was still a major issue. Linear-selective catalysts
containing 2-pyridyl groups may increase the rate of alcoholysis and be better suited for this

reaction.2%25

10-U and VBA ! 5.0
1% Pd(OAc), ' i 3% PdCl,
4% PPhg . 6% P(furyl)s
8% TsOH*H 0 ' 8% HCI
120 psig CO ' 750 psig CO
Methoxy Hydroesterificative
carbonylation Polymerization
(MeOH) (dioxane)
TON =93 " TON =83
/WOH :\TOF =70 h' : :\ TOF = 38 h'' ;

S S, N

2TON determined after 20 h. °TOF determined after 1 h (10-U and VBA) and 4 h (5-O)
Figure 2.9. TON and TOF of hydroesterification by MeOH vs. hydroesterificative polymerization
of 10-U, VBA, and 5-O.

Moving to VBA, TON was nearly identical for hydroesterification by MeOH and
polymerization. TOF, however, differed significantly: 15 h* for polymerization and 33 h? for
hydroesterification by MeOH. Similar trends were seen for 5-O, however catalysis was much
slower, which is common for the carbonylation of internal alkenes.? A TON of 18 and 29 were

observed for polymerization and hydroesterification by MeOH respectively and exhibited the same
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trend for TOFs (2 h'* for polymerization and 7 h* for hydroesterification by MeOH) as the terminal
alkenes. While the observed TONs and TOFs can be impacted by the catalyst system employed,
hydroesterification by MeOH is clearly much faster than polymerization. The faster rates of
hydroesterification by MeOH can likely be attributed to two factors: first, increased nucleophilicity
of MeOH relative to higher order alcohols; and second, the higher [ROH] concentrations
accessible with hydroesterification by MeOHd direct polymerization of a bifunctional alkenol
requires a 1:1 alkene:ROH stoichiometry, whereas hydroesterification by MeOH can use MeOH

in excess as a solvent.

Having examined a broader substrate scope of bifunctional monomers toward
hydroesterification by MeOH, we next probed their potential applications towards condensation
polymerization. Typically, procedures followed a two-step approach; a first pre-polymerization
step at lower temperatures (120-160 °C) under nitrogen to remove MeOH and form oligomers
followed by an increase in temperature (180-220 °C) while under dynamic vacuum to drive
polymerization to completion. In all cases, a catalytic amount of Ti(OBuU)s (0.1-0.5 mol %) was

added to facilitate the transesterification reactions.

Starting with the hydroxyesters (AB condensation polyesters), 10-U and  VBA were
polymerized to poly-1 and poly-2 respectively. Poly-1 exhibited similar melting points and molar
mass (20.4 kDa) to the same polymer synthesized from hydroesterificative polymerization.'* For
poly-2, a polymer with M, = 18.8 kDa was obtained, which is much higher than the previously
reported value for hydroesterificative polymerization (3.4 kDa).* This somewhat PET-like polymer
displayed no melting point, and instead was amorphous with a Ty of 9.1 °C which is most likely a
function of the atactic methyl branches present (about 20% of the repeat units).*!* Using a linear-
selective system like dtbpx may result in a semi-crystalline material. Next, under the standard
conditions polymerization to form poly-3 (derived from Eugenol) was unsuccessful, and may
require more harsh conditions or the use of acetic anhydride.*?* Poly-4 and poly-5 (derived from
OA and 5-0O, respectively) were isolated as soft elastomers with M, = 15.0 kDa for poly-4, and
27.6 kDa for poly-5. Somewhat unexpectedly, poly-4 was semi-crystalline with a low Tr, (-13 °C)
resulting in a totally liquid polymer at room temperature. Poly-5 was amorphous with a Tg =-58.4
°C. Lastly, poly-6 (from 3-CHM) exhibited a Ty above room temperature (41.5 °C) which is

somewhat similar to amorphous PLA (T4 = 55 °C).122
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Figure 2.10. Condensation polymerization of hydroxy esters catalyzed by 0.1-0.5% Ti(OBuU)a.
(Top) AB condensation polymers from alkenols (derived from 10-U, VBA, Eugenol, OA, 5-O and
3-CHM). (Bottom) AABB condensation polymers from 1,4-butanediol and diesters (derived from
MO, COD, and 4-VCH).

Moving to the AABB condensation polyesters, these were synthesized following a near
identical procedure to the hydroxy esters except 2.2 eq. of 1,4-butanediol was added in the pre-
polymerization step. Three polymers were isolated: poly-7 (from MO), poly-8 (from COD) and
poly-9 (from 4-VCH). Like the OA polyester, poly-7 exhibited a melting point below room
temperature (-37.7 °C) and a Ty 0of -59.4 °C. Poly-8 and poly-9 were similar, amorphous polymers
with a Ty of -31.4 °C and -27.2 °C respectively. Overall, the synthesized polymers exhibited
degrees of polymerization (X,) of at least 50 with most over 100. Dispersities were near the ideal
step-growth value of 2, however the majority of distributions were bimodal. No homopolymers
were observed by DOSY NMR (Figure 2.65). This bimodality may be a result of the different
regioisomers present in the monomer mixtures and had no clear impact on the observed polymer
thermal properties.
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2.6 Conclusion

First, catalyst control in hydroestemnctessative
mul tiple polyester microstructures from the same

wi tmet bbywlanching ranging from WRi8ahtte %8 Mawegg, obt ai

bi odet®lWwedhe increase in the degree of polymer br
previously semicrystalline polyester intgos oavh hamor
mechani s m, further t uvniien g p ecraant i tvee wmaltad kesd s enab

architectures and opportunities.

Second, synthesizing high molecular weight AB and AABB condensation polyesters was
made possible from alkenols, alkenyl esters, and dienes utilizing robust transition-metal catalyzed
carbonylation. This proof-of-concept demonstrated a strategy to overcome a significant limitation
in direct hydroesterificative polymerization, where minor side products often limit molar masses.
The two step MeOH hydroesterification/condensation strategy ultimately allows for incorporation
of monomers into polyesters scaffolds that were previously inaccessible via direct methods, and
also provides faster and higher-fidelity catalysis compared to hydroesterificative polymerization.
By utilizing well-established carbonylation systems, this methodology will allow for higher
tunability in the synthesis of degradable polyesters from inexpensive and/or potentially bio-based

alkenols and dienes.
2.7 Expedinhemtmalti on for Catalyst Contr ol of Polye

General information
Materials and Methods. Solvents and reagents were purchased from Sigma Aldrich, STREM,

and Oakwood Chemicals, and used without further purification unless otherwise noted.
Deuterated chloroform (CDCIs) was purchased from Cambridge Isotope Laboratories and used
without further purification. Size exclusion chromatography (SEC) was performed at room
temperature in tetrahydrofuran (THF) using an Agilent 1260 Infinity LC system equipped with
three Waters Styragel columns (HR6, HR4, HR1, 5 um particles of poly(styrene-divinylbenzene))
connected in series and fitted with a Wyatt OPTILAB T-rEX refractive index detector.
Determination of molecular weights and polydispersities were made by calibration against
polystyrene standards. Differential scanning calorimetry (DSC) analysis was performed on a TA
Instruments Discovery DSC using hermetically-sealed aluminum T-zero pans. Scans were

conducted under nitrogen atmosphere at a heating/cooling rate of 10 °C/min unless otherwise
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noted. Thermogravimetric analyses (TGA) were performed on a TA Instruments Q500 under
nitrogen atmosphere at a heating rate of 10 °C/min. *H, and *C NMR spectra were recorded on
Varian Inova 500 MHz, Bruker Avance Ill 500 MHz, Bruker Avance Il HD 500 MHz, or Bruker
Avance IlIl HD 400 MHz spectrometers. High-resolution electrospray mass spectrometry (ESI-
MS) was performed on all isolated samples using a Bruker BioTOF Il ESI/TOF-MS with PEG 300

as an internal mass standard.

Safety Cons.Cdebani mnsoxide (CO) is a toxic and o
be exercised when working with high pressures of

as explosion risk. All reactions should beeperfor
CO monitoring at all times. 1t is recommended that
wor king hour s, such that in the event of exposur

Pressure vessels should be cheaorkeand opr acprearclkys sped L
cl amps, wei ght s, et c. Once pressurized, vessel s s

shield when | eft unattended.

General Procedure for Hydroesterification Reactions Run in a Fisher Porter Tube

A 3 oz. Fisher-Porter tube (D88.7 mL) was charged with a palladium precursor acid, a phosphine

ligand, and a stir bar. Following the sealing of the vessel and pressurization/venting of the vessel
with CO (1x, 120 psig) a solution of the monomer was subsequently added followed by sealing of
the reaction vessel and pressurization/venting of the vessel with CO (4x, D120 psig), after which
the vessel was pressurized to the desired pressure. The reaction was then heated to the desired
temperature and allowed to react for 16-72 h, after which the vessel was vented to air and the
solution transferred to a 20 mL scintillation vial. A dimethyl terephthalate (DMT) standard was
added and a crude *H NMR spectrum acquired. Polymers were then precipitated in MeOH and
characterized via SEC, TGA, and DSC.
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Figure 2.11. Fischer Porter Tube apparatus.

General Procedure for Hydroesterification Reactions Run in a Parr Reactor

A Parr reactor with overhead stirring was charged with a palladium precursor, acid, phosphine

ligand, and monomer in solution (1.67 M). Following the sealing of the vessel and
pressurization/venting of the vessel with CO (4x, 120 psig) the reaction vessel was pressurized
with CO to the desired pressure. The reaction was then heated to the desired temperature and
allowed to react for 16-72 h with overhead stirring, after which the vessel was vented to air and
the solution transferred to a 20 mL scintillation vial. A DMT standard was added and a crude *H
NMR spectrum acquired. Polymers were then precipitated in MeOH and characterized via SEC,
TGA, and DSC.

36



Pressure

Figure 2.12. Parr reactor

General Procedure for Hydroesterification Reactions Run in a 6-well Reactor

4 mL vials were charged with a palladium precursor, acid, phosphine ligand, and monomer in

solution (1.67 M) and a cap with a 2-millimeter hole was attached. These were placed in a 6-well
high-pressure vessel. Following the sealing of the vessel and pressurization/venting of the vessel
with CO (4x, 120 psig) the reaction vessel was pressurized with CO to the desired pressure. The
reaction was then heated to the desired temperature and allowed to react for 16-72 h, after which
the vessel was vented to air and the solution transferred to a 20 mL scintillation vial. A DMT
standard was added and a crude *H NMR spectrum acquired. Polymers were then precipitated in
MeOH and characterized via SEC, TGA, and DSC.
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Figure 2.13. 6-well high-pressure apparatus.

Reaction Condition Screening
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Figure 2.14. Ligand screen for the hydroesterificative polymerization of 10-undecenol. Taken
from JDS-2022-0081, JDS-2022-0083, and JDS-2022-0104.
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Characterization of Linear/Branched Poly(dodecyloate)
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Figure 2.15. Example *H NMR spectrum of poly(dodecyloate) in CDClz. Taken from JDS-2022-
0124.
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Figure 2.16. Example *C NMR spectrum of poly(dodecyloate) in CDCls. Taken from JDS-2022-
0124.
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Figure 2.17. *H NMR spectrum of condensation polymer in CDCls. Taken from JDS-2022-0093.
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Figure 2.19. (A) SEC (THF) trace, (B) TGA trace, (C) DSC trace of poly(dodecyloate) with 28%
branching. Taken from JDS-2022-0124.
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Figure 2.20. (A) SEC (THF) trace, (B) TGA trace, (C) DSC trace of poly(dodecyloate) with 47%
branching. Taken from JDS-2021-0225.
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Figure 2.21. (A) SEC (THF) trace, (B) TGA trace, (C) DSC trace of poly(dodecyloate) with 47%
branching. Taken from JDS-2022-0083.
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Mixed Ligand Experiments

Table 2.2. Initial mixed ligand screen

CcoO

1.5% PdCl,
4% ligand X, 4% ligand Y
dioxane, 100°C, 72 h 0
Iin;{ar bra\n(ched
Ligand X Ligand Y Pr((:)zis;)re Conversion® Yield® % Branching
PPhs(L2.1) PPhs(L2.1) 120 79 76 26
PPhz(L2.1)  P(furyl)s(L2.2) 120 70 77 42
PPhz(L2.1)  P(furyl)s(L2.2) 750 71 81 43
P(furyl)z (L2.2) P(furyl)s(L2.2) 120 84 88 46
P(o-OMePh)3
PPhs(L2.1) (L2.3) 750 75 71 55
P(O'((E'Z\"g)':h)"* P(fury)s(L2.2) 120 71 60 63
P(0o-OMePh)s
(L2.3) P(furyl)z (L2.2) 750 76 69 61

aReaction conditions: 1.67 M monomer in dioxane 1.5% PdCl2, 1 drop H20, 4% each ligand; 100
°C and 72 h. Pcalculated from alcohol end group ®in situ *H NMR yield calculated via DMT internal

standard.
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Figure 2.22. SEC (THF) trace of poly(dodecyloate) with 26% branching. Taken from RJA-2023-

0124.
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Figure 2.23. SEC (THF) trace of poly(dodecyloate) with 42% branching. Taken from RJA-2022-

0140.
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Figure 2.24. SEC (THF) trace of poly(dodecyloate) with 46% branching. Taken from RJA-2023-

0124.
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Figure 2.25. SEC (THF) trace of poly(dodecyloate) with 55% branching. Taken from RJA-2022-

0191.
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Figure 2.26. SEC (THF) trace of poly(dodecyloate) with 61% branching. Taken from RJA-2022-

0191.

Table 2.3. Screening of pressure for a mixed ligand system

co
1.5% PdCl, o)
4% PPhs, 4% P(furyl)
MOH 1 d?-op H,0 ’ N Wo)wojﬁ/h
8 dioxane, 100°C, 72 h 8 : o
N J L J
Y Y
linear branched
Pres_sure Conversion® Yield® % Branching
(psig)
150 71 51 32
250 80 72 41
350 76 74 42
450 78 77 38
550 76 75 35
650 71 63 41

aReaction conditions: 1.67 M monomer in dioxane 1.5% PdCl2,
1 drop H20, 4% P(2-furyl)s, and 4% PPhs; 100 °C and 72 h.
bcalculated from alcohol end group ¢in situ 'H NMR yield
calculated via DMT internal standard.
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Table 2.4. Preformed catalyst screening

CO(450 psig)
[Pd]

(0]
PPh3, P(furyl); o
M/\OH 1 drop H,0 WO A \m/l’l
8 8 n m
O
N U\ /
e '

dioxane, 100°C, 72 h

linear branched
Catalyst Ligand X Ligand Y  Conversion®  Yield® % Branching
3% PdCl> 8% L2.2 8% L2.1 63 65 36
3% PdCl; 3% L2.2 3% L2.1 72 74 45
1.5% (PPhsz)2PdCl, i )
1.5% (P(furyl)s).PdCl> 60 48 46

aReaction conditions: 1.67 M monomer in solvent, 1 drop H20, and x mol% of [Pd] and ligands; 450

psig CO, 72 h, 100 °C. “calculated from alcohol end group ¢in situ *H NMR yield calculated via DMT
internal standard.

Table 2.5. Additional mixed ligand experiments

CO (450 psig)
1.5% PdCl,

(0]
8% ligands o
MOH 1 drop H,0 WO A W/h
8 8 n m
(0]
N J J
g g

dioxane, 100°C, 72 h

linear branched

% Branching
Ligands Conversion® Yield°® % Branching after

precipitation

o 78 85 34 27
e 73 76 38 30
AT 81 77 40 32
ez 74 71 41 30

aReaction conditions: 1.67 M monomer in solvent 1.5% [Pd], 1 drop H20, and x mol% of [Pd] and

ligands; 450 psig CO, 72 h, 100 °C. Pcalculated from alcohol end group cin situ 'H NMR yield
calculated via DMT internal standard.
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Data from Timepoint Experiments
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Figure 2.27. Timepoint studies showcase the difference in the effect of mixing ligands on the

rates of reactions with P(furyl)s and P(0-OMePh)s versus PPhz and P(furyl)s.
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Figure 2.28. *H NMR spectra from the timepoints in the polymerization of 10-undecenol with
exclusively P(furyl)s. Taken from JDS-2023-0015.
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Figure 2.29. 'H NMR spectra from the timepoints in the polymerization of 10-undecenol with a

mixture of P(furyl)s and PPhs. Taken from JDS-2023-0016.
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Figure 2.30. *H NMR spectra from the timepoints in the polymerization of 10-undecenol with
exclusively PPhs;. Taken from JDS-2023-0011.
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Figure 2.31. 'H NMR spectra from the timepoints in the polymerization of 10-undecenol with
exclusively P(o-OMePh)s. Taken from JDS-2023-0024.
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Figure 2.32. 'H NMR spectra from the timepoints in the polymerization of 10-undecenol with a
mixture of P(furyl)s and P(o-OMePh)s. Taken from JDS-2023-0026.

Impact of Ligand on Isomerization

Procedure for Isomerization Experiments

4 mL vials were charged with a palladium precursor acid, phosphine ligand, and monomer

in solution (1.67 M). Vials were stirred in a sand bath at 80 °C for 16 h. The solution was then
transferred to a 20 mL scintillation vial. A DMT standard was added, and a crude 'H NMR

spectrum was acquired. Taken from RJA-2023-0067.

50



Table 2.6. Isomerization to internal alkenes screened with different ligands

1.5% PdCl,

8% ligand
/\M/S\OH 1 drop H,0 %\M/s\o” + MOH
dioxane, 80°C, 16 h x
x+y=9
Ligand Internal Alkene (%)®
PPhs 2.1
P(furyl)s 2.5
P(0-OMePh); 21

aReaction conditions: 1.67 M monomer in dioxane 1.5% PdCl2, 1 drop H20, 8% ligand; 80 °C and
16 h. bcalculated from ratio of terminal:internal alkene in 'H NMR.

P(0-OMePh), l JL
M i}
P(furyl); U'*
P |

n I U’ﬂ

64626058565452504846444240383634323.0282624222018161.4121.0080.6
f1 (ppm,

Figure 2.33. *H NMR spectra (in CDCls) of experiments from Table 2.6. Taken from RJA-2023-
0067.

PPh,

Transesterification Experiments

General Procedure for the Transesterifcation of poly(dodecyloate)

A 5 mL round bottom flask was charged with purified polyester (2 grams), catalyst, and a stir bar.
The flask was fitted with a short path vacuum distillation apparatus and the round bottom was
submerged in a sand-bath. The sand bath was heated to 150 °C and the reaction was put under
vacuum with stirring for 16 hours. The crude polymer was dissolved in dichloromethane and

precipitated in cold methanol.
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Figure 2.34. *H NMR spectrum of polymer post transesterification in CDCls. Taken from RJA-
2022-0163 and JDS-2023-0005.
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Figure 2.35. SEC (THF) trace of polymer transesterified without catalyst. Taken from RJA-2022-
0163 and JDS-2023-0005.
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Figure 2.36. SEC (THF) trace of transesterified polymer reacted in the presence of Sn(Oct)..
Taken from JDS-2023-0003 and JDS-2023-0009.
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Figure 2.37. SEC (THF) trace of transesterified polymer reacted in the presence of Ti(OBuU)a.
Taken from JDS-2023-0004 and JDS-2023-0010.

2.8 Experimental Information for Expanding the Scope of Hydroesterificative

Polymerization
Materials and Methods

Solvents and reagents were purchased from MilliporeSigma, STREM, Oakwood Chemicals,
Matheson, and Airgas and were used without further purification unless otherwise noted.
Deuterated chloroform (CDCIs) was purchased from Cambridge Isotope Laboratories and used
without further purification. Size exclusion chromatography (SEC) was performed in
tetrahydrofuran (THF) using Waters Arc HPLC system, equipped with 3 Agilent PLgel Mixed-C
columns connected with DAWNS8 Multi Angle Light Scattering (MALS) detector, in line with the
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Optilab differential Refractive Index (dRI) detector. Both detectors are from Wyatt with flow rate
of 1 mL/min at 30 °C. Determination of molar masses and dispersities was made by MALS after
determining dn/dc by 100% mass recovery. Differential scanning calorimetry (DSC) analysis was
performed on a TA Instruments DSC Q1000 using hermetically sealed aluminum T-zero pans.
Scans were conducted under a nitrogen atmosphere at a heating/cooling rate of 10 °C/min unless
otherwise noted. Results are from the second scan cycle. *H NMR and *C NMR spectra were
recorded on Bruker Avance Il HD 400 MHz spectrometer. *H NMR spectra of all polymers were
run with a relaxation delay of 10 seconds unless otherwise noted. Chemical shifts are reported
with respect to tetramethylsilane (TMS). A Sciex X500R quadrupole time-of-flight (qtof) mass
spectrometer was used for accurate mass measurement of synthesized esters. Electrospray
ionization mass spectra in positive ionization mode were collected over the range m/z 50-1200
during the analysis. MS parameters were as follows: lon source gas 1: 38 psi; lon source gas 2:
38 psi; Curtain gas: 30 psi; CAD gas: 7; Temp: 500 °C; Spay voltage: 5500V; Declustering
potential: 50V; DP spread: 0V; CE: 10V; CE spread: 0V.

Methoxy Carbonylation

General procedure for small-scale methoxycarbonylation

All initial reactions were run in a custom made 6-well high-pressure reactor.!? The wells
themselves can be individually pressurized and reactions were placed in 4-mL vials equipped with
stir bars and cap that had a small hole drilled in the center. Vials were flame dried before the
catalyst system was added to each vial. The substrate was weighed into a separate vial and
transferred to the catalyst vial using MeOH. Total volumes were typically between 1-2 mLs
keeping a consistent 1.15 M concentration. Methanol was added to the outside of each vial to
prevent solvent evaporation. The reactor was then sealed and purged 3x with 120 psig CO.During
each purge cycle, vials were stirred for 3-5 minutes before being vented to ensure proper CO
incorporation into the solution. The reactor was then pressurized with the desired amount of CO.
Once pressurized, the reactor was heated to the desired temperature in an aluminum bead bath
for 20 h. Upon completion, the reactor was placed in an ice bath and vented once cooled to around
room temperature. Vials were removed and dimethyl terephthalate (DMT) was added as an NMR
standard. Dichloromethane was also added, and vials were stirred until all the DMT had dissolved.
An aliquot was taken, pumped down and analyzed via *H NMR. Turnover number (TON) was

calculated for a select few substrates by using NMR vyields after 20 h.
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Methoxy Carbonylation Scale-Up Procedure

Two different catalyst systems and reaction set-ups were used for the large-scale synthesis of

hydroxy esters and diesters.
Typical Terminal Alkene Procedure

Pd(OAc)2(0.01 eq.), PPhs( 0. 08 eq. ) ,20 ¢.04eq.)Tner® elghed out and added to
a large Fischer-Porter (FP) tube equipped with a large stir bar. The alkene substrate (2.5-5.0 g)
was weighed out and transferred to the tube using MeOH. Typically, 15-25 mL MeOH was used
keeping the substrate concentration at 1.15 M. The tube was then sealed, purged with CO 4x and
pressurized to 120 psig before stirring for 20 h at 100 °C. Upon reaction completion, the tube was
cooled to room temperature and vented. The reaction mixture was collected, pumped down on

vacuo, and purified via column chromatography.

Methyl-5-hydroxypentanoate. Pd(OAc), (0.01 eq.), PPhs( 0. 08 eq. ) ,.0 @.04eq)fs OHAH
10-undecen-1-ol (1.0 eq.) and 25 mL MeOH. Purified with 2:1 hexanes:ethyl acetate. 'H NMR

(400 MHz, CDCls, U, 3.p60gn3H), 3.66-3.60 (t, 2H),2.48-2 . 33 ( m, iprotanh 2.38ed U

2. 26 ( t-protdns),n.8%lr52 (M, 4H),1.49-1. 19 (m, & 15H, depending on
1.12 (d, branched b-protons), 0.91-0.85 (t, ethyl branched g-protons); *3C NMR (101 MHz, CDCls,

a, ppm) 174.4, 63.1, 62.6, 51.4, 45.4, 39.5, 34.1
29.1,27.4,27.2,25.7, 25.0, 22.6, 17.1, 14.1; ESI-HRMS (m/z): calcd. for C13H2603Na*, 253.1780;

found, 253.1733 (diff. 0.0047).

Methyl 3-(4-(hydroxymethyl)phenyl)propanoate. Pd(OAc). (0.01 eq.), PPh; (0.08 eq.), and
T's OH.AH0.04 eq.), (4-vinylphenyl)methanol (1.0 eq.) and 16 mL MeOH. Purified with 1:1
hexanes:ethyl acetate. *H NMR (400 MHz, CDCls, u, 7.84p783 (m, 2H), 7.21-7.14 (m, 2H),
464 (2s,2H),3.75-3. 69 ( q, -protenn, 8.86e2s, 3H), 2.97-2.91 (t, linear b-protons),
2.65-2. 59 ( t ;protbns),nle8& (s, 1H), 1.51-1.47 (d, branched b-protons); **C NMR (101
MHz,CDCl;, G4, ppm) 175. 0, 1B&931285, 12174 7.4 127.3, 8591, 69.0,
51.2, 51.6, 45.2, 35.7, 30.6, 18.6; ESI-HRMS (m/z): calcd. for C1:H14O3Na*, 217.0841; found,
217.0803 (diff. 0.0038).

Typical Internal Alkene (and Eugenol) Procedure

PdCl, (0.03 eq.) and P(furyl); (0.06 eq.) were weighed out and added to a 300 mL Parr reactor

equipped with a large stir bar. The alkene substrate (5-15 g) was weighed out and transferred to
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the tube using MeOH. Typically, 25-50 mL MeOH was used keeping the substrate concentration
at 1.15 M. HCI (0.08 eq., 4.0 M in dioxane) was then added before the reactor was sealed, purged
with CO 4x and pressurized to 750 psig before stirring for 20 h at 100 °C. Upon reaction
completion, the reactor was cooled to room temperature and vented. The reaction mixture was

collected, pumped down on vacuo, and purified via column chromatography.

Methyl 4-(4-hydroxy-3-methoxyphenyl)butanoate. PdCl, (0.03 eq.), P(furyl); (0.06 eq.), and
HCI (0.08 eq.), 4-allyl-2-methoxyphenol (1.0 eq.) and 46 mL MeOH. Purified with 3:1
hexanes:ethyl acetate. *H NMR (400 MHz, CDCl;, U, 6.856r80 (m, 1H), 6.70-6.63 (m, 2H),
5.48 (s, 1H), 3.88 (2 s, 3H), 3.67 (2 s, 3H), 2.98-2.91 (m, branched b-protons), 2.74-2.64 (m,
branched b-protons), 2.61-2.54 (t, linear g-protons and branched a-proton), 2.36-2.29 (t, linear a-
protons), 1.97-1.87 (g, linear b-protons), 1.17-1.12 (d, branched b-protons) ; *C NMR (101 MHz,
CDCl;, U, ppm) 11744, 1@3.8, 121761241, 114.2, 111.4, 111.0, 55.9, 51.6, 51.5,
41.7, 39.5, 34.8, 33.4, 26.8, 16.8; ESI-HRMS (m/z): calcd. for C12H1604Na*, 247.0946; found,
247.0911 (diff. 0.0035).

Methyl 2-(8-hydroxyoctyl)undecanoate. PdCl; (0.03 eq.), P(furyl); (0.06 eq.), and HCI (0.08

eq.), cis-9-octadecen-1-ol (1.0 eq.) and 10 mL MeOH. Purified with 4:1 hexanes:ethyl acetate. *H

NMR (400 MHz, CDCls, U, 3.p7(sn3H), 3.67-3.61 (t, 2H), 2.37-2.28 (m, 1H), 1.64-1.50 (m,

4H), 1.49-1.18 (m, 27H), 0.91-0.85 (t, 3H); *C NMR (101 MHz,CDCls, U, ppm) 177 .1, 63
45.7, 32.8, 32.8, 32.5, 32.5, 31.9, 29.6, 29.5, 29.5, 29.4, 29.4, 29.3, 29.2, 27.5, 25.7, 25.7, 22.7,

14.11; ESI-HRMS (m/z): calcd. for CxoH4003H*, 329.3056; found, 329.3022 (diff. 0.0034).

Methyl 6-hydroxy-2-propylhexanoate. PdClI, (0.03 eq.), P(furyl); (0.06 eq.), and HCI (0.08 eq.),
cis-5-octen-1-ol (1.0 eg.) and 50 mL MeOH. Purified with 3:1 hexanes:ethyl acetate. *H NMR (400

MHz, CDCls, U, 3.p792s)3H), 3.67-3.59 (t, 2H), 2.47-2.24 (m, 1H), 1.70-1.22 (m, 10H), 1.38

(s, 1H), 1.16-1.11 (d, isomerized alkene b-protons), 0.93-0.85 (m, 3H); *C NMR (101 MHz,

cbcCls, 4, ppm) 177.4, 177.0, 176.8, 63.0, 62.9, 62.7
32.7,32.6, 32.6, 32.1, 32.0, 29.3, 27.2, 27.2, 25.6, 25.6, 25.5, 23.7, 20.6, 14.0, 11.8; ESI-HRMS

(m/z): calcd. for C10H200sNa*, 211.1310; found, 211.1291 (diff. 0.0019).

Methyl 2-(3-hydroxypropyl)hexanoate. Reaction was not scaled-up due to the presence of

lactone side-products. Crude *H NMR from initial screening is shown in Figure 2.49.

Methyl 4-(hydroxymethyl)cyclohexane-1-carboxylate. PdCl, (0.03 eq.), P(furyl)s (0.06 eq.),
and HCI (0.08 eq.), 3-cyclohexen-1-methanol (1.0 eq.) and 45 mL MeOH. Purified with 4:1
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hexanes:ethyl acetate. *H NMR (400 MHz, CDCl;, U, 3.p6q2s)3H), 3.50-3.42 (m, 2H), 2.69-

2.62 (m, minor isomer a-proton), 2.58-2.53 (m, minor isomer a-proton), 2.37-2.19 (m, major

isomer a-proton), 2.06-1.7 (m, 4H), 1.84 (s, 1H), 1.71-0.82 (m, 6H); **C NMR (101 MHz, CDCls,

i, ppm) 176.5, 176.4, 175.9, 175.8, 68.3, 68.2, 6°
39.7, 38.9, 38.7, 36.2, 31.9, 30.0, 29.0, 28.6, 28.6, 28.5, 28.2, 27.9, 26.0, 25.9, 25.0, 21.8; ESI-

HRMS (m/z): calcd. for CoH1603Na*, 195.0997; found, 195.0980 (diff. 0.0017).

Dimethyl 2-nonyldecanedioate. PdCI, (0.03 eq.), P(furyl)s (0.06 eq.), and HCI (0.08 eq.), methyl
cis-9-octadecenoate (1.0 eq.) and 26 mL MeOH. Purified with 4:1 hexanes:ethyl acetate. *H NMR

(400 MHz,CDCl;, U, ppm) 3. €86 (f,S8H), 164152 (m25HB 7748-1.35 (m, 2H),

1.33-1.18 (m, 22H), 0.90-0.85 (t, 3H); *C NMR (101 MHz, CDCl;, &4, ppm) 177.0, 177
174.2,51.4,51.2,45.8,45.7, 45.7, 34.1, 34.0, 34.0, 32.5, 32.5, 32.4, 31.9, 31.9, 31.8, 31.7, 30.0,

29.5, 29.5, 29.5, 29.5, 29.4, 29.4, 29.3, 29.3, 29.2, 29.2, 29.1, 29.1, 29.1, 29.0, 29.0, 27.4, 27.4,

27.4, 27.3, 27.2, 24.9, 24.9, 24.8, 22.7, 22.6, 22.6, 14.1, 14.0; ESI-HRMS (m/z): calcd. for
C21H4004Na*, 379.2824; found, 379.2813 (diff. 0.0001).

Dimethyl 1,5-cyclooctane-1,5-dicarboxylate. PdCl, (0.03 eq.), P(furyl); (0.06 eq.), and HCI

(0.08 eq.), 1,5-cyclooctadiene (1.0 eq.) and 46 mL MeOH. Purified with 6:1 hexanes:ethyl acetate.

'H NMR (400 MHz, CDCl;, i, 3p&@9,6H),2.72-2. 65 ( m, mi-protan), 2.58-0o mer U
2.44 (m, ma-roton), 2.0-0.79em, 5H), 1.79-1.61 (m, 5H), 1.59-1.43 (m, 2H); °C

NMR (101 MHz, CDCls, a, ppm) 177. 4, 177. 3, 177. 2, 177. 0, 1
51.6, 43.9, 43.5, 43.4, 43.3, 43.0, 40.9, 29.4, 29.2, 29.0, 28.8, 28.3, 28.1, 27.0, 26.8, 28.6, 25.5,
25.4,25.4,24.3, 23.9, 23.6; ESI-HRMS (m/z): calcd. for C12H2004Na*, 251.1259; found, 251.1261

(diff. 0.0002).

Methyl 4-(3-methoxy-3-oxopropyl)cyclohexane-1-carboxylate. PdCl; (0.03 eq.), P(furyl)s

(0.06 eq.), and HCI (0.08 eq.), 4-vinylcyclohex-1-ene (1.0 eqg.) and 46 mL MeOH. Purified with 3:1
hexanes:ethyl acetate. *H NMR (400 MHz, CDCls, i, 5p3ph(s, 6H), 2.35-2.17 (m, 3H),

2.00-1.91 (m, 2H), 1.84-1.69 (m, ~1.5H), 1.62-1.50 (m, ~2.5H), 1.46-1.18 (m, 3H), 1.14-0.81 (m,

2H); ®*C NMR (101 MHz,CDCl;, 4, ppm) 176.4, 176.3, 175.9, 175.
51.8,51.5,51.5, 51.4, 48.6, 48.0, 46.8, 46.8, 45.8, 45.1, 43.2, 43.2, 40.3, 38.9, 38.6, 37.2, 36.4,

35.2,35.1, 34.4, 34.1, 33.3, 33.0, 32.1, 32.0, 32.0, 31.9, 31.8, 31.8, 31.6, 31.4, 31.3, 31.3, 30.4,

30.2, 30.2, 29.0, 28.9, 28.8, 27.9, 26.1, 25.3, 21.8, 21.4, 19.1, 15.7, 14.0. ESI-HRMS (m/z): calcd.

for C12H2004Na*, 251.1259; found, 251.1253 (diff. 0.0006).
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NMR Spectra of Carbonylated Alkene
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Figure 2.38. Typical H NMR of carbonylation screening

(shown: methyl 4-
(hydroxymethyl)cyclohexane-1-carboxylate,

derived from 3-CHM) in CDCls.

Conversion
calculated from DMT peak at 3.94. Taken from RJA-2025-0023.
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Figure 2.39. *H NMR of methyl-5-hydroxypentanoate (derived from 10-U) in CDCls. Taken from
RJA-2025-0003.

17437
6307

6259
— 5145
—39.47

S -

T T T
100 50 0
Chemical Shifts

Figure 2.40. C NMR of methyl-5-hydroxypentanoate (derived from 10-U) in CDCls. Taken from

RJA-2025-0003.
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Figure 2.41. H NMR of methyl-5-hydroxypentanoate

methyl

3-(4-

(hydroxymethyl)phenyl)propanoate (derived from VBA) in CDCls. Taken from RJA-2025-0018.
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Figure 2.42. 1BC NMR of methyl-5-hydroxypentanoate

T T
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methyl

3-(4-

(hydroxymethyl)phenyl)propanoate (derived from VBA) in CDCls. Taken from RJA-2025-0018.
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Figure 2.43. *H NMR of methyl 4-(4-hydroxy-3-methoxyphenyl)butanoate (derived from Eugenol)
in CDCls. Taken from RJA-2025-0039.
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Figure 2.44. B3C NMR of methyl 4-(4-hydroxy-3-methoxyphenyl)butanoate (derived from

Eugenol) in CDCls. Taken from RJA-2025-0039.
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Figure 2.45. 'H NMR of methyl 2-(8-hydroxyoctyl)undecanoate (derived from OA) in CDCls.
Taken from RJA-2025-0078.
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Figure 2.46. 3C NMR of methyl 2-(8-hydroxyoctyl)undecanoate (derived from OA) in CDCls.

Taken from RJA-2025-0078.
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Figure 2.47. 'H NMR of methyl 6-hydroxy-2-propylhexanoate (derived from 5-O) in CDCls. Taken
from RJA-2025-0051.
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Figure 2.48. *C NMR of methyl 6-hydroxy-2-propylhexanoate (derived from 5-O) in CDCls. Taken

from RJA-2025-0051.
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Figure 2.49. Crude *H NMR of methyl 2-(3-hydroxypropyl)hexanoate (derived from 3-O) in CDCls.
Taken from RJA-2025-0015.
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Figure 2.50. *H NMR of methyl 4-(hydroxymethyl)cyclohexane-1-carboxylate (derived from 3-

CHM) in CDCls.Taken from RJA-2025-0023.
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Figure 2.51. C NMR of methyl 4-(hydroxymethyl)cyclohexane-1-carboxylate (derived from 3-

CHM) in CDCls.Taken from RJA-2025-0023.
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Figure 2.52. Band-selective 'H-3C HMBC NMR of methyl 4-(hydroxymethyl)cyclohexane-1-
carboxylate (derived from 3-CHM) in CDClI; used to determine major regioisomer. Taken from

RJA-2025-0023.
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Figure 2.53. *H NMR of dimethyl 2-nonyldecanedioate (derived from MO) in CDCls. Taken from
RJA-2024-0025.
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Figure 2.54. 3C NMR dimethyl 2-nonyldecanedioate (derived from MO) in CDClz. Taken from
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RJA-2024-0025.
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Figure 2.55. *H NMR of dimethyl 1,5-cyclooctane-1,5-dicarboxylate (derived from COD) in CDCls.

Taken from RJA-2025-0040.
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Figure 2.56. 3C NMR of dimethyl 1,5-cyclooctane-1,5-dicarboxylate (derived from COD) in

CDCls. Taken from RJA-2025-0040.
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Figure 2.57. *H NMR of methyl 4-(3-methoxy-3-oxopropyl)cyclohexane-1-carboxylate (derived
from 4-VCH) in CDCls. Taken from RJA-2025-0057.

176.28

1764

L
r
Y

T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 90 80 70 60 50
1 (ppm)

Figure 2.58. 13C NMR of methyl 4-(3-methoxy-3-oxopropyl)cyclohexane-1-carboxylate (derived

from 4-VCH) in CDCls. Taken from RJA-2025-0057.
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TOF and TON Determination

10-U

Two reactions were run with identical conditions other than the solvent that was employed.
Pd(OAc)2 (6.6 mg, 0.029 mmol, 0.01 eq.), PPhs( 62 mg, 0. 23 mmol , MHO.(A2R8 eq. ),
mg, 0.12 mmol, 0.04 eq.) were weighed out and added to a 3 oz. Fischer-Porter tube equipped
with a stir bar. DMT (approx. 0.3 mmol) was weighed out and added as an internal standard. 10-
U (500 mg, 2.94 mmol, 1 eq.) was weighed into a 20 mL vial and transferred to the FP tube using
2.5 mL MeOH for the carbonylation and 2.5 mL dioxane for the polymerization. The tubes were
purged 4x with 120 psig CO before being pressurized to 120 psig. They were then placed in an
oil bath at 100 °C and allowed to stir for 1 h. The tubes were then placed in an ice bath and vented,
before 2-3 mLs of DCM was added. Tubes were allowed to stir for a couple minutes before an
aliquot was taken from each, pumped down, and dissolved in CDCls. *H NMR was then used to

determine conversion, yield, and linear:branched ratio.
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Figure 2.59. 'H NMR of 1 h 10-U carbonylation (top) and polymerization (bottom) in CDCls. Taken
from RJA-2025-0050.

70



VBA

Two reactions were run with identical conditions other than the solvent that was employed.
Pd(OACc). (6.6 mg, 0.029 mmol, 0.01 eq.), PPh3(62 mg, 0.23mmol,0.08eq. ), anmM@Rs OHAH
mg, 0.12 mmol, 0.04 eq.) were weighed out and added to a 3 oz. Fischer-Porter tube equipped
with a stir bar. DMT (approx. 0.3 mmol) was weighed out and added as an internal standard. VBA
(390 mg, 2.94 mmol, 1 eq.) was weighed into a 20 mL vial and transferred to the FP tube using
2.5 mL MeOH for the carbonylation and 2.5 mL dioxane for the polymerization. The tubes were
purged 4x with 120 psig CO before being pressurized to 120 psig. They were then placed in an
oil bath at 100 °C and allowed to stir for 1 h. The tubes were then placed in an ice bath and vented,
before 2-3 mLs of DCM was added. The tubes were allowed to stir for a couple minutes before
an aliquot was taken from each, pumped down, and dissolved in CDCls. *H NMR was then used

to determine conversion, yield, and linear:branched.
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Figure 2.60. *H NMR of 1 h VBA carbonylation (top) and polymerization (bottom) in CDCls. Taken
from RJA-2025-0055.

5-0

Two reactions were run with identical conditions other than the solvent that was employed. PdCl,

(6.2 mg, 0.035 mmol, 0.03 eq.), P(furyl)s (16.2 mg, 0.070 mmol, 0.06 eqg.) and DMT (approx. 0.15
71


































































































































































































































































































































































