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Abstract
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essential signaling molecule in the human neuronal system and has been noted to have anti-inflammatory
properties, act as a vasodilator, have anti-proliferative impacts on tumors, and many other beneficial
effects. The current limitation to using CO as a therapeutic molecule is delivering the proper dosages
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review the biological significance of CO in biological systems, the limitations of existing CORMs, and the
properties of diphenylcyclopropenone (DPCP) that make it a promising CORM. The second chapter of this
thesis will describe our work to develop a new class of directly polymerizable organic CORMs based on
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Abstract

Despite the commonly held consensus that carbon monoxide (CO) is toxic, it has
been shown to be an essential signaling molecule in the human neuronal system and has
been noted to have anti-inflammatory properties, act as a vasodilator, have anti-
proliferative impacts on tumors, and many other beneficial effects. The current limitation
to using CO as a therapeutic molecule is delivering the proper dosages using CO
releasing molecules (CORMS) without exhibiting toxicity. The first chapter of this thesis
will review the biological significance of CO in biological systems, the limitations of
existing CORMs, and the properties of diphenylcyclopropenone (DPCP) that make it a
promising CORM. The second chapter of this thesis will describe our work to develop a

new class of directly polymerizable organic CORMs based on DPCP.
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1. Introduction

1.1 Carbon Monoxide

Carbon monoxide (CO) is a colorless, odorless, and tasteless gas that is commonly
considered a hazardous chemical.! CO contains one carbon atom and one oxygen
connected by a triple bond comprised of two pi bonds and one sigma bond. CO is the
simplest oxide of carbon and contains 10 valence electrons, making it isoelectronic with
other triple bonded diatomic molecules such as cyanide and molecular nitrogen. Small
amounts (about 100 ppb) of CO are found in unpolluted parts of Earth’s atmosphere, and
pollution in urban areas can result in the concentration of CO increasing up to tenfold.? The
most common sources of CO are anthropogenic and natural combustion of carbon
containing compounds.® Other natural sources of CO include photochemical reactions
within Earth’s troposphere and various geologic activity.* When CO is emitted into the
atmosphere, it affects several processes that contribute to climate change.® CO is
industrially and biologically relevant because it plays an important role in producing
plastics, pharmaceuticals, and other products that benefit humanity.®
1.2 CO in Biological Systems

The common consensus is that CO is a toxic molecule. This is because it has a very
strong affinity for heme, which is a precursor to hemoglobin that binds and transports
molecular oxygen throughout the bloodstream. CO’s affinity for heme is about 220 times

stronger than oxygen’s affinity for heme, therefore, when CO is present it will
1



preferentially bind to hemoglobin to produce carboxyhemoglobin (HbCO), reducing the
capacity for oxygen transport.” CO poisoning is considered severe when HbCO levels reach
30% and levels above 56% are typically fatal.® Despite CO toxicity at high concentrations,
this gas is produced endogenously in small quantities. About 86% of endogenously
produced CO is through the oxidative breakdown of heme while the other 14% is produced
by the reduction of cytochromes, enzymatic and photo-oxidation of organic compounds,
ascorbate-catalyzed lipid peroxidation of lipids and phospholipids.®

Three isoforms of heme oxygenase (HO) enzymes are responsible for catalyzing

the first step in degrading heme to produce CO, biliverdin, and iron (Figure 1). Heme

Heme Biliverdin

HOOC COOH HOOC COOH

+ O, + NADPH + Fe?* + NADP*
neuronal

vasodilation e——— : .
signaling

\ 4
—
tumor ,___/ — anti-infammation

supression

Figure 1: Methods for generation of endogenous CO in biological settings. Green
lines: Known biological responses to CO gas.

oxygenase-1 (HO-1) is induced by stress and heme oxygenase-2 (HO-2) is expressed

constitutively. Heme oxygenase-3 (HO-3) has been identified as a significantly less
2



catalytic homologue of HO-2.2% HOs are often thought of as cytoprotectants because their
catalytic product, CO, has many important biological roles.!! Once CO is produced
endogenously, it diffuses across tissue and activates soluble guanylyl cyclase, producing
cyclic guanosine monophosphate (cGMP), which acts as a secondary messenger in a
variety of cellular functions.

Since CO was identified as an endogenous gaseous neurotransmitter, many studies
manipulating HOs have shown that CO is an essential signaling molecule throughout the
human body.'? For example, removal of the gene that encodes for HO-2, the isoform of
HO responsible for nearly all constitutive production of CO in the central nervous system,
increases neurotoxicity in brain cells and exacerbates oxidative stress which leads to
neurodegenerative disease, tissue damage, and inflammation.® A different study showed
that CO gas has been noted to have anti-inflammatory properties as oxidative stress can
induce the upregulation of HO-1. After HO-1 catalyzes the breakdown of heme, CO
inhibits expression of pro-inflammatory proteins and escalates expression of anti-
inflammatory proteins such as interleukin-10.1* Studies observing vascular constriction
upon inhibition of HO-1 has shown that CO acts as a vasodilator.*>® Using antibodies
against HO-1 in tumor cells has shown that CO increases cancer cell sensitivity to
chemotherapeutics 1,000-fold.!” Manipulation of HOs provides plentiful insight in to the
role of endogenous CO production, deeming CO a promising therapeutic molecule.
Unfortunately, clinical applications of inhaled CO are limited due of the difficulty of
delivering gaseous CO and potential hazards related with administering and handling this

toxic gas.



1.3 Controlled Release of CO

Given the vast research and therapeutic potentials of CO, many molecules that
selectively produce CO gas when triggered by various stimuli have been designed and
synthesized, which are referred to as CO Releasing Molecules, or CORMs (Figure
2).1819 CORMs, as originally reported in 2002, have given researchers a new set of tools
to generate CO gas and directly study its effects on biological systems.?° Application of
CORMs not only allow researchers to quantitatively and temporally control dosages of
CO, they avoid CO delivery by inhalation which greatly reduces the probability of

encountering the toxic effects of CO.

Ln[M]-QCEO)m trigger %
CO Releasing Molecule (CORM)

m

Figure 2: A simplified model of a carbon monoxide-releasing molecule (CORM).

CORMs have been utilized in multiple model animal studies to corroborate the
beneficial effects of CO.2:2” CORMs such as 1a (Figure 3A) have been used to show that
CO may be a beneficial treatment for inflammatory diseases such as arthritis. A study
showed that treating arthritis in mice with 1a reduced the expression of pro-inflammatory
proteins.?? CORMs such as la and 1c have been used to study the role of CO in
cardiovascular disease. A mouse model designed to have a coronary occlusion had blood
infusions of 1a, which showed that CO reduced the size and number of heart attacks.?? A
second model transplanted HO-1 deficient mouse abdominal aorta to show the importance
of CO in cardiovascular disease. This study found that treating these mice with 1c

significantly increased survival rate by reducing platelet aggregation.® Moreover, studies



utilizing 1a as a CORM have showed that CO has antimicrobial properties?* and can act
as a bactericide, limiting cellular respiration in bacteria by interfering with and cutting off
ATP supplies.® Lastly, CORMs have been shown to inhibit cancer metastasis,?® and 1c,
specifically, has been shown to inhibit the expression of proteins that contribute to cancer
progression in mice.?’” Although this section only briefly touches on the many roles of CO
in animal models, CORMs have been shown to serve as promising therapeutic research
molecules.
1.3.1 Inorganic CORMs

A large majority of CORM design has been based on transition metal carbonyl
compounds (Mn, Fe, Ru, Mo, etc.) (Figure 3). Many of these compounds, such as 1a,
release CO spontaneously through solvent induced ligand exchange (Figure 3A). For
example, when 1a is added to water, it spontaneously releases CO with a half-life of about
1 minute.?® The disadvantage of spontaneous CORM s is the inability temporally control
the release of CO. To combat this pitfall, metal carbonyl compounds were synthesized to
release CO only when triggered by specific stimuli including pH change (Figure 3B),
ligand exchange (Figure 3C), and direct photolysis (Figure 3D). It has been shown that
half-lives of rhenium"-based CORMs containing bromide anions 1b can range from 1 to
6 min as the pH increases from 5.8 to 7.4 (Figure 3B).?° Another method commonly used
to liberate CO from CORMSs, specifically tricarbonyldichlororuthenium(ll) dimer 1c
(Figure 3C), is to trigger a ligand exchange process by the addition of a stronger sigma

donating ligand, such as dimethylsulfoxide (DMSO).%° This example is similar to 1a, but
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Figure 3: A. Spontaneous CO release through solvent induced ligand exchange. B.
CO release triggered by increased acidity. C. CO release triggered by ligand exchange
upon the addition of dimethylsulfoxide (DMSO). D. CO release triggered by direct
irradiation.

1c was designed to be insoluble in physiological media and CO release only occurred after
the addition of DMSO, which adds an element of control. CORMSs triggered by irradiation
with UV or visible light are commonly referred to as photo-CORMs. Compound 1d is an
example of a photo-CORM that is stable in the dark in aqueous media and releases CO
upon irradiation with an appropriate wavelength of light, despite having a relatively low

quantum yield of 0.21 (Figure 3D).3! Photo-CORMSs are undoubtedly the most popular



CORMs used in CO research because they easy to handle and grant practitioners inherent
control over the spatial and temporal (spatiotemporal) release of CO..
1.3.2 Polymeric CORMs
As can be noted from the surveyed inorganic CORMSs discussed above (Figure
3), at a maximum three molecules of CO can be release per atom of transition metal. To
increase the amount of CO that can be produced by a CORM, metal carbonyl complexes

have been ligated to organic polymers to create poly-CORMs.323°

RUzC|4(CO)6
_—

@)
30 Final step >&z SR Cl
SR = /
z O:C—Rl{—CI
Pre-synthesized Poly-CORM ,/C/ C\J\\
/

polymer

Figure 4: The strategy currently used to synthesize poly-CORMs: a polymer
architecture is designed before ligating to an inorganic CORM.

As transition metals inhibit free-radical polymerizations, the CO releasing metal carbonyl
must be ligated to the macromolecule following polymerization, rendering this method for
the creation and engineering of truly complex polymer architectures infeasible (Figure
4).3® Moreover, poly-CORMs based on metal carbonyl complexes were found to be
cytotoxic before and following the release of CO, greatly limiting their utility in research
or therapeutic applications. Finally, the use of metal carbonyl-based CORMSs, either

monomeric or polymeric, are inherently flawed as they produce poorly defined and



coordinatively unsaturated transition metal complexes,®® which could have significant

downstream effects in biological systems following release of CO.

1.3.3 Organic CORMs

To avoid toxicity associated with metal-based CORMSs, many organic, small
molecule CORMs have been designed with biocompatibility in mind.33® An example of
a biocompatible organic CORM is 2a, which exhibits no cytotoxicity before or after CO

liberation and can successfully release CO under physiological conditions (Figure 5A).

>
(@]
O O ( ) O 0 o | su PDT
HO HO OH -
B ®=0.004 B Biocompatible Reaction progress
5 SM
L o oot .
I
od=0.36 O Bioincompatible Reaction progress
O«_-Ph Oz 0
CCOC, -6-
2
oH OH :CJJ PDT
2c S S
od=043 O Biocompatible Reaction progress

Figure 5: A. An organic CORM that inefficiently releases CO in biological
conditions. B. An organic CORM that efficiently releases CO, but only in organic
solvents. C. An organic CORM that efficiently releases CO in biological conditions, but
forms potentially reactive byproducts and requires photolysis and oxygen to release CO.

The downside to this particular CORM and its variants is that they have low synthetic and
quantum Yyields, resulting in inefficient production on large scales and underwhelming

quantities of CO release.3” Organic CORM s such as 2b have higher reported quantum

8



yields than 2a when irradiated in organic solvents, but lose the ability to liberate CO
entirely when irradiated in aqueous environments (presumably due to their hydrolytic
instability, Figure 5B).*® A new generation of organic CORMs, including 2c, were
introduced to undergo fluorescent changes upon CO release to monitor CO release in real
time (Figure 5C).%® These CORM s were determined to have slightly better quantum yields
than 2b, but are only able to release CO in aerobic conditions, limiting their application in
hypoxic experiments. Although organic CORMSs are promising in terms of
biocompatibility, they are limited by low quantum vyields and CO production.
Polymerization of an organic CORM could combat these limitations, but the synthesis of
an organic poly-CORM has not yet been reported.
1.4 Diphenylcyclopropenone as a CORM

Cyclopropenones are highly strained three-membered cycloalkanes containing a
carbonyl and an unsaturated double bond.*® Although cyclopropenones have considerable
ring strain, they are remarkably stable; they exist as ketones (not hydrates) in aqueous
solution,* are resistant to thermal decomposition to 130°C,*! and do not react with
naturally occurring functional groups (Figure 6A).*2** It has been suggested that the
peculiar stability of cyclopropenones is derived from its major contributing resonance form
as an aromatic oxyanion pendant cyclopropenyl cation.*® Moreover, cyclopropenones have
been used as a tool to examine biomolecules in their native state. Prescher and co-workers
reported successful bioorthogonal ligation of cyclopropenones mediated by functionalized
phosphines,*? showing the stability of cyclopropenones in physiologically relevant
environments (Figure 6B). The photolysis of diphenylcyclopropenone (DPCP, 2d) has

been extensively studied and was shown to occur with high quantum vyields (1.0),
9



generating only diphenylacetylene and CO gas (Figure 6C).*> Although the mechanism of
CO release from DPCP is still debated, it is widely considered that it proceeds through an
ionic, non-radical mechanism, meaning that this process is not retarded by the presence of

functional groups with abstractable hydrogens (thiols, phenols, etc.), oxygen, or aqueous

A. O) 0© O resonance with aromatic species
H — ‘ O stable in aqueous solution
R R R R o stable to 130°C
B. i ]
o] NU: Nu: 0
+ — &O >
AP Nu
ArgP PAT,
= biomolecule o Physiologically stability
C. O
L o =
Ph Ph
2d oo=1.0 O Biocompatible
(DPCP) - P

Figure 6: A. The physical chemistry of cyclopropenones. B. Bioorthogonal ligation
between cyclopropenones and functionalized phosphines displaying the physiological
stability of cyclopropenones. C. The highly efficient photorelease of CO from
diphenylcyclopropenone that produces CO gas and forms innocuous byproducts and
operates under anaerobic conditions.

media. Aside from its photolysis, DPCP has been topically administered to treat alopecia
areata and multiple studies have shown that it promotes hair regrowth among patients.*¢-8
Despite the appealing chemical properties of DPCP, its use as a therapeutic CORM has

never been reported.
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1.5 Amplificative Decarbonylation of DPCP

As stated above, the solution photochemistry of DPCP has been extensively studied
and leads to the rapid, clean, and efficient (® = 1.0) release of CO gas upon irradiation
(Figure 5D). In this context, at a maximum, 1 photon of light would result in 1 molecule
of CO being released. However, in 2008, Garcia-Garibay and co-workers reported that the
excitation of crystalline suspensions of DPCP in water/cetrimonium bromide (CTAB) to
their second excited state (S2) with UV light (~330 nm) resulted in crumbling of the

crystals to powders consisting solely of diphenylacetylene within minutes.*®

A. Garcia-Garibay (2008)

crystalline ;7. "~ B Oy =3.3

i 1 O .
suspension ! \ _@_, T - quantum chain
’ ! / =~ reaction

S
________

B. Garcia-Garibay (2014)

single O/H}O B O/H?O *

tether
i - | 3(-

(in benzene)

I
Ph Ph

Figure 7: A. Quantum chain reaction for the photodecarbonylation of DPCP in a
solid state; B. quantum chain behavior of tethered DPCPs.

Further inspection revealed that this photoreaction had a quantum yield of 3.3;
meaning that every 1 photon absorbed by the crystalline suspension of DPCP resulted in
the release of 3.3 molecules of CO gas!*®> This phenomenon is referred to as a quantum

chain reaction because it proceeds through energy transfer from an excited molecule (that
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releases CO) to another proximal molecule in its ground state (that subsequently releases
CO) and so forth. As energy transfer can occur on a sub-picosecond time scale in crystalline
solids, this amplificative effect was initially evidenced in crystalline suspensions (Figure
7A). In a second study, Garcia-Garibay and co-workers synthesized three different tethered
DPCPs: dimers with 2, 3, and 4 carbons separating DPCP moieties (Figure 7B). They

irradiated each molecule in solution (benzene) at 365 nm and 312 nm to determine

® in Benzene
365 nm 312 nm
0.73+0.03 1.14 £0.03
0.74 £ 0.06 1.02 +0.04
0.74 £ 0.04 0.70 £ 0.04

Table 1: Quantum yields of each tethered DPCP in benzene at 365 nm and at 312 nm.

quantum yields (Table 1). They found that increasing the distance between DPCP
molecules decreases quantum vyields in benzene, and that irradiation with shorter
wavelengths of UV light result in higher quantum yields. Therefore, they were able to
synthetically control the effect of quantum amplification.
1.6 Direct Polymerization of DPCP to Form Poly-CORMs

Inspired by the works of Garcia-Garibay, we considered that a polymer backbone
is, in effect, a tether that could hold many DPCP units in very close proximity independent

of the polymer’s overall concentration. We looked through the literature and found that the
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only example of polymeric DPCP is a DPCP centered polymer that only contained one
equivalent of DPCP and thus, one equivalent of CO per polymer.>! We thought that the
best way to utilize DPCP as a CORM would be to synthesize a DPCP attached to a
polymerizable functional group (3a), enabling its free-radical polymerization (Figure 8).
The product of its polymerization is a linear polymer containing many repeating DPCP

units (poly-DPCP, 3b). To the best of our knowledge, poly-DPCP is the first example of

Al o >3|o "\ ) 3¢
3a @»( s G ( Q\
o = Ph Ph N

organic Ideal polymer Defined
CORM structure photoproducts

Figure 8: The polymerization of a DPCP containing monomer followed by its
photodecarbonylation.

an organic poly-CORM. The liberation of CO from poly-DPCP will be achieved by direct
irradiation. Poly-DPCP serves as an excellent CORM because large amounts of CO can
be released, and the clean photolysis of DPCP results in well-defined photoproducts such
as polymeric diphenylacetylene (poly-DPA, 3c).
1.7 Amplificative CO Release from a poly-CORM

We believe that irradiation of poly-DPCP with a proper wavelength of light would
excite a singular DPCP unit within the polymer to the S2 state, initiating a quantum chain
reaction and resulting in the amplified release of CO gas (Figure 9). This quantum chain

process would not only increase the quantum yield of the photoreaction, but also would
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Figure 9: The use of poly-DPCPs to study quantum chain reactions.

lead to an increased rate of CO formation, making poly-DPCP a very desirable CORM.
Garcia-Garibay’s tethered DPCPs inspired us to synthesize multiple DPCP polymers
using ethylene glycol units to vary lengths between DPCP moieties and the polymer
backbone to further investigate the amplificative decarbonylation of DPCP. Ultimately,
we sought to synthesize a new class of organic poly-CORMs that can be used to deliver

therapeutic dosages of CO and serve as a model to study quantum chain reactions.
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2. Research

2.1 Hypothesis

The goal of the work in this thesis is to develop a new class of organic CORMs
based on DPCP. We believe that this new class of CORMs can be directly polymerized,
are non-cytotoxic before and following photolysis, efficiently release CO gas, and create
well-defined and, ideally, readily metabolizable photoproducts. This new class of CORMs
would offer practitioners a powerful set of tools with significant impacts in the areas of
research, therapeutics, and human health. Moreover, our poly-CORMs will be a useful tool
to study quantum chain reactions. Specifically, in this thesis, we hypothesize that: 1) DPCP
with polymerizable functionality can be successfully synthesized, 2) the polymerization of
DPCP monomers can be controlled using RAFT polymerization, and 3) CO can be
successfully liberated from poly-DPCP.

2.2 Synthesis of DPCP Acrylates

Due to the high reactivity of the acrylate functional group to free-radical
polymerization, the first type of DPCP monomers we synthesized were DPCPs with
acrylates attached in the para-position (Scheme 1). From commercially available
tetrachlorocyclopropene, 4a was synthesized in good yields (69%) by a Friedel-Crafts type
reaction mediated by aluminum trichloride (AICIs). De-methylation of this material by

boron tribromide (BBrs) formed phenol 4b in quantitative yields.>? From here, we
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1) AICl3, 5 min

cl. ¢l 2) benzene, 1.5 hr
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DMF, 60°C, 16hr
c (74%)

Scheme 1: Synthesis of acrylated DPCP with 0, 1, and 2 PEG units.

synthesized acrylates with 0, 1, and 2 ethylene glycol units with hopes to append them to
phenol 4b (Scheme 1). Specifically, phenol 4b was reacted with triethylamine and acryloyl
chloride (5a) to obtain 0-PEG acrylated DPCP (6a) in a 66% yield. A mesylate leaving
group was added to 2-hydroxyethyl acrylate® to form 5b before preforming a nucleophilic
substitution with phenol 4b to obtain 1-PEG acrylated DPCP (6b) in a 79% yield. The
third acrylate was synthesized by the addition of acryloyl chloride (5a) to 2-(2-
chloroethoxy)ethanol?!, followed by a Finkelstein halide exchange to yield iodo 5c, and

finally nucleophilic substitution with phenol 4b to obtain 2-PEG acrylated DPCP (6¢) in a
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74% yield. Overall, these acrylate substituted DPCPs were formed in overall good yields,
high purities, and few steps from commercial substrates.
2.3 Polymerization of DPCP Acrylates
2.3.1 Reversible Addition-Fragmentation Chain Transfer Polymerization

The best way to utilize poly-DPCPs as CORMs and as tools to study quantum
amplification reactions is to control their polymerization. Dispersity (D) is a measure of
heterogeneity that can be calculated using the equation: B = Mw/Mn, where My, is the
weight-average molar mass and My is the number-average molar mass. Dispersity can
significantly affect the properties of a given polymer. If a sample of poly-DPCP has a high
dispersity it will be difficult to quantify CO release per polymer upon irradiation.
Moreover, variation in polymer size may also influence quantum amplification. One
technique widely used to control radical polymerizations is Reversible Addition-
Fragmentation Chain Transfer (RAFT), a process discovered in 1998 at the
Commonwealth Scientific and Industrial Research Organization (CSIRO) in Australia by
several researchers.>

Addition of RAFT reagents (e.g. dialkyl dithiocarbonates) to free-radical
polymerizations creates polymers with predicable molecular weights and low dispersity.>®
The RAFT mechanism, shown in Scheme 1, operates through 4 specific steps: 1. initiation
of a monomer to form an activated radical, 2. addition of the activated radical to the RAFT
agent which enters equilibrium between active and dormant species, 3. initiation of new
polymer growth by the fragmentation of the R group from the RAFT agent, and 4.

termination by combination of active radical species. Accordingly, RAFT agents have been
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used in free-radical polymerizations with a variety of monomers to engineer complex
polymer architectures which were previously inaccessible with such as linear block

copolymers, star polymers, brush polymers, and dendrimers.>*°®

Dormant

4. R + 1" + P, + P, —> Termination

Scheme 2: Mechanism of RAFT polymerization.

The compatibility of RAFT reagents with an extensive range of monomers is what
makes RAFT polymerization such a valuable technology. Most monomers compatible with
free radical polymerization are compatible with RAFT. Furthermore, monomers that are
difficult to polymerize under free-radical conditions can be successfully polymerized upon
the addition of a compatible RAFT reagent. For example, dienes typically cross-link quite
rapidly when polymerized free radically, but the addition of RAFT reagent results in much
higher conversion before eventual crosslinking.®” The compatibility between RAFT
polymerization with many monomers is due to the reactivity of the RAFT reagent. A RAFT
polymerization is successful when the carbon sulfur double bond is more reactive with
radical addition than the carbon-carbon double bond on the monomer. Many RAFT agents
have been synthesized with variable R and Z groups to alter the reactivity of the carbon-

sulfur double bond, and to stabilize the radical intermediates. The RAFT agents we
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experimented with in  this thesis are shown in Figure 10. 2-

(Dodecylthiocarbonothioylthio)propionic acid (DoPAT) is a popular, commercially

available
0 0
NC.__S.__Ph
CH3(CH,)1oCH,S _S \ﬂ/ Ph. _S
S S
DoPAT CPDB DTB-2PA

Figure 10: The structures of the RAFT agents used in this thesis.

trithiocarbonate designed to balance activity and hydrolytic stability that is commonly used
with styrenes, acrylates, and acrylamides.*® 2-Cyano-2-propyl benzodithioate (CPDB) and
2-[(Phenylthioxomethyl)thio]propanoic acid (DTB-2PA) are versatile, commercially
available, dithiocarbonates that are most compatible with methacrylates and
methacrylamides.>® Compatibility is important because if the RAFT agent is incompatible
with a monomer, the polymerization is entirely unsuccessful or the conversion is drastically
reduced.

For the work in this thesis, we began experimenting with RAFT by synthesizing
polymers containing 50 DPCP units from acrylate appended DPCPs. Using Equation 1,

we were able to calculate the concentration of RAFT

[M]oPMm H
M, = m + Mgapr (Equatlon 1)

[M], = initial concentration of monomer
p = theoretical conversion

M,,, = molar mass of monomer
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[RAFT], = concentration of RAFT agent

Mpgarr = molar mass of RAFT agent
reagent required to synthesize a 50 DPCP unit (M, = 14,150 g/mol) polymer. We typically
set our theoretical conversion to 95% to account for error or incomplete double bond
conversions. Equation 1 can be simplified to quickly solve for the concentration of RAFT
agent required to synthesize a polymer with a theoretical number of monomer units

(Equation 2).

1

RAFT], =
[ Jo (Mm¢n +p)

(Equation 2)

myy, = theoretical number of monomer units
For example, if we aim to synthesize a polymer containing 50 repeats of DPCP that goes
to 95% theoretical conversion, 0.019 stoichiometric equivalents of RAFT agent are
required. Table 2 illustrates the importance of experimentally determined conversion (Pexp)
in this system and how it effects the number of monomer units (Munits) in the
polymer. If the polymerization does not go to completion, the polymer will not be the

desired length, demonstrating the livingness of this polymerization process.®
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Mth [RAFT]o Pexp Munits
50 0.019 95% 50
50 0.019 100% 52.6
50 0.019 90% 47.3
50 0.019 75% 394
50 0.019 50% 26.3

Table 2: Hypothetical data showing the importance of conversion in controlled
RAFT polymerizations.

There are many variables other than RAFT agent compatibility with monomers that
effect the success of RAFT polymerizations. Indeed, variables such as concentration, time,
and solvent are necessary to be optimized to result in a successful controlled
polymerization. Typically, RAFT polymerizations are performed overnight in
dimethylformamide (DMF), toluene, acetonitrile, or anisole at high concentrations.
Variables pertaining to the radical initiator are more difficult to screen for. In all our
experiments we used azobisisobutyronitrile (AIBN) as our radical initiator because it is
inexpensive, crystalline, and readily gives off free radicals at temperatures above 40°C.
The concentration of initiator in RAFT polymerizations is typically displayed as a ratio of

RAFT:AIBN and ranges anywhere from 3:1 to 20:1, but ratios of 5:1 and 10:1 are most
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commonly used. A lack of radicals may result in the rate of the polymerization decreasing,
and too many radicals may result in the livingness of the system decreasing due to the
formation of dead chain ends (resulting from bimolecular termination with an initiating
radical).
2.3.2 RAFT Polymerization of DPCP Acrylates

With DPCP acrylates (6a, 6b, 6¢) in hand, we began to assess their compatibility
with the RAFT agent DoPAT. As our monomers have been previously reported nor have
been evaluated in a living radical polymerization, we performed many experiments to
determine the optimal conditions for their controlled polymerization. Our results, displayed

in Table 3, show that polymerizations in DMF had superior conversions over anisole,

DY DY

m

07 0 n 0”0 n

)S RAFT )S
RAFT:AIBN

o x1) 0
Solvent (X wt%),
Temp, Time
A A\
O Ph o) Ph

Scheme 3: Optimization experiment for the RAFT polymerization of DPCP acrylates.

acetonitrile, and 1,4-dioxane. We found that 300 wt% results in high conversion and that
reaction mixtures exhibit partial insolubility in concentrations less than 300 wt%. Our
results also show that 24 hours at 70°C is a sufficient reaction time and temperature,

respectively. We found that using DoPAT as a RAFT reagent resulted in higher
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conversions when compared to DTB-2PA. Our highest conversions for 0-PEG acrylate
(6a), 1-PEG acrylate (6b), and 2-PEG acrylate (6¢) were 78%, 94%, and 91% respectively.
We found the most crucial variable that contributed to higher observed monomer
conversions were the ratio of RAFT to AIBN. The optimal ratio for these experiments,
based solely on observed conversion, was 3:1 RAFT:AIBN. We noticed another increase
in polymerization success when we changed our reaction vessels from 6 mL microwave
vials with Teflon caps to 2 mL glass ampoules. After learning that oxygen can readily
diffuse through Teflon, we began performing three freeze pump-thaw-cycles with glass
ampoules and flame sealing under vacuum, which likely resulted in reducing the amount

of oxygen in the system.
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temp RAFT | RAFT: | Conc.
entry Mth Hrs. | solvent Pth | Pexp

°C reagent | AIBN | wt%
1 50 80 48 | dioxane | DoPAT | 5:1 100 | 95| 50
2 50 80 24 | dioxane | DOPAT | 5:1 100 |90 | 55
3 50 | 80 | 24 | anisole | DOPAT | 5:1 100 | 75| 49
4 50 80 24 | anisole | DoPAT | 5:1 100 |90 | 36
5 50 70 24 DMF | DoPAT | 31 300 | 95| 62
6 50 70 24 DMF | DoPAT | 31 400 | 95| 55
7 50 70 24 DMF | DoPAT | 3:1 300 | 95| 56
8 50 70 48 DMF | DoPAT | 31 300 | 95| 57
9 50 70 72 DMF | DoPAT | 2:1 300 | 95| 78
10 50 70 72 DMF | DoPAT| 25 300 | 95| 56
11 s0 [ 70 | 72 | omF | D72 | 31 | 300 |95 45
12 50 70 72 | dioxane | DoPAT | 3:1 300 [ 95| 38
13 50 70 24 DMF | DoPAT | 5:1 200 | 95| 80
14 50 70 48 DMF | DoPAT | 5:1 200 |1 95| 80
15 50 70 24 DMF | DoPAT | 20:1 200 |95 | 14
16 50 70 24 | Anisole | DoPAT | 20:1 200 | 95| 10
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17 50 | 70 | 24 | DMF | DoPAT| 20:1 | 200 |95 | 40
temp RAFT | RAFT: | Conc.
entry Mth Hrs. | solvent Pth | Pexp
°C reagent | AIBN | wt%
18 50 | 70 | 24 | DMF | DoPAT| 15:1 | 200 |95 57
19 50 | 70 | 24 | DMF | DoPAT| 10:1 | 200 |95 56
20 50 | 70 | 24 | DMF | DoPAT| 20:1 | 200 |95 56
21 50 | 70 | 24 | DMF | DoPAT| 15:1 | 200 |95 56
22 50 | 70 | 24 | DMF | DoPAT| 10:1 | 200 |95 59
23 50 | 70 | 24 | DMF |DoPAT| 2.1 | 300 |95 04
24 50 | 70 | 24 | DMF |DoPAT| 51 | 300 |95 93
25 50 | 70 [ 24 | omF | D72 | 201 | 200 |95 28
26 50 | 70 [ 24 | omF | D72 | 151 | 200 |95 | 43
27 s0 [ 70 [ 24 [ omF | DT | 101 | 200 |95 55
28 50 | 70 | 24 | omMF [DoPAT| 51 | 300 |95 85
29 50 | 70 | 24 | DMF | DoPAT| 5:1 | 400 |95 78
30 50 | 70 | 24 | DMF | DoPAT| 5:1 | 1000 [ 95| 63
31 50 | 70 | 48 | DMF |DoPAT| 3:1 | 300 |95 87
32 100| 70 | 24 | oMF [DoPAaT| 31 | 300 |95] 19
33 |1]|588| 70 | 24 | DMF [DoPAT| 51 | 300 |85 73
34 50 | 70 | 24 | DMF | DoPAT| 3:1 | 300 |95 78
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35 100 70 | 24 | DMF | DoPAT| 51 300 |95 59
temp RAFT | RAFT: | Conc.
entry Mih Hrs. | solvent Pth | Pexp
°C reagent | AIBN | wt%
36 50 | 70 | 24 | DMF | DoPAT| 3:1 300 |95 93
37 50 | 70 | 24 | DMF | DoPAT| 3:1 300 |95 ]| 94
38 50 | 70 | 24 | DMF | DoPAT | 5:1 200 | 95| 77
39 50 | 70 | 48 | DMF | DoPAT | 5:1 200 | 95| 77
40 50 | 70 | 48 | DMF | DoPAT| 3:1 300 |95 87
41 625]| 70 | 24 | DMF | DoPAT| 5:1 300 | 80| 68
42 100 70 | 24 | DMF | DoPAT| 51 300 95| 29
43 50 | 70 | 24 | DMF | DoPAT | 3:1 300 95| 91

Table 3: Optimization experiments for RAFT polymerization of DPCP acrylates. n =
number of ethylene glycol units; mw = theoretical number of monomer units per polymer;
pth = theoretical converstion; pexp = experimental conversion. Rows highlighted in gold

show the conditions that resulted in our highest conversions.

gel permeation chromatography (GPC) to analyze the polymers with the highest
conversion. Initially, our GPC was equipped with a refractive index detector and a column
that was compatible with a tetrahydrofuran (THF) mobile phase. We quickly learned that
our poly-DPCP acrylates were completely insoluble in THF. To remedy this, our mobile
phase was switched to chloroform, a solvent that readily solubilizes our polymers, only to

find that our polymers are isorefractive with chloroform, giving a very weak or non-
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existent RI signal. Ultimately, we were unable to determine the molecular weights and
dispersities of our samples utilizing our instrument. Installation of a UV detector on our
GPC, which we anticipate will be able to detect the strong UV signal of DPCP, is currently
ongoing and future work will be related to analysis of these polymers by size exclusion
with UV detection.

The difficulties encountered while optimizing and analyzing RAFT
polymerizations of DPCP acrylate monomers inspired the investigation of a slightly less

reactive monomer: methacrylates. Controlling the polymerization of methacrylates is more

A.
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with RAFT
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Figure 11: A. Comparison of DPCP acrylates and DPCP methacrylates as activated
monomers, B. Proposed mechanism of chain termination between an activated DPCP
acrylate monomer and the cyclopropenone moiety of another DPCP acrylate monomer.
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promising than controlling the polymerization of acrylates because when the methacrylate
monomer is activated it forms a tertiary radical rather than a secondary radical like the
acrylate monomer (Figure 11A). The high reactivity of acrylates may be causing the
activated radical to chain transfer to the alkene belonging to the cyclopropenone moiety
rather than the acrylate (Figure 11B). This could result in reduced conversions and high
dispersities. Moreover, this is a potential explanation for the requirement for higher
concentrations of initiator being responsible for the highest observed conversions.
2.4 Synthesis of DPCP Methacrylates

The synthesis of DPCP methacrylates followed a similar synthetic path as the
acrylated DPCPs. We began with the synthesis of a large batch of DPCP phenol (4b) using

the previously described methods. From here, phenol 4b was reacted with triethylamine

7a Q
CI

TEA (1.5 eq)
DCM, 0°C >t
o 16hr
A a (62%)
O O YLO/\/O (1.5 eq) o
/; \O
OH A
4b K,COs3 (2.0 eq), Nal (10 mol%) O O
DMF, 60°C, 16hr o/\/oj(K

8b (68%) o

(1.0 eq) 0
/=\
K,CO3 (2.0 eq), Nal (10 mol%) O O 0

DMF, 60°C, 16hr
8c (84%)

(12eq

Scheme 4: Synthesis of DPCP methacrylates with 0, 1, and 2 PEG units.
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and methacryloyl chloride (7a) to obtain 0-PEG methacrylated DPCP (8a) in a 62% vyield.
Secondly, a mesylate leaving group was added to 2-hydroxyethyl methacrylate®® to form
7b before preforming a nucleophilic substitution with phenol 4b to obtain 1-PEG
methacrylated DPCP (8b) in a 68% yield. The third methacrylate was synthesized by the
addition of methacryloyl chloride (7a) to 2-(2-chloroethoxy)ethanol,?* followed by a
Finkelstein halide exchange to yield iodo methacrylate 7c, and finally nucleophilic
substitution with phenol 4b to obtain 2-PEG methacrylated DPCP (8c) in an 84% yield.
2.5 Polymerization of DPCP Methcrylates
2.5.1 RAFT Polymerization of DPCP Methcrylates

With DPCP acrylates in hand, we began to assess their compatibility with RAFT
polymerization (Scheme 5). Given the extensive optimization conducted with acrylated
DPCPs, we had excellent general conditions to begin our evaluations. The main variable
we needed to change for these polymerizations was the RAFT reagent. We started by
assessing the compatibility of CPDP with DPCP methacrylates (8a, 8b, 8c) and quickly

determined that this pair consistently showed

29



n

)S RAFT )S
RAFT AIBN
0 o)
Solvent (X wt%)
Temp, Time
A AN

) Ph

Scheme 5: Optimization experiments for the RAFT polymerization of DPCP
methacrylates.

better conversions than RAFT polymerization of acrylated DPCPs. The optimization data
for RAFT polymerizations of DPCP methacrylates are shown in Table 4. The conversions
were consistently equal to or higher than the theoretical conversion of 95%, so we altered
our calculations to account for 100% theoretical conversion. Our highest conversion (98%)
was the polymerization of 0-PEG methacrylated DPCP (8a; Table 4, entry 15). Although
the majority of our experiments were conducted on 8a, we found that polymerization of 1-
PEG methacrylated DPCP (8b) and 2-PEG (8c) had lower conversions (93% and 79%
respectively). This may be due to mw of 2-PEG methacrylated DPCP (8c¢) being set to 200
to test the upper limit of the RAFT system with our monomers, which resulted in high
viscosity, poor diffusion of monomers, and lower observed conversion. Overall, the
controlled polymerization of methacrylated DPCP monomers need further optimization,

but, in general, were found to perform more adequately than acrylated DPCPs.
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temp RAFT | RAFT: | Conc.
entry Mth Hrs. | solvent Pth | Pexp
°C reagent | AIBN | wt%
1 50 | 70 24 | DMF | CPDB 10 300 | 95 | 96
2 50| 70 24 | MeCN | CPDB 10 300 | 95 | 93
3 100 | 70 24 | DMF | CPDB 10 300 | 95 | 94
4 25| 70 24 | DMF | CPDB 10 300 | 95 | 96
5 2001 70 24 | DMF | CPDB 10 500 | 95 | 92
6 50| 70 24 | DMF | CPDB 10 300 | 100 | 96
7 100 | 70 24 | DMF | CPDB 10 300 | 100 | 95
8 2001 70 24 | DMF | CPDB 10 300 |100 | 93
9 50 | 70 24 | DMF | CPDB 10 400 |[100 | 98
10 50| 70 24 | DMF | CPDB 10 500 |100 | 98
11 50 | 60 24 | DMF | CPDB 10 500 |100| 93
12 50 | 50 24 | DMF | CPDB 10 500 | 100 | 78
13 50 | 70 24 | DMF | CPDB 15 500 |100( 91
14 50| 70 24 | DMF | CPDB 20 500 | 100 | 89
15 50| 70 | 24 | DMF | CPDB 10 300 |100| 98
16 100 | 70 24 | DMF | CPDB 10 300 |100| 83
17 2001 70 24 | DMF | CPDB 10 300 | 100 | 66
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18 |11 50 | 70 | 24 | DMF | CPDB 10 300 | 100 | 93

temp RAFT | RAFT: | Conc.
entry | n | men Hrs. | solvent Pth | Pexp
i reagent | AIBN | wt%

19 |21200| 70 | 48 | DMF | CPDB 10 300 | 100 | 73

20 |2]200| 70 | 90 | DMF | CPDB 10 300 |100( 79

Table 4: Optimization experiments for RAFT polymerization of DPCP methacrylates. n
= monomer used; M = theoretical number of monomer units per polymer; pi =
theoretical converstion; pexp = experimental conversion. The row highlighted in gold
shows the conditions used to achieve our highest conversion.

Curious about the control of our polymerizations but still lacking the
instrumentation to analyze them ourselves, we sent samples to the Gutekunst lab at the
Georgia Institute of Technology for GPC analysis. We analyzed samples of 50, 100, and
200 DPCP methacrylate unit polymers (entries 9, 7 and 8 respectively) and found that
RAFT did influence the My and distribution of our samples (Figure 12). The M, for the
50-unit polymer was 15,900 Da and was quite disperse (P = 2.90). Dividing the
experimental M, by the monomeric molecular weight showed that this polymeric sample
contained 54 DPCP units. The My for the 100-unit polymer was 22,500 which also had a
high dispersity (P = 2.24). Dividing the experimental My, by the monomeric molecular
weight showed that this polymeric sample was 77 DPCP methacrylate units. The M, for
the 200-unit polymer was 38,100 with even higher dispersity (P = 3.94). These results
show that this polymeric sample was 131 DPCP methacrylate units.

Although we were able to optimize the RAFT polymerization conditions to achieve

high conversions, our results indicate poor control over the living polymerization. This
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resulted in high dispersity (>1.2) and poor control over the degree of polymerization (DP).
For example, we evaluated the RAFT polymerization of simple monomers such as methyl
methacrylate using CPDB as a RAFT agent which consistently went to 98% conversions
while giving a dispersity of 1.09.5! Although our GPC spectra show that we have some
control over Mp, the Mn of our 100 and 200 DPCP unit polymers are inconsistent compared
to the theoretical Mn. Overall, the GPC results in this thesis show that the RAFT
polymerization of DPCP methacrylate monomers require further optimization of the
parameters. Many variables including time, temperature, and concentration have been
evaluated; however, we are still awaiting the installation of a UV monitoring system for

our GPC to properly analyze these polymers.
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Figure 12: GPC spectra of 50, 100, and 200 DPCP methacrylate unit polymers.

2.5.2 Synthesis and Polymerization of DPA Methacrylate

To conduct a proof-of-concept experiment to confirm that the photoproduct formed

upon irradiation of poly-DPCP methacrylates to release CO gas is indeed poly-DPA, we

needed to independently synthesize and polymerize a methacryalted DPA. As the 0-PEG

poly-DPCP methacrylate was most easily synthesized and polymerized, we decided that

synthesizing 0-PEG methacryalted DPA would be sufficient for this study and that

synthesizing 1 and 2-PEG DPA methacrylates was unnecessary. The two-step synthesis of

DPA methacrylate, outlined in Scheme 5, began with a Sonogashira coupling between
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phenylacetylene and 4-iodophenol using tetrakis(triphenylphosphine)palladium and
copper(l) iodide to obtain DPA phenol (4c) in a 95% yield.®? This material was reacted
with 4-dimethylaminopyridine (DMAP) and methacrylic anhydride to form DPA
methacrylate (8d) in a 75% yield. Finally, we polymerized DPA methacrylate using CPDB
as the RAFT reagent using the conditions from entry 15 in Table 4. This polymerization

went to 96% conversion and yielded 106 mg of pure poly-DPA.

Pd(PPh3)4 (3 mol%)
Cul (10 mol%)
/©/ /@ DIPA (3.1 eq)
Toluene, 50°C, 2hr
O = DMAP 10 mol%
0o THF, t, 16hr

Scheme 6: The two-step synthesis of DPA methacrylate.

2.5.3 Decarbonylation of DPCP Methcrylates
After obtaining poly-DPCP and its theoretical photoproduct poly-DPA, we
investigated the photo-decarbonylation of poly-DPCP. All of our experiments were
conducted on the polymer that was synthesized under the conditions underlined in Table
4. We irradiated (365 nm, ~10 mW/cm?, 30 min, RT) our 0-PEG methacrylated DPCP 50-
unit polymer (Figure 13A) and monitored its CO release via 'H NMR and FTIR using a
horizontal curing station. We found that the CO release from the decarbonylation was

remarkably clean and went to completion in under 30 minutes of irradiation. The *H NMR
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spectrum of the irradiated polymer photoproduct overlayed perfectly with the *H NMR
spectrum of independently synthesized poly-DPA (Figure 13B). Moreover, a solution of
poly-DPCP in DCM was drop-cast onto a salt plate, the solvent was allowed to fully
evaporate, and the resultant thin film was analyzed by FTIR. Via this method we observed
the disappearance of the carbonyl (~1850 cm™) and alkene (~1620 cm™) stretches
belonging to DPCP and the appearance of a alkyne stretch (~2220 cm™) belonging to DPA
upon irradiation. We also observed that the FTIR spectrum of the irradiated polymer
photoproduct overlayed perfectly with the FTIR spectrum of independently synthesized
poly-DPA (Figure 13C). These results indicate that poly-DPCP can successfully liberate
CO gas upon photolysis even under mild irradiation to form only poly-DPA. Of note, no
special precautions (dry solvent, use of inert atmosphere, etc.) were taken for the photolysis
of poly-DPCP to poly-DPA, evidencing the spring-loaded nature of the cyclopropenone

functionality and the robustness of CO release by an anionic, non-radical mechanism.
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Figure 13: A. Photolysis of a DPCP methacrylate 50-unit polymer to yield CO and poly-
DPA, B. The clean photolysis of a DPCP methacrylate 50-unit polymer monitored by *H
NMR, C. FTIR monitoring of the photolysis in real time.

2.6 Synthesis of Styrene DPCP
After synthesizing and polymerizing both acrylated and methacrylated DPCP

monomers, we sought to synthesize a new DPCP monomer based on styrene (sty-DPCP).
Polymerization of sty-DPCP will bring intermolecular DPCP moieties 1A closer than
Garcia-Garibay’s tethered DPCPs and much closer than poly-DPCPs derived from either
acrylates or methacrylates. Theoretically, due to the close proximity of the repeat units
poly-DPCPs based on styrene will exhibit stronger quantum amplificative effects than
poly-DPCPs based on acrylates and methacrylates, as well as Garcia-Garibay’s tethered
DPCPs. Although poly-DPCPs based on styrene could have improved photolytic CO

release, we found the synthesis of this monomer to be quite challenging and ultimately
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required us to evaluate several synthetic routes and methods. Ultimately, we prevailed and
our optimized synthesis is detailed below.

The synthesis of sty-DPCP (Scheme 7) begins from commercially available ethyl
phenylacetate (9) and 4-bromophenylacetonitrile (10) which undergo a modified cross-
Claisen condensation to form a B-ketonitrile under basic conditions.®® This p-ketonitrile
was submitted to an optimized acidic hydrolysis to form a $-ketoacid, which spontaneously
decarboxylated to form ketone 11a in a moderate overall yield (48% over 2 steps).®* Ketone
11a was then protected as the ketal (11b) under standard conditions in quantitative yield.
Ketal 11b was subsequently reacted with bromine (Br>) in ether (Et20), to form the di-a-
brominated ketal 11c in quantitative yield.%® The brominated ketal 11c was reacted with
excess potassium tert-butoxide (KOtBu) to undergo an intramolecular Sn2 followed by

elimination (presumably via an E1 mechanism)®® to afford the cyclopropenone ketal 11d

Ho X _on
Br 1) Na (2 eq) B (2 eq)
0 " TsOH (2 mol%
o L EtOH, 80°C 16 hr o) SOH (2 mol%) Br
OEt 2) conc. HCI Ph toluene, 110°C Ph 0. O
H,O/AcOH (2:1) 16 hr
9 10 100°C. 4 hr 11a (48%)? 11b (quant
>20 g prepared Br, (2 eq)
polymerizable 1) nBuzMgLi (0.5 eq) Et,O, 0°C
functionality 5 min 1hr
O 2) NiCly(dppp) (2 mol%) % %
Br
CO releasing Br (1.25 eq) 0.0 M A
functionality —, /\ THF, 0°C to RT o A THF, 0°Cto RT  Ph
sty-DPCP O Ph 16 hr O 16 hr Br Br
12a (57%) 11d (72%) Br 11c (quant)?

Scheme 7: A modular, scalable 6-step synthesis of sty-DPCP. a. Yield over 2 steps. b.
Isolated as a mixture of brominated structural isomers that are resolved in the subsequent
step.
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in good yield (75%) and high purity (>99%) after trituration with cold hexanes. This 5-step
sequence was scalable and operationally simple; it has yielded many grams of
cyclopropenone ketal 11d (>5 grams to date) and required only one purification by column
chromatography. Finally, the vinyl group was attached by first reacting cyclopropenone
ketal 11d with lithium tri-n-butylmagnesate followed by a nickel-catalyzed Kumada
coupling with vinyl bromide.®” Upon quenching this cross-coupling with an aqueous
solution of HCI, it was discovered that the deprotected sty-DPCP (12a) was obtained
directly in good yield (57%).%8
2.7 Polymerization of Styrene DPCP
2.7.1 Radical and RAFT Polymerizations of Styrene DPCP

With sty-DPCP in hand, we began to explore its compatibility with RAFT

polymerizations (Scheme 8). Although we are currently in the early stages of optimizing

the controlled polymerization of sty-DPCP, the results from the existing optimization

X
RAFT m

RAFT:AIBN
(X:1) R

Solvent (X wt%),
A Temp, Time A

O Ph O Ph

Scheme 8: Optimization experiments for the RAFT polymerization of sty-DPCP.

experiments are shown in Table 5. The results from this study were similar to the results

from the DPCP acrylate optimization experiments. We found that increasing the
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concentration of initiator resulted in higher conversions, but, given our previous experience

with acrylated and methacrylated DPCPs, significant further optimization to control this

polymerization will need to be conducted. Likely other controlled methods for the

polymerization of sty-DPCP that are, in general, more compatible with styrene-based

monomers such as nitroxide-mediated polymerization (NMP)® or atom transfer radical

polymerization (ATRP)" should be evaluated.

entry temp RAFT RAFT: | Conc.
Mih Hrs. solvent Pth Pexp

°C reagent | AIBN | wt%
1 50 70 24 DMF DoPAT 5 300 95 43

DTB-

2 50 70 24 DMF 2PA 5 300 95 38
3 50 70 96 DMF DoPAT 5 300 95 72
4 50 70 24 DMF DoPAT 3 400 95 82
5 50 70 48 DMF DoPAT 3 400 95 85
6 50 70 96 DMF DoPAT 3 400 95 89
7 25 70 24 DMF DoPAT 10 300 95 75
8 50 70 24 DMF DoPAT 10 300 95 60
9 100 | 70 24 DMF DoPAT 10 300 95 57

Table 5: Optimization experiments for RAFT polymerization of DPCP methacrylates. n
= monomer used; m, = theoretical number of monomer units per polymer; pw =

theoretical converstion; pexp = experimental conversion.

Next, we attempted the direct polymerization of this molecule. Accordingly, sty-

DPCP was reacted overnight at 60°C with a catalytic quantity of AIBN (0.5 mol%) in
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DMF (1M), which resulted in the smooth homo-polymerization of sty-DPCP (12a) to poly-
DPCP (12b, Figure 14A). Analysis by GPC verified the existence of the styrene-based
polymer which was found to have a number average molecular weight of 19.6 kDa (an

~84-mer of sty-DPCP) and a dispersity of 2.08 (Figure 14B, blue line).

2.7.2 Decarbonylation of Styrene DPCP
Irradiation (365 nm, ~10 mW/cm?, 30 min, RT) of a sample of poly-DPCP with
low intensity light in CDCls (1 wt%) and analysis of the product by SEC showed retention
of the polymer backbone with no photochemical crosslinking or cleavage (Figure 14B,
brown line). Given the slightly higher molecular weight (21.9 kDa) and dispersity (2.29),

it is likely that the hydrodynamic volume of 12c was marginally larger than poly-DPCP
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Figure 14: A. Direct free-radical polymerization of sty-DPCP (12a) to poly-DPCP
(12b) and photolysis to CO gas and 12c; B. SEC of polymers 12b and 12c; C. FTIR of
polymers 12b and 12c showing loss of the cyclopropenone functionality.

(12b) leading to inflation of these values. Furthermore, a solution of poly-DPCP in DCM
was drop-cast onto a salt plate, the solvent was allowed to fully evaporate, and the resultant
thin film was analyzed by FTIR, showing that the cyclopropenone functionality (carbonyl
peak at 1618 cm™ and alkene at 1853 cm™) survived free-radical polymerization (Figure
14C, blue line). Irradiation of this salt plate using UV light (365 nm, ~10 mW/cm?, 30
minutes) showed disappearance of the cyclopropenone (Figure 14C, brown line), directly
evidencing the ability of these polymeric materials to release CO once irradiated. Change

in chemical structure of poly-DPCP was further evidenced by *H NMR, showing complete
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change in the polymer after standard irradiation conditions (1 wt% in CDClIs, 365 nm, ~10

mW/cm?, 30 minutes).

2.8 Future Work

The work presented in this thesis shows the synthesis of poly-DPCPs and their
ability to rapidly and cleanly release CO gas, effectively laying the foundation for the use
of these molecules as CORMSs and as tools to study quantum amplification reactions. The
next step of this project begins with further optimization of controlled polymerizations of
poly-DPCP based on methacrylate and styrene appended cyclopropenones. Fortunately,
the Worrell lab has purchased a UV detector for our GPC that will enable detection of poly-
DPCPs in chloroform, greatly aiding in our ability to further optimize these
polymerizations. With the ability to rapidly analyze My and dispersity of poly-DPCPs in
lab, the optimization of the RAFT system will be attainable. Upon achieving low
dispersities and accurate molecular weights, the amplificative CO release of each poly-
DPCP can be assessed by determining the quantum yields of decarbonylation upon
irradiation with 365 nm and 312 nm wavelengths of light.

Long-term goals of this project are geared towards using poly-DPCPs as CORMs
to study and treat inflammatory bowel diseases (IBD), where CO has already been shown
to have a significant therapeutic role. Naturally, poly-DPCPs have poor solubility in water,
limiting their use in biological systems. To remedy this, RAFT agents will enable the
creation of block copolymers to reliably add hydrophilic blocks, forming polymers that are

soluble in physiological conditions. To test the use of our polymers in biological systems,
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future work will be done in collaboration experts in IBD, specifically the Colgan/Onyiah
group at the University of Colorado.
2.9 Conclusion

The importance of CO in biological systems is clear but tools for its delivery are
currently insufficient. In this thesis we have reported the synthesis and polymerization of
multiple DPCP based monomers to form poly-DPCPs that successfully release CO upon
irradiation. To the best of our knowledge, DPCP-based monomers are the first directly
polymerizable CORMs, and poly-DPCP is the first example of an organic poly-CORM.
However, the use of poly-DPCPs as CORM s is currently limited by heterogeneity within
polymeric samples and limited control over molecular weight. Optimizing the RAFT
polymerization of DPCP based monomers will enable their di-block co-polymerization
with hydrophilic monomers to produce water soluble DPCP-based CORMSs. Overall, the
information in this thesis sets the stage for developing a new and improved class of
CORMs that will potentially be utilized as tools to deliver therapeutic dosages of CO in

humans and in biological systems.
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3. Experimental

3.1 General methods

All chemical reactions were carried out under a nitrogen atmosphere with dry
solvents using anhydrous conditions unless otherwise stated. *H NMR (400 MHz) and $3C
NMR (101 MHz) were recorded in C¢Ds (internal standard: 7.15 ppm, 'H; 128.26 ppm,
13C), in THF-d4 (internal standard: 3.58 ppm, H; 67.57 ppm, 3C), in CDCIs (internal
standard: 7.26 ppm, 'H; 77.00 ppm, 13C), in MeCN-d3 (internal standard: 1.94 ppm, H;
118.3 ppm, *C), in DMSO-d6 (internal standard: 2.50 ppm, H; 39.52 ppm, 3C), in
MeOD-d3 (internal standard: 3.31 ppm, H; 49.15 ppm, *3C), on a Bruker DRX-500 MHz
spectrometer. Chemical shifts (d) were reported as parts per million (ppm) and the
following abbreviations were used to identify the multiplicities: s = singlet, d = doublet, t
= triplet, g = quartet, sept. = septet, m = multiplet, b = broad and all combinations thereof
can be explained by their integral parts. Column chromatography was carried out
employing silica gel (40-63 um, 230-400 mesh, 60A, Ultrapure, Spectrum Chemical) with
the indicated solvent mixtures. All chemicals were obtained from commercial sources and
used as received unless otherwise noted within the context of use. Chemicals were obtained
from commercial sources and were used as received unless otherwise specified. All bulk
solvents were purchased from Fisher Scientific or VWR and were used as received unless

otherwise stated. All deuterated solvents utilized in this study (CeDs, THF-d4, CDCls,
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MeCN-d3, DMSO-d6, and MeOD-d3) were obtained from Cambridge Isotope

Laboratories, Inc. and were used as received.

3.2 Synthesis
1) AICI3 (4.0 eq), 5 min
2) benzene (1.0 eq), 1.5 hr Q
NP 3) anisole (1.0 eq), 1 hr /\
- >
N /K\m DCM, 0°C O O

OMe
4a

To a flame dried 250 mL round-bottom flask under N> equipped with a magnetic
stir bar was added 17.4 g (131 mmol, 4.00 equiv) aluminum trichloride (AICI3) which was
diluted with ~110 mL of anhydrous DCM (~0.30 M). The flask was cooled to 0°C before
adding 4.00 mL (5.80 g, 32.6 mmol, 1.00 equiv) tetrachlorocyclopropene over 30 minutes.
After the tetrachlorocyclopropene was added, the homogeneous reaction mixture turned
green. This mixture was allowed to stir for an additional 10 minutes at 0°C before 2.90 mL
(2.55 g, 32.6 mmol, 1.0 equiv) benzene was added dropwise. The addition of benzene
resulted in the reaction mixture turning dark orange/brown. After stirring at 0°C for 90
minutes, 3.55 mL (3.53 ¢, 32.6 mmol, 1.00 equiv) anisole was added to the reaction
mixture. The reaction mixture was removed from the ice bath and continued stirring for 60
minutes. The reaction was transferred to a 500 mL Erlenmeyer flask equipped with a stir
bar and cooled to 0°C before quenching with a saturated aqueous solution of ammonium
chloride (NH4Cl). The dark yellow mixture was transferred to a 500 mL separatory funnel
and the aqueous layer was extracted with DCM (100 mL, 2x). The combined organics were

washed with brine (~250 mL), dried over Na,SOg, filtered, and concentrated to yield a
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crude yellow solid. The crude product was purified by column chromatography eluting
with (40% acetone/hexanes). The chromatographed product was recrystallized from a
solution of 20:1 hexanes:acetone which yielded 4.99 g (69% yield) of the title compound
as white crystals.

DPCP-OMe (4a): white crystals; 69% vyield; Rf = 0.47 (TLC conditions: 50%
acetone/hexanes); *H NMR (500 MHz, CDCls) § = 7.95 (dd, J = 7.5, 3.6 Hz, 4H), 7.60 —
7.54 (m, 3H), 7.07 (dd, J = 8.8, 2.5 Hz, 2H), 3.91 (s, 3H); 1*C NMR (126 MHz, CDCls) §
=163.13, 155.56, 147.77, 144.46, 133.82, 132.23, 131.20, 129.32, 124.30, 116.80, 114.83,
77.41,77.16, 76.90, 55.61.

(0] 0]
BBr3 (2.25 eq)

/=\ /~\
DCM, 0°->RT
S S
OMe OH

4a 4b

To a flame dried 250 mL round-bottom flask under N> equipped with a magnetic
stir bar was added 3.30 g (14.0 mmol, 1.00 equiv) DPCP-OMe (4a) which was diluted
with ~45.0 mL anhydrous DCM (~0.30 M). This solution was cooled to 0°C before adding
31.5 mL (1 M in DCM, 31.5 mmol, 2.25 equiv) of BBrs dropwise. The reaction was
allowed to warm to room temperature while stirring overnight. After this time, the reaction
was cooled to 0°C and quenched with a saturated ammonium chloride solution. The
volatiles were removed under reduced pressure and the product was diluted in THF (~150

mL). The solution was transferred to a 500 mL separatory funnel, washed with a saturated
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aqueous solution of ammonium chloride (~150 mL), water (~150 mL), brine (~150 mL),
and dried

over sodium sulfate. The volatiles were removed under reduced pressure to afford 3.11 g
(100% yield) of an off-white powder that was used without further purification.
DPCP-OH (4b): off-white powder; 100% vyield; Rf = 0.25 (TLC conditions: 50%
acetone/hexanes); *H NMR (500 MHz, MeOD-d3) & = 8.03 (dt, J = 6.5, 2.2 Hz, 2H), 7.97
(dd, J = 8.8, 2.2 Hz, 2H), 7.67 (dq, J = 5.7, 3.5 Hz, 3H), 7.05 (dd, J = 8.6, 1.9 Hz, 2H); °C
NMR (126 MHz, MeOD-d3) 6 = 164.15, 157.91, 147.87, 142.94, 135.77, 133.88, 132.56,
130.67, 124.91, 117.59, 115.86.

SOCl, (1.0 eq)
0 DMF (10 mol%) Q

HOJ\/ 40°C, 2hr c|)j\/

LY}

To a flame-dried 50 mL round-bottom flask equipped with a magnetic stir bar was
added 10.1 mL (16.5 g, 139 mmol, 1.00 equiv) thionyl chloride (SOCI.), 76.0 mg (0.35
mmol, 2500 ppm) butylated hydroxytoluene (BHT) and 1.07 mL (1.01 g, 13.9 mmol, 0.10
equiv) dimethyl formamide (DMF). While stirring under N2 at room temperature, 9.52 mL
(10.0 g, 139 mmol, 1.00 equiv) acrylic acid was added dropwise. The reaction was heated
to 40°C and after one hour of stirring, a short path distillation head was attached to the
round-bottom flask. The oil bath temperature was increased to 130°C and the product
distilled at 70°C (probe temp, atmospheric pressure) to afford 4.98 g (40% yield) of the
acryloyl chloride as a clear liquid which was used directly in the next step with no further

purifications.
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Acryloyl Chloride (5a): Clear liquid; 40% yield; Rf = 0.66 (TLC conditions: 50% ethyl
acetate/hexanes); *H NMR (500 MHz, CDCls) & = 6.66 (d, J = 16.8 Hz, 1H), 6.37 (dd, J =
16.8, 10.2 Hz, 1H), 6.20 (d, J = 10.2 Hz, 1H); 3C NMR (126 MHz, CDCls) & = 166.46,

136.74, 133.17.

o 5a
(1.2 eq)
AN TEA (1.5 eq) - /\
SIS G A O
OH 16hr ko
4b 6a

To a flame-dried 100 mL round-bottom flask under N> equipped with a magnetic
stir bar was added 1.00 g (4.50 mmol, 1.00 equiv) of DPCP-OH (4b) which was diluted
with 15.0 mL anhydrous DCM (0.30M). To this solution was added 0.94 mL (0.68 g, 6.75
mmol, 1.50 equiv) triethylamine (TEA) and the reaction was cooled to 0°C and was
allowed to stir for 5 minutes before adding 490 mg (5.40 mmol, 1.20 equiv) acryloyl
chloride (5a) dropwise. The reaction was allowed to warm to room temperature while
stirring overnight. Following this period, the volatiles were removed under reduced
pressure to yield a crude residue which was purified by column chromatography eluting
with 40% acetone/hexanes. Evaporation of the fractions under reduced pressure yielded
660 mg (66% vyield) of the title compound as yellow powder.
0-PEG acrylated DPCP (6a): Yellow powder; 66% yield; R = 0.52 (TLC conditions:
50% acetone/hexanes); *H NMR (500 MHz, CDCls) § = 8.05 (d, J = 8.6 Hz, 2H) 8.02 —

7.95 (m, 2H), 7.70 — 7.52 (m, 3H), 7.41 (d, J = 8.5 Hz, 2H), 6.68 (dd, J = 17.4, 1.1 Hz, 1H),
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6.37 (dd, J = 17.4, 10.5 Hz, 1H), 6.11 (dd, J = 10.4, 1.1 Hz, 1H); **C NMR (126 MHz,
CDCl3) 6 = 163.90, 155.52, 153.81, 148.14, 147.44, 133.69, 133.01, 132.88, 131.53,
129.52, 127.49, 124.07, 122.84, 121.79.

MsCI (1.05 eq)

0 TEA (1.1 eq) \)L
> /\/O\ _Me
Vj\o/\/ OH EtOAc, 0°C, 1hr 0 o"S‘b

To a 100 mL flame-dried round-bottom flask under N2 equipped with a magnetic
stir bar was added 2.30 mL (2.32 g, 20.0 mmol, 1.00 equiv) 2-hydroxyethyl acrylate, which
was diluted with 20.0 mL ethyl acetate (1.00 M). To this solution was added 3.06 mL (2.22
g, 22.0 mmol, 1.10 equiv) triethylamine (TEA) and the reaction mixture was cooled to 0°C.
This reaction mixture was allowed to stir for 5 minutes before the adding 1.62 mL (2.40 g,
21.0 mmol, 1.05 equiv) methanesulfonyl chloride dropwise. This reaction was allowed to
stir at 0°C for 1 hour before water (~50.0 mL) was added, the biphasic mixture was
transferred to a 250 mL separatory funnel, and the aqueous layer was extracted with ethyl
acetate (~30 mL). The combined organics were washed with water (~100 mL), dried over
sodium sulfate, filtered, and approximately 1000 ppm butylated hydroxytoluene was added
to the organic layer. The solvent was removed under reduced pressure to yield 3.88 g
(100% vyield) of the title compound as a clear liquid that was used in the next step with no
further purifications.
1-PEG acrylated mesylate (5b): Clear liquid; 100% yield; Rs = 0.25 (TLC conditions:

50% ethyl acetate/hexanes); *H NMR (500 MHz, CDCls) § = 6.46 (dd, J = 17.2, 1.3 Hz,
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1H), 6.15 (dd, J=17.3, 10.5 Hz, 1H), 5.90 (dd, J = 10.5, 1.3 Hz, 1H), 4.49 — 4.38 (m, 4H),
3.05 (s, 3H); 3C NMR (126 MHz, CDCl3) § = 165.65, 132.05, 127.66, 67.22, 61.98, 37.75.

5b o

Me\S,O\/\OJ]\/ (1.5 eq)
0 &

K,COj3 (2.0 eq), Nal (10 mol%)

o]
- ¢
DMF, 60°C, 16hr
, ) A0
o Q. YN

4b 6b o

To a flame-dried 100 mL round-bottom flask under N2 equipped with a magnetic
stir bar was added 2.50 g (11.3 mmol, 1.00 equiv) of DPCP-OH (4b) which was diluted
with 22.5 mL DMF (~0.50 M). To this solution was added 3.28 g (16.9 mmol, 1.50 equiv)
of1-PEG acrylated mesylate (5b) via syringe followed by 170 mg (1.13 mmol, 0.10
equiv) sodium iodide (Nal). Finally, 3.11 g (22.5 mmol, 2.00 equiv) potassium carbonate
(K2COs3) was added to the reaction mixture, the round-bottom flask was equipped with a
reflux condenser, and the reaction was heated to 60°C for 16 hours. After this period, the
flask was cooled to room temperature and the reaction mixture was transferred to a 500 mL
separatory funnel. The reaction was diluted with ethyl acetate (~200 mL), washed with
water (~250 mL), brine (~250 mL), dried over sodium sulfate, filtered, and submitted to
column chromatography (20% acetone/hexanes — 50% acetone/hexanes). Evaporation of
the fractions containing the desired material yielded 2.83 g (79%) of the title compound as
a yellow solid.
1-PEG acrylated DPCP (6b): Yellow powder; 79% vyield; Rf = 0.44 (TLC conditions:

50% acetone/hexanes); *H NMR (500 MHz, CDCl3) § = 7.95 (dt, J = 7.5, 2.7 Hz, 4H), 7.60
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—7.53(m, 3H), 7.09 (d, J = 9.0 Hz, 2H), 6.46 (dd, J = 17.3, 1.4 Hz, 1H), 6.17 (dd, J = 17.3,
10.5 Hz, 1H), 5.88 (dd, J = 10.4, 1.4 Hz, 1H), 4.56 (t, J = 4.6 Hz, 2H), 4.32 (t, J = 4.7 Hz,
2H); *C NMR (126 MHz, CDCl3) § = 166.08, 162.03, 155.65, 147.74, 145.00, 133.93,
132.41, 131.75, 131.35, 129.44, 127.99, 124.37, 117.38, 115.44, 66.26, 62.59.

oSa

(1.05 eq)
Cl)v

0]
TEA (1.05 eq)
HO/\/O\/\Cl VLO/\/O\/\Cl
DCM, 0°C~rt
16hr

To a flame-dried100 mL round-bottom flask under N. equipped with a magnetic
stir bar was added 2.12 mL (2.50 g, 20.2 mmol, 1.00 equiv) 2-(2-chloroethoxy)ethanol,
which was diluted with 25.0 mL anhydrous THF (0.80 M). To this solution was added 2.95
mL (2.14 g, 21.2 mmol, 1.05 equiv) triethylamine (TEA). The reaction mixture was cooled
to 0°C before adding 1.91 g (21.2 mmol, 1.05 equiv) acryloyl chloride (5a) dropwise via
syringe. The reaction was allowed to warm to room temperature while stirring overnight.
After this period, the volatiles were removed under reduced pressure to yield a crude
residue that was diluted in ethyl acetate (~100 mL), transferred to a 250 mL separatory
funnel, washed with water (~150 mL), washed with brine (~150 mL), dried over sodium
sulfate, filtered, and purified by column chromatography (20% EtOAc/hexanes).
Evaporation of the fractions containing the desired material yielded 1.51 g (42% yield) of
the title compound as a clear liquid.
2-PEG acrylated chloro: Clear liquid; 42% yield; Rs = 0.39 (TLC conditions: 20% ethyl

acetate/hexanes); *H NMR (500 MHz, CDCls) § = 6.46 (dd, J = 17.3, 1.5 Hz, 1H), 6.18
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(dd, J = 17.4, 10.5 Hz, 1H), 5.87 (dd, J = 10.4, 1.5 Hz, 1H), 4.35 (t, J = 4.7 Hz, 2H), 3.83
—3.76 (m, 4H), 3.65 (t, J = 5.8 Hz, 2H); *C NMR (126 MHz, CDCls) & = 166.14, 131.21,
128.26, 71.34, 69.20, 63.56, 60.44, 42.70, 14.27.

O 0]

Nal (3.0 eq)
\)Lo/\/o\/\c, > Vl\o/\/o\/\|
MEK, 85°C, 16hr 5
c

To a 100 mL round-bottomed flask equipped with a magnetic stir bar was added
1.60 grams (8.97 mmol, 1.00 equiv) of 2-PEG acrylated chloro and this was diluted with
30.0 mLs (0.30 M) of reagent grade methyl ethyl ketone (MEK). To this solution was added
4.03 grams (26.9 mmol, 3.00 equiv) of sodium iodide (Nal), the flask was equipped to a
reflux condenser, heated to 85°C, and refluxed at this temperature overnight. After this
time, the reaction mixture was concentrated under reduced pressure and the resultant crude
residue was dissolved in EtOAc (~150 mLs), transferred to a 500 mL separatory funnel,
and the organic layer was washed with water (~100 mLs), a saturated solution of Na,S203
(~100 mLs), and brine (~100 mLs). The combined organics were then dried over sodium
sulfate, filtered, and concentrated under reduced pressure to yield 2.01 g (83% yield) of the
title compound as a clear liquid that was used in the next step with no further purifications.
2-PEG acrylated iodo (5c¢): Clear liquid; 83% yield; Rf=0.41 (TLC conditions: 20% ethyl
acetate/hexanes); *H NMR (500 MHz, CDCl3) § = 6.44 (dd, J = 17.4, 1.4 Hz, 1H), 6.16
(dd, J = 17.4, 10.4 Hz, 1H), 5.85 (dd, J = 10.4, 1.4 Hz, 1H), 4.33 (t, J = 4.5 Hz, 2H), 3.80
—3.72 (m, 4H), 3.26 (t, J = 6.8 Hz, 2H); 3C NMR (126 MHz, CDCls) § = 166.23, 131.33,

128.32, 71.98, 68.81, 63.65, 2.61.
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To a flame dried 100 mL round-bottom flask under N2 equipped with a magnetic
stir bar was added 1.00 g (4.50 mmol, 1.00 equiv) of 2-PEG acrylated iodo (5¢) which
was diluted with 9.00 mL of DMF (0.5M). To this solution was added 1.22 g (4.50 mmol,
1.00 equiv) of 5c¢ via syringe followed by 67.5 mg (1.13 mmol, 0.10 equiv) sodium iodide
(Nal). Finally, 1.25 g (9.0 mmol, 2.00 equiv) potassium carbonate (K>.COs3) was added to
the reaction mixture, the round-bottom flask was equipped with a reflux condenser, and the
reaction was heated to 60°C for 16 hours. After this period, the reaction was cooled to room
temperature and transferred to a 500 mL separatory funnel. The reaction was diluted with
ethyl acetate (~200 mL), washed with water (~250 mL), brine (~250 mL), dried over
sodium sulfate, filtered, and submitted to column chromatography (20% acetone/hexanes

— 50% acetone/hexanes). Evaporation of the fractions containing the desired material

yielded 1.45 g (74% yield) of the title compound as a light brown solid.

2-PEG acrylated DPCP (6c): Light brown solid; 74% yield; R¢ = 0.40 (TLC conditions:
50% acetone/hexanes); *H NMR (500 MHz, CDCl3) = 7.98 — 7.91 (m, 4H), 7.57 (p, J =
3.3 Hz, 3H), 7.12 — 7.05 (m, 2H), 6.43 (dd, J = 17.3, 1.5 Hz, 1H), 6.15 (dd, J = 17.3, 10.4
Hz, 1H), 5.84 (dd, J = 10.4, 1.4 Hz, 1H), 4.39 — 4.34 (m, 2H), 4.26 — 4.21 (m, 2H), 3.94 —

3.89 (m, 2H), 3.86 — 3.81 (m, 2H); 13C NMR (126 MHz, CDCls) & = 166.17, 162.34,
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155.66, 147.77, 144.68, 133.87, 132.33, 131.30, 131.23, 129.40, 128.24, 124.35, 117.08,
115.45, 69.48, 67.80, 63.58.
o] SOCl, (1.0 eq) (0]

HO)Y DMF (cat) C')Y
50°C, 1hr

7a

To a flame-dried 50.0 mL round-bottom flask under N> equipped with a magnetic
stir bar was added 8.85 mL (14.5 g, 122 mmol, 1.05 equiv) thionyl chloride (SOCI>) and
one drop of DMF. While stirring under N> at room temperature, 9.8 mL (10.0 g, 116.2
mmol, 1.00 equiv) methacrylic acid was added dropwise. The reaction was heated to 50°C,
and after one hour of stirring, a short path distillation head was attached to the round-
bottom flask. The oil bath temperature was increased to 130°C and the product distilled at
72°C (probe temp, ambient temperature) to afford 6.3 g (52% yield) of methacryloyl
chloride (7a) as a clear liquid which was used directly in the next step with no further
purifications.

Methacryloyl chloride (7a): Clear liquid; 52% yield; Rf = 0.67 (TLC conditions: 50%
ethyl acetate/hexanes); *H NMR (500 MHz, CDCls) § = 6.50 (s, 1H), 6.04 (s, 1H), 2.02 (s,

3H); 13C NMR (126 MHz, CDCl3) 5 = 168.82, 140.71, 133.38, 18.54.

0 7a
(1.2 eq)

o cl

A TEA (1.5 eq) /=\

> o)
L e (T i
16hr o)
4b OH 8a
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To a flame-dried 100 mL round-bottom flask under N2 equipped with a magnetic
stir bar was added 1.50 g (6.75 mmol, 1.0 equiv) of DPCP-OH (4b) which was diluted
with 22.5 mL anhydrous DCM (0.30M). To this solution was added 1.41 mL (1.02 g, 10.1
mmol, 1.50 equiv) triethylamine (TEA), the reaction was cooled to 0°C and was allowed
to stir for 5 minutes before adding 847 mg (8.1 mmol, 1.20 equiv) methacryloyl chloride
(7a) dropwise. The reaction was allowed to warm to room temperature while stirring
overnight. Following this period, the volatiles were removed under reduced pressure to
yield a crude residue which was purified by column chromatography eluting with 40%
acetone/hexanes. Evaporation of the fractions containing the desired compound under
reduced pressure yielded 1.21 g (62% yield) of the title compound as yellow powder.
0-PEG methacrylated DPCP (8a): Yellow powder; 62% vyield; R = 0.58 (TLC
conditions: 50% acetone/hexanes); *H NMR (500 MHz, CDCls) § = 8.06 — 7.94 (m, 4H),
7.64 —7.55 (m, 3H), 7.37 (d, J = 8.2 Hz, 2H), 6.40 (s, 1H), 5.83 (s, 1H), 2.08 (s, 3H); 3C
NMR (126 MHz, CDCIs) 6 = 165.17, 155.49, 154.15, 148.00, 147.45, 135.45, 132.93,
132.77, 131.45, 129.44, 128.15, 124.06, 122.85, 121.63, 18.32.

o MsCl (1.05 eq)

0
Me
EtOAc, 0°C, 1hr " g ©

To a 100 mL flame-dried round-bottom flask under N> equipped with a magnetic

stir bar was added 932 pL (1.00 g, 20.0 mmol, 1.00 equiv) 2-hydroxyethyl methacrylate,
which was diluted with 7.69 mL ethyl acetate (1.00 M). To this solution was added 1.18

mL (856 mg, 8.46 mmol, 1.10 equiv) triethylamine (TEA) and the reaction mixture was
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cooled to 0°C. This reaction mixture was allowed to stir for 5 minutes before adding 625
ulL (925 mg, 8.07 mmol, 1.05 equiv) methanesulfonyl chloride (MsCI) dropwise. This
reaction was allowed to stir at 0°C for 1 hour before water (~50 mL) was added, the
biphasic mixture was transferred to a 250 mL separatory funnel, and the aqueous layer was
extracted with ethyl acetate (~30 mL). The combined organics were washed with water
(~100 mL), dried over sodium sulfate, filtered, and 4.41 mgs (1000 ppm) butylated
hydroxytoluene (BHT) was added to the organic layer. The volatiles were removed under
reduced pressure to yield 1.60 g (100% yield) of the title compound as a clear liquid that
was used in the next step with no further purifications.

1-PEG methacrylated mesylate (7b): Clear liquid; 100% vyield; Rf = 0.54 (TLC
conditions: 50% ethyl acetate/hexanes); *H NMR (500 MHz, CDCls3) § = 6.19 (s, 1H), 5.65
(s, 1H), 4.51 — 4.40 (m, 4H), 3.07 (s, 3H), 1.98 (s, 3H); 1*C NMR (126 MHz, CDCl3) § =
166.89, 135.64, 126.60, 67.14, 62.08, 37.79, 18.23.

7 o

MeL.-O .
e/S\ \/\OJ\(“ 5eq)
/\
(0] (OJN0)

K>CO3 (2.0 eq), Nal (10 mol%)

(@)
A ¢
O O DMF, 60°C, 16hr o/\/oj(g

OH
4b 8b (0]

To a flame-dried 20 mL microwave vial under N2 equipped with a magnetic stir bar
was added 750 mg (3.38 mmol, 1.00 equiv) of DPCP-OH (4b) which was diluted with
6.75 mL of DMF (0.50 M). To this solution was added 1.05 g (5.07 mmol, 1.50 equiv) of

1-PEG methacrylated mesylate (7b) via syringe followed by 51.0 mg (0.34 mmol, 0.10
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equiv) sodium iodide (Nal). Finally, 934 mg (6.76 mmol, 2.00 equiv) potassium carbonate
was added to the reaction mixture, the round-bottom flask was equipped with a reflux
condenser, and the reaction was heated to 60°C for 16 hours. After this period, the flask
was cooled to room temperature and the reaction mixture was transferred to a 500 mL
separatory funnel. The reaction was diluted with ethyl acetate (~100 mL), washed with
water (~150 mL), washed with brine (~150 mL), dried over sodium sulfate, filtered, and

submitted to column chromatography (20% acetone/hexanes — 50% acetone/hexanes).

Evaporation of the fractions containing the desired material yielded 768 mg (68% yield) of
the title compound as a yellow solid.

1-PEG methacrylated DPCP (8b): Yellow flakes; 68% yield; Rf = 0.56 (TLC conditions:
50% acetone/hexanes); *H NMR (500 MHz, CDCl3) § = 8.00 — 7.94 (m, 4H), 7.64 — 7.57
(m, 3H), 7.11 (d, J = 8.3 Hz, 2H), 6.18 (s, 1H), 5.63 (5, 1H), 4.57 (t, J = 4.8 Hz, 2H), 4.35
(t, J = 4.8 Hz, 2H), 1.98 (s, 3H); 3C NMR (126 MHz, CDCl3) & = 167.32, 162.14, 155.66,
147.78, 145.00, 135.97, 133.92, 132.40, 131.34, 129.44, 126.37, 124.40, 117.38, 115.50,

66.33, 62.78, 18.38.

0 7a
(1.05 eq)
cl
o TEA (1.05 eq) Q 5
NI >
HO cl THF. 0°C~rt \‘)Lo/\/ ~"cl
16hr

To a 50.0 mL round-bottom flask under N2 equipped with a magnetic stir bar was
added 1.27 mL (1.50 g, 12.04 mmol, 1.00 equiv) 2-(2-chloroethoxy)ethanol, which was
diluted with 15.0 mL anhydrous THF (0.80 M). To this solution was added 1.76 mL (1.28
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g, 12.6 mmol, 1.05 equiv) triethylamine (TEA). The reaction mixture was cooled to 0°C
before adding 1.31 g (12.6 mmol, 1.05 equiv) methacryloyl chloride (7a) dropwise via
syringe. The reaction was allowed to warm to room temperature while stirring overnight.
After this period, the volatiles were removed under reduced pressure to yield a crude
residue that was diluted in ethyl acetate (~100 mL), transferred to a 250 mL separatory
funnel, washed with water (150 mL), washed with brine (~150 mL), dried over sodium
sulfate, filtered, and purified by column chromatography (20% EtOAc/hexanes).
Evaporation of the fractions containing the desired material yielded 1.59 g (69% yield) of
the title compound as a clear liquid.

2-PEG methacrylated chloro: Clear liquid; 69% vyield; Rs = 0.35 (TLC conditions: 10%
EtOAc/hexanes); 'H NMR (500 MHz, CDCl3) & = 6.16 (s, 1H), 5.60 (s, 1H), 4.33 (t, J =
5.8 Hz, 2H), 3.80 — 3.79 (m, 4H), 3.65 (t, J = 5.8 Hz, 2H), 1.97 (s, 3H); 1*C NMR (126
MHz, CDCl3) 6 = 167.32, 136.10, 125.84, 71.27, 69.18, 63.69, 42.66, 18.28.

0 0

Nal (3.0 eq)
O/\/O\/\Cl > O/\/O\/\|
MEK, 85°C, 16hr
7c

To a 100 mL round-bottomed flask equipped with a magnetic stir bar was added

250 mg (1.30 mmol, 1.00 equiv) of 2-PEG methacrylated chloro and this was diluted
with 4.3 mLs (0.30 M) of reagent grade methyl ethyl ketone (MEK). To this solution was
added 585 grams (3.9 mmol, 3.00 equiv) of sodium iodide (Nal), the flask was equipped
to a reflux condenser, heated to 85°C, and refluxed at this temperature overnight. After this

time, the reaction mixture was concentrated under reduced pressure and the resultant crude
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residue was dissolved in of EtOAc (~100 mLs), transferred to a 250 mL separatory funnel,
and the organic layer was washed with water (~100 mLs), a saturated solution of Na>S>03
(~100 mLs), and brine (~100 mLs). The combined organics were then dried over sodium
sulfate, filtered, and concentrated under reduced pressure to yield 298 mg (81% vyield) of
the title compound as a clear liquid that was used in the next step with no further
purifications.

2-PEG methacrylated iodo (7c): Clear liquid; 81% yield; R¢=0.37 (TLC conditions: 10%
EtOAc/hexanes); 'H NMR (500 MHz, CDCl3) & = 6.15 (s, 1H), 5.59 (s, 1H), 4.33 (t, J =
5.9 Hz, 2H), 3.80 — 3.68 (m, 4H), 3.26 (t, J = 6.0 Hz, 2H), 1.96 (s, 3H); 3C NMR (126
MHz, CDCl3) 6 = 167.32, 136.11, 125.88, 71.83, 68.73, 63.73, 18.33, 2.57.

7c o

,/\/0\/\0)‘\( (1.0 eq)
o (0]
A K,CO5 (2.0 eq), Nal (10 mol%) A
: " i
DMF, 60°C, 16hr
O O OH O/\/O\/\o)k(

4b 8c

To a flame-dried 100 mL round-bottom flask under N2 equipped with a magnetic
stir bar was added 1.00 g (4.50 mmol, 1.00 equiv) of DPCP-OH (4b) which was diluted
with 9.00 mL DMF (0.50M). To this solution was added 1.27 g (4.50 mmol, 1.00 equiv)
of 2-PEG methacrylated iodo (7c) via syringe followed by 68.0 mg (1.13 mmol, 0.10
equiv) sodium iodide (Nal). Finally, 1.25 g (9.0 mmol, 2.00 equiv) potassium carbonate
(K2CO3) was added to the reaction mixture, the flask was equipped with a reflux condenser,
and the reaction was heated to 60°C for 16 hours. After this period, the reaction was cooled

to room temperature and transferred to a 500 mL separatory funnel. The reaction was
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diluted with ethyl acetate (~200 mL), washed with water (~250 mL), washed with brine
(~250 mL), dried over sodium sulfate, filtered, and submitted to column chromatography

(20% acetone/hexanes — 50% acetone/hexanes). Evaporation of the fractions containing

the desired material yielded 1.45 g (84% yield) of the title compound as a light brown solid.
2-PEG methacrylated DPCP (8c): Light brown solid; 84% vyield; R = 0.40 (TLC
conditions: 50% acetone/hexanes); *H NMR (500 MHz, CDCl3) § = 7.91 — 7.85 (m, 4H),
7.53 —7.48 (m, 3H), 7.01 (d, J = 8.3 Hz, 2H), 6.06 (s, 1H), 5.50 (s, 1H), 4.28 (t, J = 4.8 Hz,
2H), 4.16 (t, J = 4.7 Hz, 2H), 3.85 (t, J = 4.7 Hz, 2H), 3.77 (t, J = 4.8 Hz, 2H), 1.88 (s, 3H);
13C NMR (126 MHz, CDCl3) § = 167.13, 162.12, 155.39, 147.55, 144.45, 135.93, 133.60,
132.06, 131.04, 129.14, 125.64, 124.13, 116.85, 115.21, 77.16, 76.91, 76.65, 69.25, 67.60,
63.52, 18.11.

Pd(PPha), (3 mol%)
| Cul (10 mol%) O
o0
HO = Toluene, 50°C, 2 hrs O 4o
HO

To a flame-dried 50.0 mL round bottom flask under N2 equipped with a magnetic

stir bar was added 1.18 g 4-iodophenol (5.36 mmol, 1.00 equiv) which was diluted with 18
mL (0.3M) toluene. To this solution was added 1.10 mL (1.02 g, 10.0 mmol, 1.87 equiv)
of phenylacetylene before degassing with N2 for 30 minutes. After this time, 184 mg (0.16
mmol, 0.03 equiv, 3.00 mol%) of tetrakis(triphenylphosphine)palladium(0) (Pd(PPhs)a)
and 95.0 mg (0.50 mmol, 0.10 equiv, 10.0 mol%) of copper(l)-iodide were added to the

solution. Finally, 2.34 mL (1.68 g, 16.6 mmol, 3.1 equiv) of diisopropylamine (DIPA) was
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added and the solution was heated to 50°C. After 2 hours, thin layer chromatography
indicated that the reaction had gone to completion. After cooling to room temperature, the
solvent was removed under reduced pressure and the reaction mixture was diluted with
ethyl acetate (50 mL). The. The organic layer was transferred to a 250 mL separatory funnel
and washed with 1M HCI (50 mL), brine (100 mL), dried over sodium sulfate, filtered, and

submitted to column chromatography (5% EtOAc/hexanes — 25% EtOAc/hexanes).

Evaporation of the fractions containing the desired material yielded 1.45 g (95% yield) of
the title compound as a light brown solid.

DPA-OH (4c): Light brown solid; 95% vyield; Rf = 0.24 (TLC conditions: 10%
EtOAc/hexanes); *H NMR (500 MHz, CDClz) § =7.57 — 7.49 (m, 2H), 7.46 (d, J = 8.1 Hz,
2H), 7.42—7.31 (m, 3H), 6.84 (d, J = 8.1 Hz, 2H); 3C NMR (126 MHz, CDCl3) & = 155.63,

133.34, 131.51, 128.38, 128.06, 123.54, 115.72, 115.59, 89.31, 88.18.

0 0
) YA @
Z
Z 7
O Z DMAP (10 mol%) 0 O
HO THF, rt, 16 hr YLO

4c 8d

To a flame-dried 50.0 mL round-bottom flask under N, was added 575 mg DPA-
OH (4c) (2.96 mmol, 1.0 equiv), which was diluted with 14.8 mL dry THF (0.20M). To
this solution was added 462 uL (479 mg, 3.11 mmol, 1.05 equiv) of methacrylic anhydride
and 36.0 mg 4-dimethylaminopyridine (0.29 mmol, 0.10 equiv, 10.0 mol%). The reaction

was allowed to stir at room temperature overnight before removing the THF under reduced
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pressure. The crude mixture was diluted with ethyl acetate (50 mL), washed with 1M HCI
(50 mL), a saturated aqueous solution of sodium bicarbonate (NaHCO3) (50 mL), brine
(100 mL), dried with sodium sulfate, filtered, and submitted to column chromatography

(2% EtOAc/hexanes — 10% EtOAc/hexanes). Evaporation of the fractions containing the
desired material yielded 582 mg (75% yield) of the title compound as a white powder.
0-PEG methacrylated DPA (8d): White solid; 75% yield; Rf = 0.62 (TLC conditions:
20% EtOAc/hexanes); 'H NMR (500 MHz, CDCls) § = 7.59 — 7.50 (m, 4H), 7.34 (td, J =
4.9, 2.3 Hz, 3H), 7.16 — 7.10 (m, 2H), 6.36 (s, 1H), 5.77 (s, 1H), 2.07 (s, 3H); 1*C NMR
(126 MHz, CDCl3) 6 = 165.55, 150.78, 135.75, 132.75, 131.62, 128.37, 128.33, 127.51,
123.17, 121.76, 120.88, 89.44, 88.63, 18.37.

5 Br N @00 o Br

a e
Ph\)J\OEt ’ EtOH, 80(:C : th
CN 16 hrs CN
9 10

To a 250 mL two-necked round-bottom flask equipped with a reflux condenser and
an addition funnel was added 68.0 mL of ethanol (1.50M) and 4.69 g (204 mmol, 2.00
equiv) of sodium metal (Na°). After stirring for 10-20 minutes at 80°C the sodium metal
completely dissolved and a light brown solution formed. While refluxing, a mixture of 20.0
g (102 mmol, 1.00 equiv) of 4-bromophenylacetonitrile (9) and 20.8 g (126.5 mmol, 1.24
equiv) of ethyl phenylacetate (10) was added through the addition funnel as a viscous liquid
over a period of 1 hour and the solution was refluxed overnight. The solution was cooled

to room temperature, poured into ice water (300 mL) and the solution was transferred to a
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separatory funnel. The aqueous alkaline mixture was extracted with ether (~150 mL, 2X)
and the ether layer was discarded. The aqueous solution was acidified with 1M HCI and
extracted with ethyl acetate (~100 mL, 3X). The ethyl acetate solution was washed with
water (~100 mL, 1X), sodium bicarbonate (~100 mL, 2X), brine (~200 mL, 1X), dried over
Na>SOs, filtered, and concentrated. The product was triturated in cold hexanes (~50 mL)
to afford 26.3 g (82% vyield) of a-(4-bromophenyl)-y-phenylacetoacetonitrile as an off-
white powder.

Beta-ketonitrile: off-white powder; 82% vyield; Rf = 0.29 (TLC conditions: 50%
EtOAc/hexanes); 'H NMR (500 MHz, DMSO) & =7.65 (d, J = 8.1 Hz, 2H), 7.51 (d, J = 8.4
Hz, 2H), 7.46 — 7.02 (m, 5H), 3.90 (s, 2H); 3C NMR (126 MHz, DMSO) & = 172.53,
136.66, 132.99, 131.10, 128.57, 128.47, 128.38, 126.75, 121.67, 118.15, 85.08, 41.72.

o Br
Conc. HCI o Br
Ph >
AcOH, 100°C  Ph

CN 16hr

11a

To athick-walled 100 mL pressure vessel equipped with a football shaped magnetic
stir bar was added 10.1 g (32.3 mmol, 1.00 equiv) of beta-ketonitrile as a solid. At room
temperature, this material was then diluted with 10.8 mL of glacial acetic acid followed by
21.5 mL of concentrated (12.1 N) HCI (overall concentration 0.30 M, ratio of acetic
acid:conc. HCI of 1:2) and the pressure vessel was capped tightly with a screw on PTFE
cap. It was noted that upon the addition of solvents a suspension was formed, and the bulk
of the material was out of solution. The pressure vessel was then lowered into a room

temperature oil bath, stirred at 750 RPM and heated to 100°C over the course of several
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minutes. Note: this reaction was done behind a blast shield in an isolated fume hood. After
16 hours at 100°C, the reaction mixture had cleared to form a suspended red oil (when
stirring was halted it was observed that the red oil would settle to the bottom, forming a
biphasic reaction mixture). After this period the reaction vessel was removed from the heat
and allowed to reach room temperature. The vessel was then placed into an ice bath, cooled
to 0°C over the course of several minutes and the lid was slowly and carefully opened to
release pressure. The reaction was then diluted with 100 mL of hexanes, stirred until the
red oil dissolved in the organic layer and the contents were transferred to a 500 mL
separatory funnel. The organic layer was separated, and the aqueous layer was additionally
extracted with portions of hexanes (50.0 mL, 2X). The combined organics were then
washed with water (200 mL, 1X), brine (200 mL, 1X), dried over Na>SOs, filtered, and
concentrated to yield a red solid that was submitted to column chromatography (2.5% —
5% EtOAc/hexanes). Evaporation of the fractions containing the desired material yielded
7.7 g (83% yield) of the title compound as a white solid which was used in the next step
with no further purification.

Ketone (11a): White solid; 83% yield; Rf = 0.52 (TLC conditions: 20% EtOAc/hexanes);
'H NMR (500 MHz, CDCls) 6 = 7.35 (d, J = 8.4 Hz, 2H), 7.28 — 7.17 (m, 3H), 7.09 (d, J
= 6.8 Hz, 2H), 6.92 (d, J = 8.2 Hz, 2H), 3.62 (d, J = 25.9 Hz, 4H); 3C NMR (126 MHz,
CDCI3) 6=204.97,133.81,132.99, 131.79, 131.30, 129.55, 128.88, 127.27,121.14, 49.52,

48.15.
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HO\></OH (2 eq)

o Br TSOH (2mol%) % Br
th Toluene, 130°C Ph\O><O/<)/
16 hrs
11a 11b

To a 250 mL round-bottom flask equipped with a reflux condenser and a Dean-
Stark apparatus was added 10.0 g (34.6 mmol, 1.0 equiv) of ketone (11a) as a solid
followed by 7.20 g (69.2 mmol, 2.0 equiv) of neopentyl glycol. The solids were diluted
with toluene (70 mL; 0.5M) before adding 0.13 g (0.69 mmol, 0.02 equiv, 2.00 mol%) of
p-toluenesulfonic acid while stirring at 750 RPM. The reaction mixture was then lowered
into a room temperature oil bath and heated to 130°C over the course of several minutes.
After 16 hours at 130°C, the solution was cooled to room temperature, diluted with hexanes
(150 mL), and transferred to a 500 mL separatory funnel. The organic solution was washed
with aqueous sodium bicarbonate (200 mL, 1X), brine (200 mL, 1X), dried over Na>SOa,
filtered, and concentrated to yield 12.9 g (97% yield) of the title compound as a white solid
which was used in the next step with no further purification.
Acetal (11b): White solid, 97% yield; R = 0.65 (TLC conditions: 20% EtOAc/hexanes);
'H NMR (500 MHz, CDCls) 6 = 7.39 (d, J = 8.4 Hz, 1H), 7.32 — 7.20 (m, 5H), 7.09 (d, J
= 8.4 Hz, 2H), 3.64 (dd, J = 11.3 Hz, 4H), 3.01 (s, 2H), 2.86 (s, 2H), 0.78 (d, J = 4.4 Hz,
6H); °C NMR (126 MHz, CDCls) § = 136.80, 135.90, 132.76, 130.82, 130.71, 128.04,

126.43, 120.28, 99.78, 70.69, 40.60, 39.35, 29.85, 22.63, 22.53.
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% 5 Br(2eq) O oPﬁ) O Br
O 0 _© O Et,0, 0°C
1hr Br Br
11b 1c

To a 100 mL round-bottom flask under N2> was added 10.0 g (26.7 mmol; 1.00
equiv) of acetal (11b) and this was diluted with 27.0 mLs of diethyl ether (Et.O, 1.00 M).
The solution was cooled to 0°C before adding 2.74 mL (53.4 mmol, 2.00 equiv) of bromine
(Br2) dropwise. After stirring at 0°C for 1 hour, the solution was warmed to room
temperature. The diethyl ether was removed under reduced pressure to afford 14.2 g (100%
yield) of the title compound as a red foam, which was used in the next step with no further
purifications.
Dibromo acetal (11c): Red foam, 100% vyield; Rf = 0.48 (TLC conditions: 20%
EtOAc/hexanes); H NMR (500 MHz, CDCL3) § = 7.48 — 7.41 (m, 4H), 7.40 — 7.30 (m,
5H), 5.37 (s, 1H), 5.11 (s, 1H), 4.03 (d, J = 11.4 Hz, 1H), 3.93 (d, J = 11.4 Hz, 1H), 1.10
(s, 3H), 0.97 (s, 3H); 13C NMR (125 MHz, CDCls) & = 137.22, 136.72, 132.28, 131.98,

131.07, 130.87, 130.35, 130.17, 128.03, 98.47, 71.41, 70.98, 54.37, 53.27, 29.22, 23.57.

P<! B KotBu (3.5 eq) 0.0
(0] (@) > A
THF, 0°C to RT
Br Br 16hr O O

11c 11d

Br

To a 250 mL round-bottom flask under N> was added 14.1 g (26.7 mmol, 1.0 equiv)

of dibromo acetal (11c) and this was diluted with 89.0 mLs of THF (0.30 M) and the
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solution was cooled to 0°C. While vigorously stirring, 10.5 g (93.45 mmol, 3.50 equiv) of
potassium tert-butoxide (KOtBu) was added in a single portion. After warming to room
temperature overnight, the volatiles were removed under reduced pressure and the mixture
was redissolved in ethyl acetate (100 mL). The organic solution was washed with water
(100 mL, 2x), brine (100 mL, 1X), dried over Na>SOs, filtered, and concentrated to yield a
thick orange solid. The solid was triturated with cold hexanes (~50 mL) to yield 7.20 g
(72% vyield) of the title compound as an off-white solid which was used in the next step
with no further purification.

Cyclopropenone acetal (11d): Off-white solid, 72% vyield; Rf = 0.56 (TLC conditions:
20% EtOAc/hexanes); *H NMR (500 MHz, CDCls) 6 = 7.75 (d, J = 6.9 Hz, 2H), 7.62 (q,
J =8.7 Hz, 4H), 7.52 — 7.46 (m, 2H), 7.45 — 7.38 (m, 1H), 3.87 (q, J = 10.8 Hz, 4H), 1.18
(d, J = 27.1 Hz, 6H); C NMR (126 MHz, CDCls) § = 132.33, 131.41, 130.21, 129.87,
129.15, 127.68, 126.90, 126.09, 124.98, 123.78, 83.25, 79.03, 77.41, 30.61, 22.66, 22.55.

1) nBuzMgLi (0.5 eq)

2) NiCly(dppp) (2 mol%)
0. _O 3) B (1.25 eq)

>

AN
/\ THF, 0°C to RT O O
oo, T .

Br

To a 100 mL round-bottom flask under N2 equipped with a magnetic stir bar was
added 3.37 mL (6.73 mmol, 0.50 equiv) of n-butyl magnesium chloride and 16.8 mL THF
(0.80M). This solution was cooled to 0°C before adding 5.40 mL (13.47 mmol, 1.00 equiv)
of n-butyl lithium. This mixture was stirred for 5 minutes at 0°C before it was added

dropwise to a solution of 5.00 g (13.47 mmol, 1.00 equiv) of cyclopropenone acetal (11d)
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in THF (33.5 mL). After 5 minutes, this mixture was cooled to 0°C and added dropwise to
a THF (16.8 mL) solution containing 16.84 mL (16.84 mmol, 1.25 equiv) of vinyl bromide
and 0.15 g (0.27 mmol, 0.02 equiv, 2.00 mol%) of NiClz>(dppp). The reaction mixture was
warmed to room temperature and stirred for 16 hours. After this period the reaction was
quenched with an aqueous solution of ammonium chloride (NH4CI). To this solution was
added 70 mL aqueous hydrochloric acid (1M) which stirred for 30 minutes to remove the
ketal protecting group. The reaction was then diluted with 200 mL of ethyl acetate and
transferred to a 500 mL separatory funnel. The combined organics were then washed with
water (200 mL, 1X), brine (200 mL, 1X), dried over Na>SOs, filtered, and concentrated to
yield an orange solid that was submitted to column chromatography (20% — 50%
EtOAc/hexanes). Evaporation of the fractions containing the desired material yielded 1.70
g (55% yield) of the title compound as a yellow solid.

Sty-DPCP (12a): Yellow solid, 55% vyield; Rf = 0.56 (TLC conditions: 20%
EtOAc/hexanes); *H NMR (500 MHz, CDCls) § = 8.05 — 7.94 (m, 4H), 7.62 (ddd, J = 7.2,
5.0, 2.0 Hz, 5H), 6.81 (dd, J = 17.6, 10.8 Hz, 1H), 5.95 (d, J = 17.6 Hz, 1H), 5.48 (d, J =
10.9 Hz, 1H); *C NMR (126 MHz, CDCls) & = 155.77, 147.85, 147.65, 141.77, 135.79,

132.73, 132.66, 131.86, 131.51, 131.48, 129.40, 127.08, 124.15, 123.07, 117.27.
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3.3 Polymerization

0
O S_S
j\ HSC(Hzononos\[rsw)kOH Hsc(HzcnoncS*IEO\[r OH
S
oo (DoPAT) g oo
DoPAT:AIBN
(3:1)
DMF
/\ 70°C, 24 hrs /\
O Ph o) Ph

To a 2.00 mL ampoule was added 50.0 mg (0.181 mmol, 1.00 equiv), of 0-PEG
acrylated DPCP (6a) before diluting with 50.0 uLL of DMF containing 1.20 mg DoPAT
(3.44 umol, 0.02 equiv) followed by 50.0 uL. DMF containing 0.187 mg AIBN (1.14 umol;
0.006 equiv). Finally, 50.0 uL. DMF was added to dilute the mixture to 300 wt% with
respect to 6a. The mixture was stirred until its contents dissolved and was deoxygenated
by three freeze-pump-thaw cycles. The ampoule was carefully flame sealed using a blow
torch. Polymerization was initiated by immersion of the ampoule in a preheated 70°C oil
bath. After 24 hours at this temperature, the polymerization was quenched by scoring and
cracking the ampoule, exposing the reaction mixture to air. An aliquot of the crude product
was taken to determination the conversion by H NMR analysis. The polymer was
precipitated in 30.0 mL of stirring cold methanol (0°C) followed by stirring for 15 minutes,
filtration, and drying under high vacuum to yield 26.0 mg (56% yield) of name as a light
yellow powder.

Poly-DPCP Acrylate (50-mer): Light yellow powder; 56% conversion; 52% yield; H
NMR (500 MHz, CDCls) 6 = 7.95 — 7.51 (4H), 7.32 (5H), 3.24 — 2.91 (1H), 2.68 — 1.76

(2H), 1.70 — 0.98 (2H).
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NC S _Ph
j NC7<S\n,Ph Wo\n/
o o S (CPDB) oo S
CPDB:AIBN
(10:1)

DMF

/\ 70°C, 24 hrs /N\
O Ph o] Ph

To a 2.00 mL ampoule was added 380 mg (1.31 mmol, 1.0 equiv) of 0-PEG
methacrylated DPCP (8a), before the addition of 200 uL of a DMF solution containing
5.79 mg (0.026 mmol, 0.02 equiv) of CPDB followed by 100 uL. of DMF containing 0.43
mg AIBN (2.62 umol, 0.002 equiv). Finally, 840 uL. DMF was added to dilute the mixture
to 300 wt% with respect to 8a. The mixture was stirred until its contents dissolved and the
reaction was deoxygenated by three freeze-pump-thaw cycles. The ampoule was carefully
flame sealed using a blow torch. Polymerization was initiated by immersion of the ampoule
into a preheated 70°C oil bath. After 24 h, the polymerization was quenched by scoring
and cracking the ampoule, exposing the reaction mixture to air. An aliquot of the crude
product was taken to determination the conversion by *H NMR analysis. The polymer was
precipitated in 60.0 mL of cold stirring methanol (0°C) followed by stirring for 15 minutes,
filtration, and drying under vacuum to yield 346 mg (91% yeidl) of the title polymer as a
light pink powder.

Poly-DPCP Methacrylate (50-mer): Light pink powder; 98% conversion; 91% vyield; *H
NMR (500 MHz, CDCl3) § = 8.18 — 7.59 (4H), 7.60 — 7.27 (5H), 2.38 (2H), 2.11 — 1.15

(5H).
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oo & (CPDB) oo S

CPDB:AIBN
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DMF
I 70°C, 24 hrs Il

Ph Ph

To a 2.00 mL ampoule was added 150 mg (0.572 mmol, 1.00 equiv) of 0-PEG
methacrylated DPA (8d) before diluting with 100 uLL DMF containing 2.53 mg (0.0114
mmol, 0.02 equiv) of CPDB followed by 100 uL. DMF containing 0.188 mg (1.14 umol,
0.002 equiv) of AIBN. Finally, 250 uLL. DMF was added to dilute the mixture to 300 wt%
with respect to 8d. The mixture was stirred until its contents dissolved and was
deoxygenated by three freeze-pump-thaw cycles. The ampoule was carefully flame sealed
using a blow torch. Polymerization was initiated by immersion of the ampoule into a
preheated 70°C oil bath. After 24 hours at this temperature, the polymerization was
quenched by scoring and cracking the ampoule, exposing the reaction mixture to air. An
aliquot of the crude product was taken to determination the conversion by H NMR
analysis. The polymer was precipitated in 40.0 mL of cold stirring methanol (0°C) followed
by stirring for 15 minutes, filtration, and drying under vacuum to yield 106 mg (71% yield)
of the title polymer as a white powder.
Poly-DPA Methacrylate (50-mer): White powder; 96% conversion; 71% yield; *H NMR
(500 MHz, CDCl3) § = 7.60 — 7.35 (4H), 7.32 — 7.16 (3H), 7.12 — 6.94 (2H), 2.86 — 2.01

(2H), 2.06 — 1.17 (4H).
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n

AIBN
O (0.5 mol%) O

DMF, 60°C

A 16 hrs A
0] Ph (@) Ph

12a 12b

To a 6.00 mL microwave vial was added 100 mg (0.43 mmol, 1.00 equiv) of sty-
DPCP (12a) which was diluted with 430 uL of a DMF solution containing 0.35 mg AIBN
(2.15 pmol, 0.50 mol%) (1M). The microwave vial was sealed with a Teflon cap and the
solution was sparged with N2 gas for 15 minutes before polymerization was initiated by
immersion of the vial in a pre-heated 60°C oil bath. After 24 h, the polymerization was
quenched by removing the Teflon cap, exposing the reaction mixture to air. The polymer
was precipitated in 40.0 mL of cold stirring methanol (0°C) followed by stirring for 15
minutes, filtration, and drying under vacuum to yield a yellow powder.
Poly-Sty-DPCP (12b): Yellow powder; *H NMR (500 MHz, CDCl3) § 8.05 — 7.06 (m,

7H), 6.95 — 6.23 (m, 2H), 2.53 — 1.88 (m, 1H), 1.82 — 1.34 (m, 2H).
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