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Figure A3.39. ESI mass spectrum of Table 3.4 entry 34 (B(CsFs)s3, 1:10
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Figure A6.10. Electrochemical windows of 0.5 M concentration (a) 4HT,
(b) compound 1, (¢c) compound 2, and (d) compound 3 dissolved in ethaline.
Three full cycles are shown at a scan rate of 10 mV s™.
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Figure A7.7. Characterization of PHZ-amide, (a) ESI mass spec, (b) high 236
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Abstract

Part I: Silyl Ketenes as Building Blocks for Small Molecules and Polymers; Part II: The
Incorporation of Redox Small Molecules into Deep Eutectic Solvents for the Development of
New Electrolytes
By

SARAH MITCHELL

The composition of a polymer backbone dictates the properties and applications of the material,
and the chemical composition is inherited from its monomer. It is of interest to access new
properties for materials, and in turn the need for new polymeric backbones. Cumulated double
bonds are an interesting class of monomers that can produce three distinct polymeric backbones,
the most common being isocyanates, allenes, and ketenes. The controlled polymerization of
isocyanates and allenes has been thoroughly studied, however ketenes tend to self-dimerize and
controlled polymerization is difficult to achieve. A solution to this issue is to use silyl ketenes,
which are stabilized by the B-silicon effect. The Pentzer lab has explored radical and anionic
pathways, with no success of controlled polymerization, a better understanding of silyl ketene
reactivity is necessary. Group transfer polymerization is a technique commonly used to
polymerize methacrylates and acrylates using a silyl ketene acetal as an intiator and a catalyst.
Herein, part I one of this thesis will examine the reactivity of silyl ketenes with Lewis acid
catalysts, nucleophile, and silyl substituent and how these variables affect the formation of an a-
silyl carbonyl, leading to better selection of polymerization conditions. Group transfer
polymerization of silyl ketenes will also be explored, evaluating potential initiators, catalysts, and

reaction conditions.
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Deep eutectic solvents (DES) are mixtures composed of a hydrogen bond donor and a hydrogen
bond acceptor, in which the hydrogen bond network formed lowers the melting point creating a
eutectic mixture. DES are considered “greener” than ionic liquids, due to the individual
components being non-toxic and biodegradable. DES are also easy to synthesize and have a
multitude of applications; for example, DES could be used as an electrolyte by incorporating a
redox active species into the H-bond network. These solutions have great potential as an
electrolyte system to overcome issues with current electrolytes, such as low solubility of redox
active species, Coulombic efficiency, and conductivity. Redox active derivatives of interest are
selected for their potential to be modified to tune the solubility and electrochemical behavior.
Herein, part II of this thesis examines two different redox active species. A library of TEMPO
derivatives was synthesized to vary linker size, cation identity, and anion identity. Three TEMPO
salts including imidazolium, pyrrolidinium and quarternary ammonium functionality were chosen
to be incorporated into ethaline and the physical properties and electrochemical behavior of the
solutions were evaluated. A library of phenothiazine derivatives was synthesized and the

electrochemical behavior was examined in ethaline.
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Part I: Silyl Ketenes as Building Blocks for Small
Molecules and Polymers

Chapter 1

Introduction to Cumulated Double Bonds as Monomers

Portions of this chapter appear in the following manuscript:

100th Anniversary of Macromolecular Science Viewpoint: Polymerization of Cumulated Bonds:
Isocyanates, Allenes, and Ketenes as Monomers; Sarah M. Mitchell, K. A. Niradha Sachinthani,
Randinu Pulukkody, and Emily B. Pentzer; ACS Macro Letters 2020 9 (7), 1046-1059; DOI:
10.1021/acsmacrolett.0c00396.



1.1 General overview of polymers/polymerizations

Polymers are used in nearly every facet of life, from food storage to medical technologies, greatly
impacting the world and making modern life possible. The field of polymer science continues to
grow and evolve as new needs arise, leading to advances in synthetic methods,'™ polymer
architectures,’!! polymer compositions, and polymer processing techniques.'>”'® The chemical
composition of polymers determines the intra- and interchain interactions which in turn affect the
properties of the polymer, including toughness, thermal stability, degradability, and the
applications of the polymer.'” >} The chemical composition of a polymer also determines potential
post-polymerization modification reactions and compatibility with various additives. Ongoing
research encompasses production of extreme molecular weight polymers and new polymer
architectures. One of the most recent focuses in polymer research is the recyclability of polymers;
including upcycling current polymers, producing polymers from sustainable starting materials, and
controlled degradation of polymers.*>°

Polymers are prepared by either step growth or chain growth polymerization techniques (Figure
1.1).3%37 Step growth polymerization utilizes di-functional small molecules as monomers; the
monomers then react to form dimers, the dimers then react to form trimers or higher order

oligomers, and so on to form linear high molecular weight polymers. In contrast, chain growth

polymerizations give more control than step growth polymerization; the end group identity and
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Figure 1.1. Schematic representation of (a) step growth, (b) chain growth polymerizations.



the molecular weight of the polymer can be controlled while maintaining low dispersities. Chain
growth polymerization techniques include radical polymerization (RP),*® ring opening
polymerization, ring opening metathesis polymerization (ROMP),*® group transfer
polymerization (GTP), and Grignard metathesis polymerization (GRIM).*'* Chain growth
polymerizations utilize monomers that have a unit of unsaturation (i.e, double bond or ring), in
which the unit of unsaturation is lost upon polymerization.

1.2 Cumulated double bonds as monomers

An interesting class of monomers that are suitable for chain growth polymerization are cumulated
double bonds of the general form X=Y=Z, in which the central atom is carbon. The pi bonds are
orthogonal due to them sharing a central sp-hybridized carbon atom and therefore they are not

conjugated (Figure 1.2a). The most common cumulated double bonds are isocyanates (O=C=N),
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Figure 1.2. (a) Orthogonality of the pi bonding orbitals of cumulated double bonds; (b)
common cumulated double bonds of isocyanate (blue), allene (green), ketene (yellow); (c)

different polymerization routes of cumulated double bonds.



allenes (C=C=C), and ketenes (O=C=C), all isoelectronic with each other (Figure 1.2b). The
orthogonality of these compounds allow for unique reactivity including the opportunity to access
three different polymer backbones from a single monomer upon polymerization (Figure 1.2c).
Polymerization can occur through the X=Y bond, Y=Z bond, or the alternate between X=Y and
Y=Z.

1.3 Isocyanates as Monomers

1.3.1 Isocyanate Reactivity

Isocyanates are a highly reactive class of compounds of the form R-N=C=0, where the reactivity
is influenced by the electron deficient nature of the central carbon atom. The carbon atom is
susceptible to nucleophilic attack and reacts with alcohols, amines, water, thiols, and carboxylic
acids resulting in carbonyl-containing functional groups. Alternatively, the oxygen and nitrogen
atoms of isocyanates react with electrophiles, where the nitrogen atom reacts less commonly. This
unique reactivity allows for isocyanates to be used in a variety of chemical transformations
including being utilized as intermediates in complex synthetic schemes. For example, the
Hofmann rearrangement and the Curtius rearrangement both form isocyanate intermediates.**
Isocyanates are also known to form dimers at low temperatures and trimers at high temperatures

in the presence of acidic or basic catalysts (Figure 1.3).4346
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1.3.2 Anionic Polymerization of Isocyanates

Isocyanates are the most developed cumulated double bonds used as monomers and have been
used to produce polyisocyanates, but more commonly polyureas and polyurethanes. Many of these
isocyanate derived polymers can be produced on an industrial scale, for example

polyurethanes.*>*’

The polymerization of isocyanates was first discovered in 1937 when an
aliphatic diisocyanate and diamine was reacted to form polyurea and an aliphatic diisocyanate and
glycol was reacted to form polyurethane.*® Alternatively, the isocyanate functional group can be

used as monomer in chain growth polymerizations to produce polyisocyanates with a —-N(R)C(O)-

backbone where the nitrogen atom bears a R pendant group (N-substituted 1-nylons).



N

-
o

@) (@)
Oékﬁk
R R

R/

O initiator

Scheme 1.1. Anionic polymerization of isocyanate monomers.

Unfortunately, early development of these polymers were limited due to backbiting during
polymerization which led to cyclic trimers.*6:4%-%

A variety of polymerization techniques have been used in attempts to form polyisocyantates, most
commonly anionic polymerization (Scheme 1.1). The first report of the anionic polymerization of
a monofunctional isocyanate was first reported by Shashoua et al. in 1959, where both aliphatic
and aromatic isocyanates were polymerized with sodium cyanide as an initiator in polar
solvents.** It was proposed that the mechanism for initiation was the attack of the anion at the
electrophilic carbon of the isocyanate. This resulted in the formation of an amidate anion with
negative charge delocalized across the nitrogen and oxygen atoms; propagation was mainly
observed through the nitrogen atom. Unfortunately, intrachain backbiting was observed and cyclic
trimers were obtained along with a linear polymer chain that exhibited high dispersity. It was later
found that by adding bulky additives, controlled anionic polymerization could be achieved leading
to polymers with low dispersites and controlled molar mass.’! The bulky additives sterically
protected the propagating anion which prevented backbiting and the formation of cyclic trimers.>!
5% For example, Lee et al. reported the polymerization of 3-(triethoxysilyl)propyl isocyanate using

sodium naphthalenide as initiator in the presence of a crown ether. The sodium ion was trapped

in the crown ether, which led to fast propagation and suppression of backbiting.”!



1.3.3 Coordination Polymerization of Isocyanates

Transition metal catalyzed coordination polymerization techniques have also been utilized, in
which metal complexes were used to produce controlled polymerizations of isocyanates. Patten
el al. first demonstrated this technique in 1991 with Titanium (IV) complexes and alkyl
isocyanates, with no cyclic trimers observed.”® After this initial work, more CpTiCl2X complexes
were developed (Cp = n’-cyclopentadiene, X = OCH2CF3, N(CH3)2, and CHs). Many isocyanates
can be polymerized with these catalysts, excluding isocyanates bearing sterically bulky
substituents or aromatic isocyanates.*! The proposed mechanism for initiation is the migratory
insertion of the alkoxide from the Ti to the carbon of the isocyanate to form a titanium-amidate
species that then propagates.®’> Termination occurs through protonation, so the alkoxide group
becomes the chain end functionality. Further studies have been done on bimetallic and trimetallic
titanium complexes that produce flexible polymer segments between the rigid polyisocyanates.®
1.3.4 Properties of Polyisocyanates

Polyisocyanates are rod-like polymers that exhibit a helical conformation both in solution and solid
state due to the rigidity of the amide in the polymeric backbone.®*** Due to the helical
conformation, these polymers and their rigidity are the properties of polyisocyanates that have
been thoroughly studied. These polymers have been used to mimic the secondary structure of
proteins, as optical switches, chiral recognitions structures, and liquid crystal materials.®>%° The
mesogenic polymers were either polyisocyanates with short alkyl chains that are soluble enough
to make concentrated polymer solutions (no strong interchain interactions) or aryl polyisocyanates
where the aromatic group is directly attached to the nitrogen atom.”® Polyisocyanates have also
been found to be depolymerizable under various conditions, including with the use of catalytic

amounts of sodium cyanide and di-n-butylamine. The proposed mechanism of depolymerization



involves abstracting the proton from the polymer chain then followed by depolymerization or
backbiting to produce either monomer or dimers/trimers, respectively. The mechanism is
dependent on the polyisocyanate.*’

1.4  Allenes as Monomers

1.4.1 Allene Reactivity

Allenes are a class of compounds of the form R2C=C=CR2, where the R groups can be hydrogen,
alkyl, aryl, or alkoxy groups. The high degree of unsaturation, polarizability of mn-bond, and
geometry contribute to the wide range of reactivity of allenes, including electrophilic additions,
cyclization reactions, and rearrangements.”! Additionally, allenes have been used in the synthesis
of various macromolecules -ranging from cyclic oligomers (4-9 membered rings) to polymers.’>
> Polymerization can occur through both carbon-carbon double bonds: the less substituted C=C
(1,2), the more substituted C=C (2,3), or a combination of both C=C (1,2 and 2,3). All three of
the polymer backbones contain alternating sp® and sp® hybridized carbon atoms, allowing for

further post-polymerization functionalization (Figure 1.4).



1.4.2 Coordination of Polymerization of Allenes

Similarly, to isocyanates, the polymerization of allenes has been studied since the 1950s. Various
techniques have been used to polymerize allenes, including radical and cationic techniques, both
of which producing oligomer and polymers with uncontrolled molar mass.”’® Alternatively,
coordination polymerization with transition metal complexes has been utilized to achieve
controlled polymerization of allenes. The mechanism is typically the allene coordinates to the
transition metal complex followed by migratory insertion to initiate the polymerization, followed

my propagation. A large variety of mono-, di-, and tri-substituted allenes have been examined
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Figure 1.4. Three possible backbones from allene polymerization and a common cyclic
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with varying alkoxy, phenyl, alkyl, and alkoxycarbonyl substituents.” By differing the electronic
properties and steric nature of the substituents on the allenes, both the rate of polymerization and
regioreactivity are affected.

The most common substituents for allene monomers are aryl- and alkyl-substituted allenes. Endo
et al. examined allenes that varied the R!, R%, and R? substituents with various alkyl chain lengths
and aryl rings, with [(n-allyl)-NiOCOCF3]: as the initiator (Scheme 1.2).3° The substituents on
monosubstituted allenes had little effect on polymerization and all gave good control of molecular
weight; however, bulkier substituents had a slightly smaller ratio of 1,2:2,3 propagation. For
example, t-butylallene exhibited a 0:100 1,2:2,3 propagation ratio whereas cyclohexyl allene
exhibited an 8:92 1,2:2,3 propagation ratio. A similar trend was observed for disubstituted allenes
where bulkier substituents had a smaller ratio of 1,2:2,3 propagation, however the rate of
polymerization was slower than monosubstituted allenes and the trisubstitued allenes did not
polymerize.®® Additional studies have been done with phenyl-substituted allenes looking at groups
with different electronic and steric considerations using various transition metal complexes (e.g.,
rhodium, cobalt, nickel, and rare-earth metal complexes (Sc, Lu, Tm, Y, and Gd)).8'** There has
also been a handful of studies looking at alkoxy allene derivatives, in which one of the substituents

bears the electron-donating —OR group.

OCOCF
H\C/R1 /JvNi/ 3
¢ N
I >
Co_s >
R R toluene

R'=H, R?=n-CgH3, R>=CHj,

Scheme 1.2. Coordination polymerization of alkylallene derivatives.
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1.4.3 Properties of Polyallenes

Though the polymerization of allenes has been well studied, the applications of these polymers
has been understudied, with very limited examples. Yamauchi et al. used phenoxy-substituted
allene as a monomer and a diallene cross-linker in coordination dispersion copolymerization to
produce polymer microspheres.®* These authors also incorporated a hydroxyl containing allene
that was used for further post polymerization modification. Sakai et al. prepared thin films from
block copolymers containing a polyethylene glycol and a polyallene block.®® The thin film
consisted of perpendicular nanocylindrical structures. A spattering of reports has demonstrated
the high crystallinity of polyallenes, in which polymers that exhibit high regularity are strictly 2,3-
polymeric backbones.’*36

1.5  Ketenes as Monomers

1.5.1 Ketene Reactivity

Ketenes are a highly reactive class of compounds of the form O=C=CR2 where the R groups can
be hydrogen, alkyl, or aryl groups as well as these groups can be different in identity. Similar to
isocyanates and allenes, ketenes self-dimerize to form cyclic dimers, unfortunately, ketenes have
a higher tendency to self-react, limiting their use as monomers in chain growth polymerizatoins.
The dimerization of ketenes occurs through a [2+2] cycloaddition, in which dimerization can take
plase through both the C=C double bond and the C=0 double bond.®”* There are 2 main class of
ketenes: ketoketenes (O=C=CR2) and aldoketenes (O=C=CHR), in which aldoketenes have a
lower tendency to self-dimerize. Similarly, to allene monomers, ketenes can produce 3 different

polymeric backbones depending on how polymerization takes place: polyketene acetal,

polyketone, and polyester (Figure 1.5).
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1.5.2 Various Polymerization Techniques of Ketenes

The polymerization of ketenes was first discovered in 1925 by Henry Staudinger, where
dimethylketene was polymerized with triethylamine as the initiator; however, the definitive
structure wasn’t initially obtained.”® Natta et al. were the first to demonstrate that different

polymeric backbones could be obtained when using ionic catalysts in toluene at -60°C, specifically

O
C=C polymerization
> n
R R
O - R._R
C=0 polymerization
C.
R™ R of,

R R
C=C/C=0 polymerization /@S‘ro
8¢
R

Dimerization via C=C R'

v

Dimerization via C=0

Figure 1.5. Three possible backbones from ketene polymerization and dimerization via the

C=C and C=0 bonds.
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polyketone and polyester backbone.”! A few years later, Pregaglia et al. obtained polyketene acetal
from polymerizing dimethylketene with Lewis bases (tertiary amines) in polar solvents, utilizing
Lewis bases as initiators.”

Over the past few decades, both anionic and cationic polymerization techniques have been used to
polymerize ketenes. For anionic polymerization, the proposed mechanism is an anion attacks the
central carbon of the ketene, forming and enolate anion, followed by propagation. The formation
of the enolate allows for either C-acylation and O-acylation yielding the polyketone and
polyketene acetal backbones, respectively.” In contrast, alternating C- and O- acylation leads to
the formation of the polyester backbone. Of the literature reported for the polymerization of
ketenes, anionic polymerization primarily gives polyester backbones.”!***7 For example, Sudo et
al. polymerized ethylphenylketene to produce the polyester homopolymer using #-butyl lithium as
an initiator.”® In comparison to anionic polymerization of ketenes, the cationic polymerization of
ketenes is sparsely reported. Here, the proposed mechanism uses an electrophilic initiator that
coordinates to the oxygen atom of the ketene rendering the central carbon atom more susceptible
for nucleophilic attack by another ketene unit. The resulting polymeric backbone is dependent on
the initiator and solvent polarity. For example, Natta et al. polymerized dimethylketene with
aluminum tribromide as the initiator in toluene to produce the polyketone backbone; however,
when triethyl aluminum was used, the polyester backbone was obtained.”® The system was further
explored by Egret et al., looking at various solvent systems with both individual solvents and
mixture of solvents; for example, toluene, CCl4, diethyl ether, nitrobenzene/CCls, and
nitrobenzene/acetonitrile among others.'”’ Depending on the solvent system, the reaction time and

temperature varied, as well as formation of cyclic byproducts.
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1.5.3 Copolymerization of Ketenes

Due to the high reactivity of ketenes, many early reports of ketene polymerization focused on the
copolymerization of ketenes with ketones, aldehydes, and isocyanates. Natta et al. used n-butyl
lithium as an initiator to copolymerize acetone and dimethyl ketene, in which highly crystalline
polyesters were produced. When dimethyl ketene was copolymerized with benzaldehyde and
aldehyde derivatives using alkyl lithium reagents, the obtained copolymers varied in
crystallinity.”** Block copolymers have been obtained with ethylphenylketene and tert-butyl
methacrylate using n-butyl lithium as an initiator, and this protocol was extended to additional
ketene monomers. Nagai et al. was able to demonstrate enantioselective control of the
copolymerization of ketene and aldehyde monomers.!?"1%2 These studies led to the synthesis of
optically active polyesters, resulting from the copolymerization of ketenes and aldehyde
monomers.

1.6 Silyl Ketenes

1.6.1 Silyl Ketene Reactivity

Silyl ketenes, of the form O=C=CHSIiR3, are a sub-class of ketenes in which a silyl substituent is
attached to the terminal carbon of the cumulated double bond (Figure 1.6). The silyl substituent
can consist of various R groups ranging across alkyl and aryl groups, which can alter the solubility

of the compound (and of the resulting polymer). In contrast to alkyl and aryl ketenes, silyl ketenes

O

C

e

0O-0

@)
+

H™ ™ "SiMe; H” SiMej3

Figure 1.6. Beta-silicon effect of silyl ketene.
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are inherently more stable and easier to use, as well as less reactive under ambient conditions.'%
This is attributed to the B-silicon effect or hyperconjugation, where the electrons from the c-orbital
of the C-Si bond delocalize into the coplanar n*-orbital of the C=0 bond (Figure 1.6).'% As with
aldo and ketoketenes, silyl ketenes can produce 3 different polymeric backbones: including a
polyketene acetal, polyketone, and a polyester.

1.6.2 Synthesis of Silyl Ketenes

Silyl ketenes have been synthesized with a variety of methods. A commonly reported synthesis

includes pyrolysis of an alkynyl ether to form the desired silyl ketene (Scheme 1.3a).!%%103

o)
1]
N\ 7 120°C c
/S|| H
C|/\(O\/ (I)I
Na, NHsp, Fe*®  —\ 1) MeLi:TMSCI C
(b) 0 —
o) > o— heat N PN
Si H
W ]
EtO B
© OEt  (1)Br, . ' (MPCs tBuo  Br
P> (2) EGN/EBUOH BUG (2) E;N \—/
(1) 2 eq. LDA
2) [Si]/Cl
@ 85 °C
j\ « t-BUO—=—=—Si]
[Si” H

Scheme 1.3. Syntheses of silyl ketenes; (a) pyrolysis of alkylnyl ether, (b) elimination of an
acetal to form ethoxyacetylene, followed by reaction with a silane and heat, (c) procedure used

in Pentzer lab.
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Alternatively, Black et al. reported the double elimination of chloroacetaldehyde diethyl acetal to
form ethoxyacetylene, which was then reacted with methyllithium and chlorotrimethylsilane to
obtain silylated alkyne (Scheme 1.3b).!% Once purified, the silylated alkyne was heated to
temperatures > 100 °C, forming the desired cumulated double bond structure. A similar process
is used in the Pentzer lab to synthesize silyl ketenes, in which the desired ketenes are obtained in
a multi-step reaction followed by a thermal rearrangement of an alkyne (Scheme 1.3¢).!%7:108

Additionally, silyl ketenes have been synthesized without the use of pyrolysis or a thermal
rearrangement. Lutsenko ef al. and Baigrie et al. reported reacting an acid chloride with
triethylamine to undergo a dehydrochlorination to afford the desired ketene.!®-!'® Olah and
coworkers reported the formation of trimethylsilyl ketene from the dehydration of
trimethylsilylacetic acid.!!! Similarly, acetic acid derivatives can undergo zinc dehalogenation to
form silyl ketenes, however multiple ketenes could be obtained depending on the acetic acid

derivative. Additional methods to generate silyl ketenes include silyation of an alkynyl ether with

112,113 114,115

an iodosilanes, photochemical Wolff rearrangements, and others.

1.6.3 Polymerization of Silyl Ketenes

Some work has been done previously in the Pentzer lab on silyl ketene reactivity and the
polymerization of silyl ketenes. Initially, radical polymerization techniques were used with typical
radical initiators, however no reactions were observed. Focus then shifted to anionic
polymerization techniques, utilizing alkoxide initiators. It was found that modest MW polymers
could be obtained with sodium and potassium fert-butoxide in THF.!'%® The backbone of the
obtained polymer contained a complex mixture of functionalities; including the polyester,

polyketene acetal, polyketone, silyl enol ethers (Brook rearrangement), and a-silyl esters (Scheme

1.4a). When the counterion of the initiator was changed to lithium no polymer was obtained, but
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rather a 2-pyranone compound was obtained (Scheme 1.4b).''® It was determined that the 2-
pyranone structure was a trimer of the silyl ketene monomer. The terminal carbon is deprotonated
to form an alkynoate anion which undergoes nucleophilic addition of a silyl ketene, which is then
followed by thermal rearrangement.

Further evaluation of reagents showed there maybe selectivity between whether nucleophilic
addition or deprotonation occurs. Lithium thiolates were found to selectively undergo nucleophilic
addition when tert-butyl diphenyl silyl ketene were used with neat conditions and well-defined

oligomers were obtained (Scheme 1.4c).!'7 The composition of these oligomers were thoroughly

E:,’ O[Si] [Si] 5
‘BUOM | J\
@) [Si])J\H M=Na/K Mob o)bc\
[Si]=TIPS [Si]
0 o)
c BuOLi o)
1."BuOLi .
® [Si])\ H 2. A [SiO A
[Si|=TBDPS [Si]

C.C.) ©ﬂs®® o[S]0 O
Li N [Si]
() i )kH o gs%
[Si]=TBDPS H o [S]

Scheme 1.4. Previous work from the Pentzer lab utilizing silyl ketenes as monomers; (a) anionic
polymerization with alkoxide initiators; (b) formation of 2-pyranone from trimer; (c) lithium

thiolates as initiators favoring nucleophilic addition.
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characterized via IR and NMR spectroscopies. Polymerization of the C=C was prominent, which
polymerization of the C=0O and Brook rearrangement also being observed. When THF or
cyclohexane was used, different six-membered ring products were obtained. These experimental
findings were complimented with computational studies that indicate the functional groups found
in the backbone dictate the rigidity of the oligomer.

1.7 Summary

Cumulated double bonds are an interesting class of compounds, the possibility of obtaining three
possible backbones from one monomer is intriguing. The polymerization of isocyanates and
allenes have been thoroughly studied; as well as the properties of polyisocyanates. The
polymerization of ketenes, however, is understudied due to the high reactivity of ketenes and their
tendency to self-dimerize. Silyl ketenes, pose the solution to this problem, with the B-silicon effect
stabilizing the compound. This allows for silyl ketenes to be readily used on the benchtop and to
be stored without the fear of dimerization occurring. The silicon substituent can also be used to
influence the solubility of the resulting polymer. From the previous work in the Pentzer lab, silyl
ketenes have great potential as monomers, however the reactivity of silyl ketenes under
polymerization conditions needs further exploration. The following chapters will examine silyl
ketene reactivity and their potential as monomers. Focus will remain on using Lewis acid catalysts
and group transfer polymerization techniques.
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Part I: Silyl Ketenes as Building Blocks for Small

Molecules and Polymers

Chapter 2

Lewis Acid-Activated Reactions of Silyl Ketenes for the Preparation

of a-Silyl Carbonyl Compounds

Portions of this chapter appear in the following manuscript:

Lewis Acid-Activated Reactions of Silyl Ketenes for the Preparation of a-Silyl Carbonyl
Compounds; Sarah M. Mitchell, Yuanhui Xiang, Rachael Matthews, Alexis M. Amburgey, and
Emily B. Pentzer; JOC, 2019, 84 (22), 14461-14468. DOI: 10.1021/acs.joc.9b01859.
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2.1 Introduction

Silyl ketenes have been used in a variety of transformations to produce small molecules ranging
from silyl ketene acetals which are initiators for group transfer polymerization to various cyclic
molecules from cycloadditions. Similarly, to other cumulated doubles bonds, cycloadditions are
very accessible with silyl ketenes through self-dimerization and other techniques. For example,
silyl ketenes have been reacted with saturated aldehydes undergoing a [2+2] cycloaddition to form
2-oxetanones in the presence of a Lewis acid.!'® There have been multiple additional reports also
utilizing the [2+2] cycloaddition of silyl ketenes and aldehydes to form various oxetanones.!!*12!
Rossé et al. further expanded the scope of this reaction by performing a ring-opening reaction with
the 2-oxetanones and thiols to form sulfanyl-carboxylic acid derivatives.'?> [2+2] cycloadditions
have also been utilized with silyl ketenes to produce a variety of other compounds; including
cyclobutanones,'?>!2* B-lactams,?’ and B-lactones.!?>!?¢ Silyl ketenes have also been used in [4+2]
cycloadditions with diazadienes to produce pyrimidine and with isocyanates to produce a

127-129 Gilyl ketenes have been used in a number of reactions that are not

silyloxyoxazinone.
cycloadditions. For example, silyl ketenes were reacted with Wittig reagents to produce allenes
and underwent a Peterson elimination to produce silylated alkynes.'?>!*® Prior work from the
Pentzer lab reported that we silyl ketenes can react with anionic initiators to form oligomers, and
with alkoxide initiators to form a polymer with a mixture of backbone functional groups (esters,
ketene acetal, ketone).!?®!!7 The limitation in these systems was the occurrence of backbiting and
secondary reactions.

In literature Lewis acids (LAs) have been used to activate carbonyl-containing compounds for a
variety of reactions, including polymerizations.'*!!3? Particularly, a LA can coordinate to the
oxygen atom of a carbonyl, making the carbon atom more electrophilic and susceptible to the
addition of a nucleophile.!?*!** For example, LAs have been used to catalyze the ring opening
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polymerization of lactones, where the LA coordinates to the carbonyl and a nucleophile can ring
open the lactone promoting polymerization. This approach can be applied to silyl ketenes, were
the oxygen atom of the ketene coordinates to a LA and the central atom of the ketene becomes
more electrophilic. For example, Ruden et al. used a catalytic amount of the BF3-OEt: to activate
trimethylsilyl (TMS) ketene and illustrated the addition of t-butyl alcohol to the central carbon for
the preparation of an a-silyl ester.*> The use of a LA decreased the reaction time from 48 h for
the non-catalyzed reaction to only 2 min. In a similar vein, zinc halide salts and organocerium
reagents have been used to catalyze the formation of a-silyl esters from silyl ketenes.!3¢-14°

a-Silyl carbonyls provide an interesting scaffold for further modification, but are difficult to
prepare by more traditional approaches. For example, if the carbon atom alpha to the carbonyl of
an ester is deprotonated, the resulting enolate undergoes O-silylation upon reaction with, e.g., a
trialkyl silyl chloride. For modification, a-silyl esters can undergo Peterson olefination to produce
alkenes or reaction with Grignard reagents gives access to B-keto silanes.'*!'*> These compounds
can also be used to synthesize silyl ketene acetals, which can be used as initiators for GTP.!43-146
As such, preparation of a-silyl carbonyls are attractive and a method that can be applicable to a

broad range of nucleophiles and silyl groups would be beneficial. This would also lead to a better

understanding of silyl ketene reactivity and how LAs could be used to polymerize silyl ketene.
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2.2 Approach

Herein, I report the preparation of a-silyl esters, a-silyl amides, and o-silyl thioesters from silyl
ketenes with catalytic amounts of LA using a variety of nucleophiles (Figure 2.1). These reactions
were performed at room temperature and under 5 minutes. First the LA identity was optimized by
investigating boranes, metal triflates, and an aluminum alkoxide, determining which LA was best
at facilitating nucleophilic addition at the central carbon. The nucleophiles examined include
alcohols, amines, and thiols that are primary, secondary, and tertiary nucleophiles, as well as
phenol derivatives bearing electron-donating or —withdrawing groups at various positions. This
approach was then expanded to a variety of silyl ketenes, examining the impact of steric bulk and
electronics of the silyl substituent on the reaction. This work gives a better understanding of how
silyl ketenes can be used as building blocks for a-silyl carbonyl functionalities as well as provides

a foundation for developing silyl ketenes as monomers.

0]
- M s

O
C - 4
/U\ + LA > R \s)j\/[Si]

0
R. N)K/[Si]

Figure 2.1. Formation of a-silyl carbonyls via the activation of silyl ketenes with LAs.
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2.3 Lewis Acid Selection

2.3.1 Synthesis of silyl ketene

All silyl ketenes reported in this thesis were synthesized through a previously reported
method,'%%147:148 a5 shown in Scheme 2.1. Ethyl vinyl ether was reacted with bromine and zert-
butanol to form a mixed acetal (1). Once purified via work-up and distillation, the mixed acetal is
reacted with phosphorous pentachloride and triethylamine to and form a cis alkene (2), also
purified via work-up and distillation. The isolated cis alkene is then reacted with lithium
diisopropylamide to eliminate bromine, followed by reaction of desired silyl chloride to form an
alkyne (3) purified via column chromatography. The alkyne is then heated to 85°C to undergo a
thermal rearrangement to afford the final silyl ketene (4) and purified through distillation. The
multi-step reaction is the same for all silyl substituents, however the final purification process may
differ. Each silyl substituent can be readily prepared on a large scale and stored for several months
under inert gas and at low temperatures. The product identity and purity was characterized by 'H
nuclear magnetic resonance (NMR) and '*C NMR spectroscopy, Fourier-transform infrared

spectroscopy (FTIR), and gas chromatography-mass spectrometry (GC-MS).

OEt (1)Bn ., =9 B (MPCls | tguo  Br
/ (2) EtsN/EBUOH o - (2) Et;N \—/
(1) (2)
(1) 2 eq. LDA
(2) [Si]/Cl
D 85 °C
i - t-BUO—=—=—ISi]
[Si]” "H
(4) (3)

Scheme 2.1. Synthesis of silyl ketenes.
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2.3.2 Preliminary Non-Catalyzed Reaction

To understand the non-catalyzed reaction, benzyl alcohol and d (MDPS) ketene were stirred in
dichloromethane (DCM) at room temperature. The reaction was monitored using FTIR
spectroscopy until full ketene consumption was observed. Ketenes exhibit a characteristic
stretching frequency due to the cumulated double bond at ~2100 cm™. The disappearance of the
ketene stretch was accompanied by the appearance of the carbonyl stretch at ~1700 cm™! (Figure
A2.1). Full consumption of ketene was observed after 4 days and the reaction yielded the
corresponding a-silyl ester in 50% isolated yield (column chromatography).

2.3.3 Lewis Acid Scope

To overcome the sluggish nature of this reaction, various LAs were evaluated for the ability to
activate the silyl ketene, much like has been done for ketones and esters. The LA is expected to
coordinate to the oxygen atom of the silyl ketene which would make the central carbon more
electrophilic and therefore more susceptible to nucleophilic attack. The LAs investigated were
BF3-OEt2, Al(O'Pr)s, B(CsFs)3, La(OTf)3, and Mg(OTf)2. Each LA was evaluated at 0.2 and 1.2
molar equivalent to triisopropylsilyl (TIPS) and triethylsilyl (TES) ketene, using benzyl alcohol
and benzyl mercaptan as nucleophiles. (Table A2.1) Each LA produced the corresponding a-silyl
ester in significantly less reaction time (<1 hr), with BF3-OEt2 producing the highest isolated yield
(95%) and shortest reaction times, even with the use of substoichiometric amounts. BF3-OEt> was

chosen to explore the nucleophilic and silyl substituent scope of this reaction (Scheme 2.2).
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. X cat. BF;-OEt, o]
R DCM, RT R\XJVSi/
H H\©
X= OH, SH, NH,
[Si]=SiMePh,

Scheme 2.2. Formation of a-silyl carbonyls exploring the nucleophilic scope with MDPS ketene.

24 Nucleophilic Scope

2.4.1 Alcohol Nucleophiles

Initially, the reaction of 11 different alcohols with MDPS ketene were examined, including
primary, secondary, and tertiary aliphatic alcohols, as well as phenols was electro-withdrawing

and —donating groups at different positions. Each of alcohols examined produced the
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Figure 2.2. Characterization of compound 1 (a) 'H NMR, (b) '*C NMR, (c) *°Si NMR.
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corresponding a-silyl ester in good isolated yields (>60%) in less than five minutes. (Table 2.1)
Each product was characterized with 'H, °C, and Si NMR, FTIR spectroscopy, and MS; Figure
2.2 shows the NMR spectrum for a-methyldiphenylsilyl acetate (compound 1) (Figure A2.2,
compound 1 FTIR and mass spectra). Comparing the reactions of the primary, secondary, and

tertiary aliphatic alcohols and phenol, no significant difference in time to completion or yield was

Table 2.1. Evaluation of alcohol and phenol nucleophile scope with MDPS ketene ([Si] =

CH3Phz) catalyzed by BFs.

Compound Nucleophile Product % yield C=0 (cm™) | Acmz (ppm)
(e}
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observed. In contrast, for substitution phenols electron-donating substituents produced slightly
higher isolated yields that those with electron-withdrawing groups for example 4-methoxyphenol
produced a 80% yield whereas 4-(trifluoromethyl)phenol produced a 61% yield. This could be
due to the electron density on the oxygen atom making it a better nucleophile. No significant trend
was observed by varying the position of the substituents on the phenol ring, suggesting similar
inductive and resonance effects. Each of the a-silyl esters exhibited similar spectra, with little
difference in the chemical shift of the CH2SiR3 in 'H NMR or the C=O stretch in FTIR.

2.4.2 Amine and Thiol

The scope of nucleophiles was then expanded to amines and thiols to produce a-silyl amides and
a-silyl thioesters, respectively (Table 2.2). Primary and secondary amines, as well as aniline
produced the corresponding a-silyl amides in higher isolated yields compared to the a-silyl esters.
Aniline, for example, produced the corresponding amide in 92% isolated yield (compound 14),
whereas phenol produced the corresponding ester in 61% isolated yield. The a-silyl amides were
all characterized with the same methods as the a-silyl esters and had high purity within limits of
NMR analysis. Alkyl and aryl thiols did indeed produce the corresponding a-silyl thioesters,
however the isolated yields were significantly lower than the esters and amides. No significant

trend was observed for the thiol nucleophiles (Table 2.2).
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Table 2.2. Evaluation of amine and thiol nucleophile scope with MDPS ketene catalyzed

by BFs.
Compound Nucleophile Product % yield C=0 (cm") | Acx (ppm)
(o]
12 N NS 64 1626 2.28
H
(o]
P Nt NN /\/\
13 N D 77 1622 2.44
s @L i 92 1635 247
| o S |
H
A i 50 1670 2.80
SH R .
15 /\S)K/[SI]
(o]
16 )\SH )\S)K/[Si] 37 1668 2.76
(@]
, 5 1667 2.70
17 HSJ< >LS)K/[S|]
" ©\ i 40 1693 2.89
18 ©/ S)K/[sq :
- P 39 168 2.86
19 /OOSH \@s)p[sn 7 :
CF3 o
20 CFaOSH \©\ . 45 1696 2.91
i
(o]
21 @AS” ©AS)K/[SH 7 1674 2.82

2.5  Silyl Substrate Scope

To further evaluate the scope of the LA-activated reaction the silyl substrate scope was examined.
The ketenes investigated were TES, TIPS, dimethyl phenyl silyl (DMPS), and triphenylsilyl
(TPhS) (Table 2.3). These silyl substrates were selected to assess how the steric bulk and
electronic properties of the silyl substitution impact the reactivity and product formation. The use
of TES and TIPS ketene allowed the impact of only steric bulk, and not the electronics of the

compound, to be considered; TIPS is much bulkier and sterically hindered than TES.
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Table 2.3. Evaluation of silyl

substituent

methoxythiophenol, or aniline catalyzed by BFs.

scope with 4-methoxyphenol, 4-

Compound Nucleophile Product % yield C=0 (cm™) | Acuz (ppm)
e o (
TES 1 e \©\O)K/Si$ 70 1735 2.10
e o (
TES 2 e e @S)g/a? 45 1691 2.37
o —
TES 3 S @H&Sij 82 1642 1.94
b /O\©\ o
TIPS 1 g O)K/Si)J: 66 1735 2.16
b /0@ o
TIPS 2 g S)K/Si)J: 81 1694 242
L
TIPS 3 Y ”)K/S'/p 77 1642 1.96
/O\©\ 1~ /© 53 1734 2.33
DMPS 1 ) o )K/S‘i .
e ‘ ~
(0]
. \©\ i @ 47 1687 257
DMPS 2 ) g8
e ‘ ~
Q2
DMPS 3 ) H)K/s‘i 71 1639 2.15
e ‘ ~
> 01§
TPhS 1 ©/S‘i\© Q"kbp 74 1732 2.96
> 01§
TPhS 2 ©/S‘i\© OSKbQ 24 1687 3.19
> 3
TPhS 3 ©/S‘I\© QHJ\/%Q 58 1635 2.78
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Alternatively, the use of DMPhs and TPhS ketene allow the impact of the electronic demand, and
not steric bulk, to be evaluated.

Again, BF3-OEt2 was the LA of choice and used in a catalytic amount to activate the different silyl
ketenes. Each silyl ketene was reacted with 4-methoxyphenol, 4-methoxythiophenol, and aniline
as the nucleophiles. For all of the silyl groups, the corresponding a-silyl esters and a-silyl amines
were readily prepared and easily purified in reasonable isolated yields (>50%) and full
consumption of ketene was observed in > 5 mins. Similarly, to the nucleophilic scope, the a-silyl
thioesters were obtained in lower yield (~25%) with the exception of TIPS 2 which was obtained
in a surprisingly high 81% yield. The peaks corresponding to the CH2SiR3 in the 'H NMR spectra
shifted downfield with an increasing number of phenyl rings on the silyl group, similarly to the
terminal proton in the corresponding silyl ketene. The chemical shift in the '"H NMR spectra for
the terminal proton for TES and TIPS ketene are 1.64 and 1.69, respectively; and for DMPhS and
TPhS ketene the chemical shifts are 2.23 and 2.48 respectively. The silyl group had no impact on
the C=0 stretching frequency in the FTIR spectra. ‘

2.6  Summary

In summary, silyl ketenes were activated with LAs to produce a-silyl esters, a-silyl amides, and
a-silyl thioesters, in a method that is applicable to a wide scope of nucleophiles and silyl ketene
substituents. These products are formed under mild reaction conditions by activating the silyl
ketene with a catalytic amount of LA and adding a desired nucleophile. Of the LAs examined,
BF3-OEt2 performed the best and resulted in full consumption of ketene in <5 min. The
nucleophiles used covered a broad range, including primary, secondary, and tertiary alcohols;
phenols; primary and secondary amines; aniline; and primary, secondary, and tertiary thiols.

Alcohol and amine-based nucleophiles led to better-isolated yields than the sulfur-based
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nucleophiles and all of the product obtained were readily purified through column
chromatography. The LA-activated reaction of silyl ketenes is applicable to all silyl substituents
evaluated, with similar reaction time and yield regardless of steric demands or electronic
considerations of the silyl group. Moreover, this work gives an understanding on how a variety of
silyl ketenes react with a broad range of nucleophiles and readily available LAs. This knowledge
can help ongoing studies identify how LAs can be used to activate silyl ketenes and enable their
polymerization.

2.7 Appendix

General Considerations.  All purchased chemicals were used directly as received, unless
otherwise stated. All reactions were performed under an inert atmosphere. DCM and THF were
obtained by passing the commercial grade solvent through a column of activated neutral alumina
in a Dow-Grubbs solvent system from Pure Process Technology (Nashua, NH). All 'H, 13C, ?°Si
NMR were collected on a Bruker Ascend III HD 500 MHz NMR instrument equipped with prodigy
probe and shifts are reported relative to the residual solvent peak, as noted. All NMR spectra were
collected using CDCls as the solvent unless otherwise noted. FTIR spectra were acquired using an
Agilent Cary 630 FTIR in the ATR mode. ESI spectra were obtained on a THERMO Finniagn
LCQ DECA ion trap mass spectrometer equipped with an external AP ESI ion source (only
triphenylsilyl TPhS ketenes). THERMO DSQ II Series Single Quadrupole GC/MS.

General Procedure for Silyl Ketene Synthesis.  (Z)-1-Bromo-2-tert-butoxylethene (A) was
prepared using a previously reported method.10,11,28,29 In an oven-dried round-bottom flask, 2
equiv of LDA (48 mL, 0.096 mol LDA, 2 mol/L in THF/ethylbenzene/ hexane) and dry THF (48
mL) were cooled to —78 °C with a dry ice/ acetone bath under N2 (g). A mixture of A (7.08, 0.04

mol) and dry THF (16 mL) was prepared in an addition funnel and added dropwise to the
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LDA/THF solution. After addition, the reaction was warmed to room temperature and stirred for
3 h. After 3 h, the reaction mixture was cooled to 0 °C using an ice water bath. The corresponding
silyl chloride was added (0.048 mol). The reaction was warmed to room temperature and stirred
for 4 h. The mixture wastransferred to a separation funnel and quenched with an aqueous solution
of sat. NaHCO3 (80 mL). The aqueous layer was washed with hexanes (2 x 20 mL). The organic
layers were combined and washed with 0.5 N HCI (2 x 80 mL), H20 (120 mL), and an aqueous
solution of saturated NaCl (120 mL). The organic layer was dried with Na2SO4, filtered, and
solvent-removed under reduced pressure. The crude alkyne product was purified through column
chromatography of the silica gel. The silica gel was basified with a 2.5 vol % Et3N in hexanes
prior to loading product to the column. The product was= eluted with 100% hexanes. A pale yellow
oil was obtained; it was heated to 85 °C under N2(g) for 2 h. The final ketene product was purified
through vacuum distillation.

Procedure for Control Experiment (no LA). An oven-dried round bottom flask was
purged with vacuum and put under an inert atmosphere (N2(g)). Dry DCM (1 mL) was added to
the round bottom flask (RBF). Methyl diphenyl silyl ketene (1 eq, 1.3 mmol) and benzyl alcohol
(1.2 eq, 1.6 mmol) were then added simultaneously to the RBF. The reaction was stirred for 96
hours under N2(g) at room temperature. The reaction was monitored with FTIR, till full ketene
consumption was observed. Solvent was removed and the product was purified with column
chromatography. The column was built with 100% hexanes and silica gel. The product was eluted
with 9:1 hexanes:ethyl acetate. The product was dried under vacuum.

General Procedure for a-Silyl Carbonyl Compounds. An oven-dried RBF was purged with
vacuum and put under an inert atmosphere (N2(g)). Dry DCM (1 mL) and a catalytic amount of

BF3+OEt2 (1 drop) was added to the RBF. The desired ketene (1 eq.) and nucleophile (1.2 eq.)

47



were then added simultaneously to the RBF. The reaction was stirred for ~5 minutes under Na(g)
at room temperature. The reaction was monitored with FTIR, till full ketene consumption was
observed. Solvent was removed and the product was purified with column chromatography. The
column was built with 100% hexanes and silica gel. The product was eluted with 9:1 hexanes:ethyl

acetate. The product was dried under vacuum.

Figure A2.1. Control experiment performed with no Lewis acid. The reaction was monitored

with FTIR to see the consumption of the ketene peak at ~2100 cm™.
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Table A2.1. Lewis acid scope.

LA

-
’

RT,solvent

Ojvsn%
O

H [Si]
Reaction time (min) Vields
[Si]=TIPS [Si]=TES
LA= BF; «OEt, Diethylether <2 95 80
2LA= AI(O'Pr,), THF ~15 90 87
3LA=B(C,Fs); DCM ~10 94 39
1Zeq *LA=La(OTf), DCM <2 66 74
SLA=Mg(OTf), DCM ~60 63 80
SLA=EtMgBr Diethylether <2 23 32
1LA=BF, «OEt, Diethylether <2 86 77
2L A= Al(O'Pr,), THF ~15 27 58
02eq 3LA= B(C,Fs), DCM <2 70 67
*LA=La(OTf), DCM <2 68 69
5SLA=Mg(OTf), DCM ~15 86 79
SLA=EtMgBr Diethylether <2 9 23

*each LA was added in both 1.2 or 0.2 equivalents to the reaction mixture. It was found that

BF3+OEt: can also be added in a catalytic amount.
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Figure A2.2. Table 2.1, entry 1. (a) FTIR, (b) mass spectroscopy.
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Figure A2.3. Table 2.1, entry 2. (a) '"H NMR, (b) *C NMR, (c) ’Si NMR, (d) FTIR, (e) mass

spectroscopy.
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Figure A2.4. Table 2.1, entry 3. (a) 'H NMR, (b) 3C NMR, (c) ?’Si NMR, (d) FTIR, (e) mass

spectroscopy.
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Figure A2.5. Table 2.1, entry 4. (a) 'H NMR, (b) 3C NMR, (c) ¥’Si NMR, (d) FTIR, () mass

spectroscopy.
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Figure A2.6. Table 2.1, entry 5. (a) 'H NMR, (b) *C NMR, (c) 2’Si NMR, (d) FTIR, (e) mass

spectroscopy.
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Figure A2.7. Table 2.1, entry 6. (a) 'H NMR, (b) *C NMR, (c) Si NMR, (d) FTIR, (e) mass

spectroscopy.
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Figure A2.8. Table 2.11, entry 7. (a) 'H NMR, (b) 13C NMR, (c) ?Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.9. Table 2.1, entry 8. (a) 'H NMR, (b) *C NMR, (c) ’Si NMR, (d) FTIR, (e) mass
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Figure A2.10. Table 2.1, entry 9. (a) 'H NMR, (b) 1*C NMR, (c) ?*Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.11. Table 2.1, entry 10. (a) 'H NMR, (b) 1*C NMR, (c) ?Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.12. Table 2.1, entry 11. (a) 'H NMR, (b) 1*C NMR, (c) Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.13. Table 2.2, entry 12. (a) 'H NMR, (b) 1*C NMR, (c) ¥Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.14. Table 2.2, entry 13. (a) 'H NMR, (b) 1*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.15. Table 2.2, entry 14. (a) 'H NMR, (b) 1*C NMR, (c) ?Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.16. Table 2.2, entry 15. (a) 'H NMR, (b) '*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.17. Table 2.2, entry 16. (a) 'H NMR, (b) '*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.18. Table 2.2, entry 17. (a) 'H NMR, (b) '*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.19. Table 2.2, entry 18. (a) 'H NMR, (b) '*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.20. Table 2.2, entry 19. (a) 'H NMR, (b) '*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.

_0 o @ ] in
. - 0 © e
)K/s. MW=378 | ° |
@ 58|83 O | b |
NN R G !
o |
|
Wil 4 oo N d g
© © N ® ()] o )]
L) " e o N &
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3. 3.0 2.5 2.0 1.5 1.0 0.5
R 8 Chemical Shift (pprf
< o
° 9
58 8
g Lal <3
(b) 4 B LRT o o o
) e K/ "¢/ o o N
3 . ] \n n (0]
1 e o n " \
) © -
- 1 \ - 1 | |
| | 1| I |
1 L L J
00 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -1(
3 Chemical Shift (ppm)
-]
(© |
90 70 50 30 10 -10 -30 -50 -70 -90 -110 -130 -150 -170 -190 -210 -230 -250 -270 -290
Chemical Shift (ppm)
(d) (@
90
85 4 4000000
80 197
o 751
g 791 3000000
S 65 1653 1
€ 60
2 55 > 207
S 50 2 2000000 -
45 é
S 40 -
35
30 ] 1687 1000000
gg- J \ 281 363
] 378
15 ] o uhlillﬂ et i ||l.1(|l (li,
10 T T T T T T 100 200 300 400 500
4000 3500 3000 2500 2000 1500 1000 ! miz

Wavenumber (cm')



Figure A2.21. Table 2.2, entry 20. (a) 'H NMR, (b) '*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.22. Table 2.2, entry 21. (a) 'H NMR, (b) '*C NMR, (c) ?°Si NMR, (d) FTIR, (e)

mass spectroscopy.
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Figure A2.23. Table 2.3, entry TES 1. (a) 'H NMR, (b) °C NMR, (c) ¥’Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.24. Table 2.3, entry TES 2. (a) 'H NMR, (b) °C NMR, (c) ¥’Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.25. Table 2.3, entry TES 3. (a) 'H NMR, (b) °C NMR, (c) ¥’Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.26. Table 2.3, entry TIPS 1. (a) 'H NMR, (b) *C NMR, (c) ?Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.27. Table 2.3, entry TIPS 2. (a) 'H NMR, (b) '*C NMR, (c) Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.28. Table 2.3, entry TIPS 3. (a) 'H NMR, (b) *C NMR, (c) *Si NMR, (d) FTIR,

(e) mass spectroscopy.

<
-
-
{
U § A e
Si o
(a) N/LK/ ) 3
H -
§Rno 1 3
N Bl B
NN
¢ :'I NEN l !
A
S ¥ g
Kom®« (-] -
Ruae ] na
—_eee. .
7.67.47.27.06.86.66.46.26.05.85.65.45.25.04.84.64.44.24.03B83.63.43.23.02.82.62.42.22.01.8 1'6|n1'4 1.2
Chemical Shift'(ppm 2
-
]
(b)
& r |
© ]
: g ARd :
S o oa- o
8 G AN N
| ; J ) [ !
A i 4 |
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Chemical Shift (ppm)
o
(© @
N
E
90 80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 -80
Chemical Shift (ppm)
@ (e)
6000000 -
248
3
§ 80 118
'E 1681 4000000 -
2 >
S £
= 60 - g
O\O E
1642 2000000 199
40 -
1598
291
0 Lol d ; ;
20 T T T 100 200 300 400 500
4000 3000 2000 1000 miz

Wavenumber (cm™")

75



Figure A2.29. Table 2.3, entry DMPS 1. (a) 'H NMR, (b) *C NMR, (c) ?°Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.30. Table 2.3, entry DMPS 2. (a) 'H NMR, (b) '*C NMR, (c) ¥Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.31. Table 2.3, entry DMPS 3. (a) '"H NMR, (b) 1>C NMR, (c) 2°Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.32. Table 2.3, entry TPhS 1. (a) 'H NMR, (b) 3C NMR, (c) ?’Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.33. Table 2.3, entry TPhS 2. (a) 'H NMR, (b) 3C NMR, (c) ?’Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Figure A2.34. Table 2.3, entry TPhS 3. () 'H NMR, (b) 3C NMR, (c) ’Si NMR, (d) FTIR,

(e) mass spectroscopy.
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Part I: Silyl Ketenes as Building Blocks for Small
Molecules and Polymers

Chapter 3

Group Transfer Polymerization of Silyl Ketene Monomers and

Additional Reactivity Experiments
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3.1 Introduction

3.1.1 Group Transfer Polymerization Background

Group transfer polymerization (GTP) is a controlled polymerization technique developed by
DuPont in the 1980s for acrylic monomers.'#¢ This technique commonly uses a silyl ketene acetal
initiator and a catalyst to polymerize monomers, typically at ambient temperatures (Scheme
3.1).131L149.150 The name of GTP comes from the silicon substituent on the initiator transferring to

the end group upon termination, thus group transfer.'4!°!

GTP proceeds through repeating
Mukaiyama-Michael type reactions that are catalyzed by an additional catalyst, both associative

and dissociative mechanisms have been proposed. It is also known that GTP is very sensitive to

moisture and oxygen and air-free techniques are necessary for polymerization to occur.

Scheme 3.1. General scheme for group transfer polymerization.

3.1.2 Components for Group Transfer Polymerization

Components for GTP include a monomer, an initiator, and a catalyst. Common monomers for
GTP are acrylates or methacrylates; specifically, monomers that do not have an active hydrogen
(Figure 3.1a)."%¢!5! For example, hydrogens on an alcohol or carboxylic acid are not ideal for

GTP; however, these groups can be protected with a silyl substituent prior to polymerization and
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Figure 3.2. Components of GTP; (a) common monomers, (b) common initiators, and (c)

various catalysts for GTP.

removed after polymerization. Acrylonitriles and acrylamides have also been used as monomers
for GTP.!32!33 The polymerization conditions, such as choice of solvent, temperature, initiator,
and catalysts, are dependent on the monomer of choice.

Initiators for GTP are typically silyl ketene acetals, most commonly used is methyl trimethylsilyl
dimethylketene acetal (MTS) where all R-groups are methyl groups (Figure 3.1b).!#615! If the R!
and R? are large, the initiation step will be slowed and propagation is unlikely, for example if R!
and R? are triisopropyl groups. The ether group (R?) has little to no effect on the polymerization
rate.  Other initiators that have been used in GTP include trimethylsilyl cyanide,
trimethyl(methylthio)silane, and dimethyl trimethylsilyl phosphite. Bifunctional initiators have
also been developed for GTP to produce block copolymers.

A significant amount of research has been done on catalysts for GTP, as it plays an integral part in
activating the initiator for polymerization. Catalyst type can be divided into two categories, (1)
nucleophilic anions and (2) Lewis acids (Figure 3.1c).!46151:15% Nucleophilic catalysts have been

studied significantly and there are several generations of this type of catalyst used in GTP, such as
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fluorides, azides, carboxylates, and bifluorides. Typically, these anions are accompanied by a
larger cation, for example tetrabutylammonium. The most recent generation of nucleophilic
catalysts are phosphines, phosphazene bases, and N-heterocyclic carbenes (NHCs). These types
of catalysts are usually used in 1-0.1% vs initiator concentration and too much catalyst can halt
the polymerization. Lewis acid catalysts are typically used with acrylate monomers where there
is a 10% concentration vs. the monomer. Instead of the Lewis acid activating the initiator, the
Lewis acid is more likely to activate the monomer due to their electrophilic nature.

The process of GTP is sensitive to moisture and reagents must be dried or anhydrous. Solvents
typically used in GTP are toluene or tetrahydrofuran (THF), but other solvents have been used and
is based on the catalyst for a specific system. For example, dichloromethane is commonly used
for Lewis acid catalysts. In many experimental procedures, there is an induction period so the
catalyst and initiator can interact to form the actual initiator or activated complex. However, this
induction period many not be necessary depending on the mechanism of polymerization.

3.1.3 Associative vs. Dissociative Mechanism

As previously mentioned, there are two main mechanistic pathways for GTP, the associative or
dissociative mechanism, usually the dissociative mechanism is the most widely accepted.!46:15!
However, the most recent research involving NHC catalysts still has much debate as to which
mechanism proceeds during polymerization, it is most likely due to the substituents on the
backbone of the NHC.!>%13¢

The dissociative pathway involves the catalysts’ complexing with the initiators silyl group which
then dissociates to generate an enolate.”*® The monomer is then added to react with the enolate
that acts as the chain end and propagation occurs. Termination occurs when the enolate reacts

with the dissociated initiator group to generate the end group (Scheme 3.2a). The associative
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pathway follows a similar starting point, where the catalyst complexes to the initiator to form the
activated initiator.!>> The monomer is then added to react with the activated initiator in a concerted
like mechanism and the silyl group from the activated initiator is transferred to each incoming
monomer and remains on the chain end. Termination occurs when the catalyst dissociates from

the chain end so there is no activated complex (Scheme 3.2b).

(‘ o © T / oO)(

o) smo
b A M. o7 P
( ) Y o ~0 AJO

Scheme 3.2. Mechanistic pathways for GTP; (a) dissociative pathway and (b) associative

pathway.

3.2  Approach

GTP is a great polymerization technique for the controlled polymerization of acrylates and
methacrylates. Alternative monomers for GTP all contain some conjugated vinyl group, for
example dienoates or acrylonitriles.'*® Silyl ketenes are uniquely different than these typical GTP
monomers due to the cumulated double bond structure. However, silyl ketenes are similar to
methacrylate’s in that both compounds can easily produce enolates (Scheme 3.3), which can be
polymerized by various polymerization techniques, for example anionic polymerization.!'3”:!8

Therefore, silyl ketenes should be able to polymerization via GTP techniques. More specifically,

the polymerization of silyl ketenes via GTP is hypothesized to produce the polyketone backbone

91



0 O

(@)
1 RO ?
(a) P Ro)\ RO™ 1O
[Si] H [Si] [Si]
Silyl Ketene
S
o) o o

RO
(b) \H)kO/

Methyl Methacrylate

@)
Yo P
RO

RO

Scheme 3.3. (a) Enolate formation from silyl ketenes and (b) enolate formation from methyl

methacrylate.

S
Si] Nu
|
|
|
1
l
v
4 o o R ) o1 c© [Si] [Si]
hd MeO Z
MeO A S H
Si] O. O O o
SO simtes T SiMes
k Polyketone ) rilu
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(Figure 3.2). The hypothesis is that the initiator/catalyst can coordinate to the oxygen atom and
react with the central carbon atom.

33 Examination of Protocol with Methyl Methacrylate

As previously mentioned, GTP is a very air-sensitive polymerization, so to ensure adequate
technique, polymerization of methyl methacrylate (MMA) was performed. Each reagent needs to
be thoroughly dried and degassed to help ensure the polymerization will be successful. MTS was
chosen as the initiator, due to it being the most commonly studied GTP initiator. The catalyst of
choice was an NHC due to recent literature on these compounds as catalyst and for their high
silicophilicity or their ability to coordinate to silicon atoms. The NHC of choice, 1,3-
diisopropylimidazolium chloride, is commercially available with the protonated carbene carbon
atom.'>> Prior to use, the NHC needs to be deprotonated, which can be done by reacting the NHC
with a base (sodium hydride) for three hours. Once the reaction reached completion, the reaction
mixture was filtered under nitrogen and the solvent removed. The deprotonated NHC can then be
diluted to the desired concentration for GTP (typically 1M) and can be stored in a glovebox.
However, if a glovebox is unavailable, the NHC cannot be stored and needs to be deprotonated
prior to every use.

For polymerization, the NHC and MTS were added to a round bottom flask with tetrahydrofuran
(THF) and stirred for 10 minutes; this is to allow the initiator and catalyst to complex (Figure 3.3a).
MMA is then added dropwise and a color change is immediately observed (Figure 3.3b). The
reaction is monitored with "H NMR and FTIR to observe the C=C bond being consumed (Figure
3.3c/d). Once fully consumed, the polymerization is quenched and exposed to atmosphere. The
resulting polymer, PMMA, is then purified via precipitation with methanol and THF and PMMA

is obtained as a white solid. In comparison with literature, the theoretical average molecular
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Overall, the methodology used was successful and consistently produced PMMA.

34 Control Experiments

This developed methodology was then applied to silyl ketene monomers, with initial experiments
using the same experimental procedure as MMA. TIPS (triisopropylsilyl) ketene was first used
and full consumption of ketene was observed, however this was not reproducible, regardless of
polymerization conditions. So to take a step back we needed to perform some baseline
experiments; more specifically, performing the polymerization with the absence of catalyst or
initiator.

3.4.1 Absence of Catalyst or Initiator

These baseline experiments were performed with both TIPS and TES ketene. The first control
experiment examined the outcome of the polymerization with the absence of initiator (Scheme
3.4a). The NHC was added to a round bottom flask with THF, then TIPS or TES ketene was added
dropwise. The reactions were monitored over time with FTIR and "H NMR to observe any ketene
consumption or the formation of any products. For both TIPS and TES ketene after 4 hours the
ketene peak was still observed in both FTIR and '"H NMR, however there was formation of a
secondary product. This is easily observed in the ??Si NMR where two peaks are observed in the
small molecule region, one indicating the silyl ketene peak and an additional small molecule peak.
This was expected due to the high silicophilicity of the NHC, so the second peak is likely due to
the NHC coordinating to the silyl group on the silyl ketene.'>>!>

The second control experiment examined the outcome of the polymerization conditions in the
absence of catalyst (Scheme 3.4b). The initiator (MTS) was added to a round bottom flask with
anhydrous THF, then TIPS or TES was added dropwise. Again, the reactions were monitored with

FTIR and '"H NMR. For both ketenes examined, no reaction was observed and no ketene was
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Scheme 3.4. (a) Control reaction in the absence of initiator; (b) control reaction in the absence

of catalyst; (c) Control reaction with a 1:1 monomer to initiator ratio.

consumed. No reaction was expected to occur between the monomer and initiator without the
presence of an additional catalyst.

To continue with the control experiments, an experiment with a smaller ratio of initiator to
monomer (1:1 and 1:3) was performed (Scheme 3.4c). This is to examine the initiation step of the
first monomer and observe if a small molecule forms or propagation is possible. Several attempts
were made with both TIPS and TES ketene, however the results were inconsistent and varied with
each reaction. Some reactions saw consumption of ketene and the formation of a small molecule
and others did not exhibit any ketene consumption.

3.4.2 Why the inconsistency?

Unfortunately, there was inconsistency in the outcome of the reactions when all components were

present, the monomer, initiator, and catalyst; regardless of consistent technique. The reaction
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procedure was successful when MMA was used as the monomer, however the same was not
observed with silyl ketenes, therefore the silyl ketene is likely causing the inconsistencies. In the
test experiments, MMA was commercially purchased with an inhibitor. Prior to polymerization,
MMA was degassed using freeze-pump-thaw and then dried over calcium hydride for ~2 hours.
The mixture was then distilled to obtain thoroughly dried monomer and was stored under nitrogen;
MMA could then be used in the GTP protocol. For silyl ketenes, however, each respective silyl
ketene was synthesized in the three step synthesis and a thermal rearrangement. All silyl ketenes
were stored at cool temperatures and under nitrogen gas once synthesized. The initial control
experiments with silyl ketenes used the monomers as prepared for any GTP reactions. It was later
realized that the silyl ketenes need to be degassed prior to use. Once this was done the outcome
of the reactions became more consistent. It was also determined that the GTP of silyl ketenes was
significantly more air-sensitive than the GTP of MMA, so ideally a glovebox is used.

3.5 GTP Component Scope Experiments

After the initial control experiments, some time elapsed, in which a glovebox was set up and the
reactivity of silyl ketenes with LA and nucleophiles was examined (chapter 2). The following set
of experiments examine various components of GTP and how each reacted with silyl ketene
monomers, including initiator, catalyst, ratio, and silyl substituent.

3.5.1 Examination of Catalysts

The first component examined was various catalysts, mainly due to the large number of possible
catalysts to choose from and the large number of recent studies involving new catalysts for GTP.
For example, Takenaka et al. recently examined the use of organic acids as catalysts for GTP of
alkyl crotonates.'® From previous experiments and literature searches, five catalysts were chosen

to examine, including both nucleophilic anions and Lewis acids; more specifically, boron
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Figure 3.4. (a) Selected catalysts to examine with silyl ketenes; (b) reaction scheme for catalyst

scope.

trifluoride ~ diethyl  etherate = (BF3'OEt2),  aluminum  isopropoxide  (Al(OPr)3),
tris(pentafluorophenyl) borane (B(CesF5)3), tetrabutylammonium bromide (TBAB), and NHC (1,3-
diisopropylimidazolium chloride) (Figure 3.4a).!3:15516! The remainder of the reagents were kept
contant for comparison of the catalysts; the reaction used tert-butyldiphenylsilyl (TBDPS) ketene
and MTS as the initiator (Figure 3.4a). The solvent was dependent on the identity of the catalyst,
for example the reactions with LAs were performed in dichloromethane (DCM) and nucleophilic

anions in THF.
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The GTP protocol varied slightly from previous experiments now that a glovebox utilized. MTS
and the selected catalyst were added into a round bottom flask in the glovebox and the silyl ketene
was added into a separate vial, both were capped and removed from the glovebox. The solvent
was added to both the round bottom flask and vial and the round bottom flask with MTS and the
catalysts was stirred for ~10 minutes. The silyl ketene solution was then added dropwise to the
round bottom flask and the reaction was monitored with FTIR (*when available, it was being fixed
periodically). Once full ketene consumption was observed, the reactions were quenched with
degassed methanol.

The selected catalysts did produce variable outcomes and both a 1:1 and a 1:10 ratio of initiator to
monomer was examined (Table 3.1, entries 1-11). When TBAB was used no reaction was
observed for both ratios and the silyl ketene remained unreacted (Table 3.1, entries 5 and 10). This
eliminated TBAB as a contender for future experiments and was not use with additional silyl

ketenes. For the remainder of the catalysts in a 1:1 ratio, Table 3.1, entries 1-4, a mixture of an

Table 3.1. Catalyst scope with TBDPS ketene and MTS initiator.

Entry | Catalyst | Monomer | Initiator | Solvent | Ratio Outcome

1 | BF;OEt, | TBDPS MTS DCM | 1:1 | Mixture of SM/products*
2 B(C¢Fs); | TBDPS MTS DCM 1:1 | Mixture of SM/products*
3 NHC TBDPS MTS THF 1:1 | Mixture of SM/products*
4 |AI(OPr),| TBDPS | MTS | THF | 1:1 |Mixture of SM/products*
5 TBAB TBDPS MTS THF 1:1 No ketene consumption
6 | BF;-OEt, | TBDPS MTS DCM | 1:10 a-silyl carbonyl

7 B(C(F); | TBDPS MTS DCM | 1:10 a-silyl carbonyl

8 NHC TBDPS MTS THF 1:10 | No ketene consumption
9 Al(OiPr)3 TBDPS MTS THF 1:10 a-silyl carbonyl

10 TBAB TBDPS MTS THF 1:10 | No ketene consumption
11 BPh, TBDPS MTS DCM | 1:10 | No ketene consumption

*starting material (SM)
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Figure 3.5. 'H NMR of major product of 1:10 ratio MTS:TBDPS ketene with different
catalysts: (a) BF3-OEt2— Table 3.1, entry 6, (b) B(CsFs)3 — Table 3.1, entry 7, and (¢) AI(O'Pr)3

— Table 3.1, entry 9.

unidentified product and silyl ketene was obtained. When the ratio was increased to 1:10, Table
3.1, entries 6-9, the NHC catalyst (Table 3.1, entry 8) did not from any products and the silyl
ketene remained unreacted. For the other three catalysts, Table 3.1, entries 6, 7, and 9, the major
product was isolated via column chromatography and determined to be an a-silyl carbonyl (Figure
3.5), which was due to the use of methanol to quench the reaction. For additional comparison,
BPhs was also examined to compare B(CesFs)3. When B(CesFs)3 was used an a-silyl carbonyl was
formed (Table 3.1, entry 6), however when BPhs was used no reaction was observed and no ketene
was consumed (Table 3.1, entry 11).

3.5.2 Examination of Silyl Substituents

The catalysts, BF3-OEt, B(CsFs);, NHC, and AI(OPr)s, were then examined with

methyldiphenylsilyl (MDPS) ketene and TIPS ketene (Table 3.2, entries 12-19). The reaction with
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Table 3.2. Catalyst scope with various silyl ketenes and MTS initiator.

Entry | Catalyst | Monomer | Initiator | Solvent | Ratio Outcome

12 | BFyOEt, | TIPS MTS DCM | 1:10 a-silyl carbonyl

13 | B(C/Fy), TIPS MTS DCM | 1:10 a-silyl carbonyl

14 NHC TIPS MTS THF 1:10 | Mixture of SM/products*
15 Al(OiPr)3 TIPS MTS THF 1:10 | No ketene consumption

16 | BF;-OEt, | MDPS MTS DCM | 1:10 a-silyl carbonyl

17 | B(CF5); | MDPS MTS DCM | 1:10 a-silyl carbonyl

18 NHC MDPS MTS THF 1:10 | Mixture of SM/products*
19 Al(OiPr)3 MDPS MTS THF 1:10 a-silyl carbonyl

20 | B(CFy), TES MTS DCM | 1:10 | Mixture of SM/products
21 | B(CFy), TPhS MTS DCM | 1:10 | No ketene consumption

*starting material (SM)

TIPS and AI(OPr); catalyst did not react and silyl ketene was not consumed (Table 3.1, entry 15),
whereas the reaction with MDPS ketene produced an a-silyl carbonyl (Table 3.1, entry 19), the
inconsistency led to not using Al(O’Pr)s further. Several of these reactions using other catalysts
also produced the corresponding a-silyl carbonyl product (Table 3.1, entries 12, 13, 16, and 17).

The formation of the a-silyl carbonyl product was the favorable product for mainly the LA
catalysts, which have been shown in the previous chapter to catalyze the formation of an a-silyl

t.12 When methanol is used to quench the reaction, it acts

carbonyl when a nucleophile is presen
as a nucleophile to form the a-silyl carbonyl, regardless of the product formed prior to quenching
the reactions. From this discovery, the use of methanol to quench the reactions ceased and

alternatively the solvent was removed under reduced pressure and the reaction flask exposed to

ambient conditions.
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Figure 3.6. Silyl ketenes studied for GTP.

To further the scope of various silyl ketene substituents, TES and triphenylsilyl (TPhS) ketene
were examined to have full comparison of the impact of steric bulk and electronics under GTP
conditions (Figure 3.6). TES and TPhS ketene were reacted with MTS and B(CeFs)3 in a 1:10
ratio (Table 3.2, entry 20 and 21). For TES ketene full consumption of ketene was observed and
a mixture of oligomers/small molecules was obtained. It should also be noted that TES ketene
reacted significantly faster than any other ketene examined and typically full consumption of
ketene was observed in less than 1 hour. For TPhS ketene little ketene reacted and the majority of
the reaction mixture was unreacted silyl ketene. Of the ketenes examined, only TPhS ketene was
unsuccessful and the remainder of the ketenes exhibited some type of reaction when B(CesFs)3 was
used as catalyst. Due to variable reactivity, two silyl ketenes, TES and TBDPS, were chosen to
examine so both types of silyl substituents would be studied.

3.5.3 Examination of Initiators

After examining various catalysts and silyl substituents, only low molar mass oligomers and small
molecules were being produced. To ensure full examination of components, various initiators
were also examined. Silyl ketene acetals are the most common initiators used for GTP, specifically
MTS due to the small R-groups. However, since no high molar mass oligomers were being

formed, a different type of initiator may be need for the GTP of silyl ketenes. After further
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literature search, trimethylsilyl cyanide (TMS cyanide) and benzaldehyde have been used as
initiators for GTP and were selected to use as initiators for silyl ketenes. TMS cyanide have been
used similarly to silyl ketene acetals, however benzaldehyde initiators have been used for
monomers have a silyl group to undergo aldol GTP.

Prior to use benzaldehyde was recrystallized and TMS cyanide was used as received, both
compounds were stored in the glovebox. To start, two different catalysts were used to activate the
selected initiators, BF3-OEt2 and B(CeF5s)3, with TBDPS ketene as the monomer (Table 3.3, entries
23-26). For comparison of the two catalysts, B(CsFs)3 was much slower than BF3-OEt, and needed
to run overnight for full consumption of ketene, as well as Table 3.3, entry 23 still had some silyl
ketene present according to 'H NMR; so BF3-OEt> was used for the remainder of the initiator
scope. The outcome of these reactions with TBDPS ketene, Table 3.3, entries 23-26, were the
similar, in which a low molar mass oligomer was formed with a molar mass of 1180 m/z according
to ESI mass spectroscopy, regardless of the catalyst used. Unfortunately, the structure of which

was not able to be determined, however a cyclic oligomer is hypothesized. A similar product was

Table 3.3. Initiator scope for GTP with TBDPS and TES ketenes.

Entry | Catalyst | Monomer Initiator Solvent | Ratio Outcome

*
B(C(Fs); | TBDPS | TMS cyanide | DCM | 1:10 SM//S(‘)‘EE)E;ISC“I“

24 | B(CFy); | TBDPS | Benzaldehyde | DCM | 1:10 | Small molecules/oligomers
25 | BF;OEt, | TBDPS | TMS cyanide | DCM | 1:10 | Small molecules/oligomers
26 | BF;OEt, | TBDPS | Benzaldehyde | DCM | 1:10 | Small molecules/oligomers
27 | BF;-OEt, TES TMS cyanide | DCM | 1:10 Small molecules
28 | BF;-OEt, TES Benzaldehyde | DCM | 1:10 Small molecules
29 | BF;-OEt, TES Benzaldehyde | DCM | 1:50 | Small molecules/oligomers
30 | BF;OEt, | TBDPS | Benzaldehyde | DCM | 1:50 | Small molecules/oligomers
*starting material (SM)

23
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also formed when MTS was used with TBDPS, indicating that the product formed does not
incorporate the initiator. The mass spectrum does show that there is higher molar mass (>1500)
compound being formed however the low molar mass oligomer is favored (~1200).

Continuing the examination of TMS cyanide and benzaldehyde as initiators, these reactions were
performed with TES ketene. For the 1:10 ratio of initiator to monomer, the TES reactions produced
small molecules and no high molecular weight compound was detected through ESI (Table 3.2,
entries 27 and 28). Again, the products formed were similar to the products formed when MTS
was used, indicating that the product does not incorporate the initiator.

Out of curiosity, the ratio was increased from 1:10 to 1:50 initiator to monomer to see if the
formation of this low molar mass oligomer could be overcome and higher molar mass oligomers
obtained, indicating polymerization could occur. These higher ratio experiments were performed

with a benzaldehyde initiator and BF3-OEt: catalyst for both TES and TBDPS ketene (Table 3.3,

(a) (b)

10:1
= 50:1 I 101
763 I 50:1
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T
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Figure 3.7. Comparison of 10:1 and 50:1 of silyl ketene to benzaldehyde; (a) TBDPS ketene
and (b) TES ketene. Orange box — favored oligomer in 1:10; purple box — higher molecular

oligomers.
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entries 29 and 30). Interestingly, for both of the silyl ketenes higher molar mass oligomers were
observed and the formation of the corresponding low molar mass oligomers was diminished.
When comparing the mass spectrum for the 1:10 and 1:50 ratio experiments for both ketenes the
diminished formation of the low molar mass oligomers can be easily observed (Figure 3.7). This
was the first example of higher molar mass oligomers forming from the GTP of silyl ketenes.
Additionally, the 1:50 ratio experiment of TBDPS, table 3.3, entry 30, formed a solid upon removal
of the solvent from the reaction mixture.

3.5.4 Additional Polymerization Conditions

Additional polymerization conditions were also examined, including temperature of reaction and
concentration. Concentration of the monomer has been shown to affect the polymerization rate,
which can in turn affect the dispersity of the resulting polymer and possible side reactions.!> Prior
to examining the catalyst scope, concentration of monomer was examined at both 1M and 5M.
The reactions were performed with TBDPS ketene and MTS initiator, both concentrations
exhibited full consumption of ketene with no noticeable difference between the two
concentrations. The subsequent reactions were performed in a 1 M concentration as a standard for
all GTP of silyl ketenes. Concentration will play a larger role in the GTP of silyl ketenes when
higher molar mass polymers are obtained.

Temperature was also examined, as temperature can impact the rate of reactions as well as promote
product formation by decreasing activation energy.*® In the case of GTP, majority of reactions are
performed at room temperature, however lower temperatures can be used to favor polymerization.
Four experiments were performed at various temperatures with variable times with a 1:10 ratio of
initiator to monomer (Table 3.4). For Table 3.4, entry 31 the procedure varied slightly from

previous runs, after the initiator and catalyst stirred for ~5 minutes, the reaction flask was cooled
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to 0°C with an ice bath and the ketene was added dropwise. The solution was stirred for 30 minutes
and then warmed to room temperature and stirred until full consumption of ketene was observed.
A similar procedure was followed for Table 3.4, entry 32, but the reaction flask was cooled to -
46°C with a dry ice/acetonitrile bath. Both of these reactions produced the same product, as well
as took the same amount of time for full consumption of ketene to be observed. Table 3.4, entry
33 and 34 examine extended stirring times at 0°C, entry 33 stirred for 2 hours and was then warmed
to room temperature and entry 34 was stirred for 3 hours and then warmed to room temperature.
For entry 34, full consumption of ketene was observed after the 3 hours, however for entry 33 full
consumption of ketene was not observed until 5 hours. Comparing these reactions to the room
temperature experiment, the reaction products were the same, however reaction time was reduced
from 24 hours to 3-5 hours. The temperature at which these polymerizations are performed is
important, however more thorough studies need to be performed when high molar mass polymers

can be obtained.

Table 3.4. Temperature studies for GTP.
Entry | Catalyst | Monomer | Initiator | Ratio | Solvent Temperature

31 |B(CFy),;| TBDPS | MTS | 1:10 | DCM 0°C — RT upon a‘jd‘“"n of
monomer

32 | B(CFy,| TBDPS | MTS | 1:10 | pem | ~46°C = RTuponaddition of
monomer

33 | B(C(F); | TBDPS MTS 1:10 | DCM 0°C, warm to RT after 2 hours
34 | B(C([F);| TBDPS MTS 1:10 | DCM 0°C, warm to RT after 3 hours
*room temperature (RT)

3.6  Miscellaneous Experiments
Grignard reagents are good nucleophiles and commonly react with carbonyl containing
compounds to form an alcohol and a new C-C bond.!®* Additionally, these reagents are good bases

and can be used deprotonate alcohols or phenols to generate alkoxides. A Grignard was previously
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used as a catalyst in the LA study generating a-silyl carbonyls, forming the product in <2 minutes
(chapter 2). However, the yield was low compared to other LAs examined in the formation of a-
silyl carbonyls. Since many of the catalysts overlap between these two studies, a Grignard reagent
was used a catalyst for GTP. Ethylmagnesium bromide was used with MTS as the initiator and
TBDPS ketene. Unfortunately, this reaction observed little consumption of ketene. Regardless,
Grignard reagents may work better with different initiators for GTP and a more thorough study is
needed to understand their reactivity with silyl ketenes.

Cationic polymerization is a polymerization technique where a cationic initiator generates a
positive charge that is transferred through the propagating end.'* Typical cationic initiators
include strong acids, Lewis acids, and carbenium ions. Since many LAs are being used with GTP,
cationic polymerization techniques were attempted. For example, a catalytic amount of a LA was
added to a round bottom flask with MDPS ketene, along with a nucleophile. The order of how the
reagents were added were examined, as well as various LAs. Unfortunately, each attempt was
unsuccessful with minimal ketene being consumed, more research needs to be performed utilizing
cationic polymerization techniques.

3.7  Summary

Overall, GTP is a powerful technique to polymerize silyl ketenes and has great potential in
obtaining high molar mass polymers from silyl ketenes. However, similar to past students, the
understanding of how silyl ketenes react in various polymerization conditions is limited, so an
understanding of how silyl ketenes react with the various components of GTP is necessary. GTP
techniques are also very air/moisture sensitive and proper techniques are needed to ensure potential
polymerization. The components of GTP examined include catalyst identity, silyl substituent,

initiator, and polymerization conditions. Six different catalysts were examined, ranging from
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nucleophilic anions to LAs; in which BF3-OEt2, B(CeFs)3, and NHC performed the most
consistently and reacted with all silyl substituents to produce either an a-silyl carbonyl or a set of
oligomers. The initiator identity scope, expanded from using the most common initiator for GTP,
MTS, to using benzaldehyde and TMS-cyanide, both of which exhibited potential to form higher
molar mass oligomers. For both the catalyst and initiator scope, several silyl ketenes were utilized,
including TES, TIPS, MDPS, TBDPS, and TPhS ketene; each undergoing various reactivity.
Additional parameters were examined, including temperature, ratio, and concentration, which will
be of greater importance when an initiator/catalyst system are identified to produce high molar
mass oligomers/polymers. There is still a significant amount of research that needs to be done
with the GTP of silyl ketenes, including further initiator studies and polymerization conditions.
3.8 Appendix

General Considerations.  All purchased chemicals were used directly as received, unless
otherwise stated. All reactions were performed under an inert atmosphere (nitrogen gas) or in a
Vigortech glovebox with a nitrogen atmosphere. DCM and THF were obtained by passing the
commercial grade solvent through a double filter column in a MBRAUN SPS compact system.
All 'H and >C NMR were collected on a Bruker Ascend III HD 500 MHz NMR instrument
equipped with prodigy probe (CWRU) or a Bruker Advance Neo console 400 MHz NMR with an
Ascend magnet and automated tuning Smm broadband iProbe (TAMU); shifts are reported relative
to the residual solvent peak, as noted. All NMR spectra were collected using CDCI3 as the solvent
unless otherwise noted. FTIR spectra were acquired using an Agilent Cary 630 FTIR in the ATR
mode or a JASCO FT/IR-4000. ESI spectra were obtained on a THERMO Finniagn LCQ DECA
ion trap mass spectrometer equipped with an external AP ESI ion source. THERMO DSQ II Series

Single Quadrupole GC/MS.
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Reagent Drying Procedure. All reagents need to be properly dried prior to use for all GTP
experiments. Methyl methacrylate and MTS were degassed with freeze-pump-thawed three times,
followed by stirring with calcium hydride for two hours. Each were then distilled at room
temperature and the dry reagent stored under N2(g). Methanol was degassed with freeze-pump-
thaw three times prior to use. Benzaldehyde was recrystallized with water prior to use. All silyl
ketenes were synthesized as described in chapter 2 and then degassed with freeze-pump-thaw three
times. All catalysts and TMS-cyanide were used as received. Once dried, all reagents were stored
under N2(g) or in a glovebox. If stored outside of the glovebox, the reagents need to be dried
immediately prior to use (up to 24 hours).

Deprotonation of NHC Catalyst. An oven dried round bottom flask was purged three times
with vacuum and N2(g). 1,3-diisopropylimidazolium chloride (1 eq, 0.0013 mol) and NaH (1.4
eq, 0.0018 mol) was added to the flask, followed by anhydrous THF (3 mL). To the reaction
mixture, potassium tert-butoxide (0.075 eq, 0.01 mL) was added and the reaction was then stirred
at room temperature for three hours. After three hours, the reaction mixture was filtered under an
inert atmosphere (cannula transfer, do not expose to atmosphere). Once filtered, the solvent was
removed under reduced pressure. The deprotonated NHC could then be diluted to the desired
concentration (typically 1 M) with THF and used as needed.

Group Transfer Polymerization of MMA. An oven dried Schlenk flask was purged three times
with vacuum and N2(g). MTS (0.00049 mol, 0.1 mL) and NHC (0.1 mL of 1M solution) were
added, followed by dry THF (30 mL). The solution was stirred for 10 minutes to allow the catalyst
to coordinate to the initiator. MMA (8 mL) was then added dropwise over a period of 5 minutes.
As monomer is added, a color change should be observed going from clear to pink. Monomer

consumption was monitored via FTIR. Once full consumption was observed, the reaction was
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quenched with degassed methanol. The resulting polymer was purified via recrystallization by
dissolving PMMA in THF and then adding dropwise to cold methanol. PMMA was then dried
under vacuum and spectra obtained.

Control experiments. An oven dried round bottom flask was purged three times with
vacuum and N2(g). MTS (0.002 mol) or NHC (0.002 mol) was added to the flask, followed by
dry THF (3 mL). TIPS or TES ketene (0.002 mol) was then added. The reaction was monitored
with FTIR and quenched after 4 hours. The crude spectra were obtained for all control
experiments.

General Procedure for the GTP of Silyl Ketenes. An oven dried Schlenk flask and vial were
loaded into a nitrogen filled glovebox. The desired initiator (1 mol) and catalyst (5 mol %) were
added to the Schlenk flask and the flask was capped and sealed. The desired silyl ketene (1, 5, 10,
or 50 mol) was added to the vial and capped and sealed. Both were then removed from the
glovebox and were immediately attached to a Schlenk line. Half of the solvent was added to the
Schlenk flask and half was added to the vial (1 M monomer in solvent). The initiator/catalyst
solution was stirred for 10 minutes and then the silyl ketene solution was added dropwise at room
temperature. Various color changes were observed, typically depending on the silyl ketene being
used. The reaction was monitored with FTIR. When full consumption of silyl ketene was
observed, the solvent was removed under reduced pressure, followed by the reaction flask being
exposed to atmosphere. The crude ESI and NMR was collected for each reaction.

Variable Temperature Reactions. An oven dried Schlenk flask and vial were loaded into a
nitrogen filled glovebox. The desired initiator (1 mol) and catalyst (5 mol %) were added to the
Schlenk flask and the flask was capped and sealed. The desired silyl ketene (10 mol) was added

to the vial and capped and sealed. Both were then removed from the glovebox and were
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immediately attached to a Schlenk line. Half of the solvent was added to the Schlenk flask and
half was added to the vial (1 M monomer in solvent). The initiator/catalyst solution was stirred
for 10 minutes and the reaction flask cooled to the desired temperature. The silyl ketene solution
was added and the reaction stirred for the desired length of time at a specified temperature. Various
color changes were observed, typically depending on the silyl ketene being used. The reaction
was monitored with FTIR. When full consumption of silyl ketene was observed, the solvent was
removed under reduced pressure, followed by the reaction flask being exposed to atmosphere. The
crude ESI and NMR was collected for each reaction.

GTP with Grignard Reagent Catalyst.  An oven dried Schlenk flask and vial were loaded
into a nitrogen filled glovebox. MTS (1 eq, 0.0001 mol) and ethyl magnesium bromide solution
(0.01 eq, 0.011 mL) were added to the Schlenk flask and the flask was capped and sealed. TBDPS
ketene (10 eq, 0.001 mol) was added to the vial and capped and sealed. Both were then removed
from the glovebox and were immediately attached to a Schlenk line. Half of the THF was added
to the Schlenk flask and half was added to the vial (1.1 mL THF). The MTS/Grignard reagent
solution was stirred for 10 minutes and then the silyl ketene solution was added dropwise at room
temperature. The reaction was monitored with FTIR. When full consumption of silyl ketene was
observed, the solvent was removed under reduced pressure, followed by the reaction flask being
exposed to atmosphere. The crude ESI and NMR was collected for the reaction.

General Procedure for Cationic Polymerization. In an oven dried round bottom flask, purged
with N2(g) and vacuum. A LA (cat. 0.2, or 1.2 eq.) was dissolved in DCM (neat or 3 mL). The
desired initiator (1 mol) and silyl ketene (20 mol) were added simultaneously. The solution was

stirred at room temperature overnight. The reaction was monitored with FTIR.
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Figure A3.1. Control experiment with TES ketene and NHC catalyst in a 1:1 ratio, (a) >’Si

NMR, (b) 'H NMR.
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Figure A3.2. Control experiment with TES ketene and MTS initiator in a 1:1 ratio, (a) >Si

NMR, (b) 'H NMR.
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Figure A3.3. Control experiment of 1:1 TES ketene:MTS initiator with NHC catalyst, (a)

FTIR, (b) 'H NMR.
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Figure A3.4. Catalyst scope: crude 'H NMR of 1:1 TBDPS ketene:MTS (Table 3.1, entries 1-

5), (a) TBAB, (b) BF3-OEt, (c) B(CsFs)s, (d) NHC, () Al(O°Pr)s.
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Figure A3.5. Catalyst scope: crude 'H NMR of 1:10 MTS:TBDPS ketene (Table 3.1, entries

6-10), (2) TBAB, (b) BF3-OEt, (c) B(CsFs)3, (d) NHC, (¢) Al(OPr)s.
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Figure A3.6. Catalyst scope: crude 'H NMR of 1:10 MTS: TIPS ketene (Table 3.2, entries 12-

15), (a) BF3-OEt, (b) B(CeFs)s, (c) NHC, (d) Al(O'Pr)s.
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Figure A3.7. Catalyst scope: crude '"H NMR of 1:10 MTS:MDPS ketene (Table 3.2, entries
16-19), (a) BF3-OEt, (b) B(CsFs)3, (c) NHC, (d) AI(O'Pr)s.
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Figure A3.8. Catalyst scope: crude 'H NMR of 1:10 MTS:TBDPS ketene comparing B(CsF5)3

(Table 3.1 entry 7) and BPhs (Table 3.1 entry 11) catalysts.
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Figure A3.9. Catalyst scope: crude 'H NMR of 1:10 TES or TPhS ketene to MTS using

B(CeF5)3, (a) TES ketene (Table 3.2, entry 20), (b) TPhS ketene (Table 3.2, entry 21).
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Figure A3.10. ESI mass spectrum of Table 3.1 entry 1 (BF3-OEt2, 1:1 MTS:TBDPS ketene).
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Figure A3.11. ESI mass spectrum of Table 3.1 entry 2 (B(CsFs)3, 1:1 MTS:TBDPS ketene).
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Figure A3.12. ESI mass spectrum of Table 3.1 entry 3 (NHC, 1:1 MTS:TBDPS ketene).
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Figure A3.13. ESI mass spectrum of Table 3.1 entry 4 (Al(O'Pr)3, 1:1 MTS:TBDPS ketene).
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Figure A3.14. ESI mass spectrum of Table 3.1 entry 5 (TBAB, 1:1 MTS:TBDPS ketene).

201022-132956 #70-96 RT: 0.31-043 Av. 27 SB: 17 0.13-0.20 NL: 1 46E9
T. FTMS + p ESI Full ms [100.0000-500.0000]

242.2838
100 =t

Relative Abundance

30 243.2872
z=1

25 |

20 |

2442904
10 z=1
|

5 \‘

Figure A3.15. ESI mass spectrum of Table 3.1 entry 6 (BF3-OEt2, 1:10 MTS: TBDPS ketene).
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Figure A3.16. ESI mass spectrum of Table 3.1 entry 7 (B(CsF5)3, 1:10 MTS:TBDPS ketene).
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Figure A3.17. ESI mass spectrum of Table 3.1 entry 8 (NHC, 1:10 MTS:TBDPS ketene).
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Figure A3.18. ESI mass spectrum of Table 3.1 entry 9 (Al(OPr)3, 1:10 MTS:TBDPS ketene).
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Figure A3.19. ESI mass spectrum of Table 3.1 entry 10 (TBAB, 1:10 MTS:TBDPS ketene).
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Figure A3.20. ESI mass spectrum of Table 3.2 entry 12 (BF3-OEt2, 1:10 MTS: TIPS ketene).
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Figure A3.21. ESI mass spectrum of Table 3.2 entry 13 (B(C¢Fs)3, 1:10 MTS: TIPS ketene).
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Figure A3.22. ESI mass spectrum of Table 3.2 entry 15 (Al(O'Pr)3, 1:10 MTS:TIPS ketene).
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Figure A3.23. ESI mass spectrum of Table 3.2 entry 16 (BF3-OEt2, 1:10 MTS:MDPS ketene).
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Figure A3.24. ESI mass spectrum of Table 3.2 entry 17 (B(C¢Fs)3, 1:10 MTS:MDPS ketene).

201106-123827 #70-95 RT. 0.31-0.42 AV. 26 SB: 17 0.13-0.20 NL: 2.97E7
T. FTMS + p ESI Full ms [200.0000-3000.0000)

321.0908
z=1

Relative Abundance

400

517.1611
=1

101

533.1351
z=1

\‘540 2370
| z=1

§89.2994

568.2681
z=1 z=1

600 800 1

1.3330
z=1

1012.3354
z=1

1014.3366
z=1

J
| 1027.3071
z=1

1045.3082 1283.3898

| s
N "l . S
SES

T T T T T [ T T T T
1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

miz

Figure A3.25. ESI mass spectrum of Table 3.2 entry 19 (Al(O'Pr)s3, 1:10 MTS:MDPS ketene).
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Figure A3.26. ESI mass spectrum of Table 3.2 entry 20 (B(C¢Fs)3, 1:10 MTS:TES ketene).
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Figure A3.27. ESI mass spectrum of Table 3.2 entry 21 (B(CsF5)3, 1:10 MTS:TPhS ketene).
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Figure A3.28. ESI mass spectrum of Table 3.3 entry 23 (B(CeF5)3, 1:10 TMS cyanide: TBDPS
ketene).
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Figure A3.29. ESI mass spectrum of Table 3.3 entry 24 (B(CeF5)3, 1:10 benzaldehyde:TBDPS

ketene).
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Figure A3.30. ESI mass spectrum of Table 3.3 entry 25 (BF3-OEt2, 1:10 TMS cyanide: TBDPS

ketene).
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Figure A3.31. ESI mass spectrum of Table 3.3 entry 26 (BF3-OEtz, 1:10 benzaldehyde:TBDPS

ketene).
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Figure A3.32. ESI mass spectrum of Table 3.3 entry 27 (BF3-OEt2, 1:10 TMS cyanide:TES

ketene).
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Figure A3.33. ESI mass spectrum of Table 3.3 entry 28 (BF3-OEt2, 1:10 benzaldehyde: TES

ketene).
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Figure A3.34. ESI mass spectrum of Table 3.3 entry 29 (BF3-OEt2, 1:50 benzaldehyde:TES

ketene).
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Figure A3.35. ESI mass spectrum of Table 3.3 entry 30 (BF3-OEtz, 1:50 benzaldehyde:TBDPS

ketene).
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Figure A3.36. ESI mass spectrum of Table 3.4 entry 31 (B(CsFs)3, 1:10 MTS:TBDPS ketene,

o
0°C to room temperature).
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Figure A3.37. ESI mass spectrum of Table 3.4 entry 32 (B(CsFs)3, 1:10 MTS:TBDPS ketene,

-46°C to room temperature).
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Figure A3.38. ESI mass spectrum of Table 3.4 entry 33 (B(CsFs)3, 1:10 MTS:TBDPS ketene,

0°C for 2 hours then warm to room temperature).
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Figure A3.39. ESI mass spectrum of Table 3.4 entry 34 (B(CsFs)3, 1:10 MTS:TBDPS ketene,

0°C for 3 hours then warm to room temperature).
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Figure A3.40. ESI mass spectrum of Grignard reagent catalyst with 1:10 MTS:TBDPS ketene.

210525-160024 #66-79 RT: 0.29-0.35 AV: 14 SB: 13 0.120.17 NL: 830E7
T: FTUS + p ESI Full ms 200.0000-3000.0000]
601.2561
100 21
95
90
85
% 11805259
75
70
65

60

S0 652.3632
z=1

45

Relative Abundance

40

35

30

4242663

1137.5133
z=1

6803942
z=1

9825083
8413913 ooy 12636171 14426401 17587976
=1 2=1

z= z=1 1

T
200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

3.9 References

(36) Odian, G. Principles of Polymerization, 4th ed.; John Wiley & Sons, Inc.: Hoboken, New
Jersey, 2004.

(131) Hertler, W.R.; Sogah, D. Y.; Webster, O. W.; Trost, B. M. Group-Transfer Polymerization.
3.  Lewis Acid Catalysis. = Macromolecules 1984, 17 (7), 1415-1417.
https://doi.org/10.1021/ma00137a021.

(146) Rikkou-Kalourkoti, M.; Webster, O. W.; Patrickios, C. S. Group Transfer Polymerization.
Encycl. Polym. Sci. Technol. 2013, 6, 527-543.

Webster, O. W.; Hertler, W. R.; Sogah, D. Y.; Farnham, W. B.; RajanBabu, T. V. Group-Transfer
Polymerization. 1. A New Concept for Addition Polymerization with Organosilicon Initiators. J.
Am. Chem. Soc. 1983, 105 (17), 5706-5708. https://doi.org/10.1021/;a00355a039.

(150) Sogah, D. Y.; Hertler, W. R.; Webster, O. W.; Cohen, G. M. Group Transfer
Polymerization. Polymerization of Acrylic Monomers. Macromolecules 1987, 20 (7), 1473—-1488.
https://doi.org/10.1021/ma00173a006.

134



(151) Webster, O. W. Group Transfer Polymerization: Mechanism and Comparison with Other
Methods for Controlled Polymerization of Acrylic Monomers. Adv. Polym. Sci. 2004, 167, 1-34.
https://doi.org/10.1007/b12303.

(152) Zhang, J.; Wang, M.; Wang, J.; Shi, Y.; Tao, J.; Wang, D. Group Transfer Polymerization
of Acrylonitrile in Bulk at Ambient Temperature. Polym. Bull. 2005, 54 (3), 157-16l.
https://doi.org/10.1007/s00289-005-0376-3.

(153) Kikuchi, S.; Chen, Y.; Kitano, K.; Sato, S. I.; Satoh, T.; Kakuchi, T. B(C6F5)3-Catalyzed
Group Transfer Polymerization of N,N-Disubstituted Acrylamide Using Hydrosilane: Effect of
Hydrosilane and Monomer Structures, Polymerization Mechanism, and Synthesis of a-End-
Functionalized  Polyacrylamides. = Macromolecules 2016, 49  (8), 3049-3060.
https://doi.org/10.1021/acs.macromol.6b00190.

(154) Fuchise, K.; Chen, Y.; Satoh, T.; Kakuchi, T. Recent Progress in Organocatalytic Group
Transfer Polymerization. Polym. Chem. 2013, 4 (16), 4278-4291.
https://doi.org/10.1039/c3py00278k.

(155) Raynaud, J.; Gnanou, Y.; Taton, D. Group Transfer Polymerization of (Meth)Acrylic
Monomers Catalyzed by N-Heterocyclic Carbenes and Synthesis of All Acrylic Block
Copolymers: Evidence for an Associative Mechanism. Macromolecules 2009, 42 (16), 5996—
6005. https://doi.org/10.1021/ma900679p.

(156) Scholten, M. D.; Hedrick, J. L.; Waymouth, R. M. Group Transfer Polymerization of
Acrylates Catalyzed by N-Heterocyclic Carbenes. Macromolecules 2008, 41 (20), 7399-7404.
https://doi.org/10.1021/ma801281q.

(157) Muller, A. H. Group Transfer and Anionic Polymerization: A Critical Comparison.
Makromol. Chemie. Macromol. Symp. 1990, 32, 87-104.

(158) Vicek, P.; Lochmann, L. Anionic Polymerization of (Meth)Acrylate Esters in the Presence
of Stabilizers of Active Centres. Prog. Polym. Sci. 1999, 24 (6), 793-873.
https://doi.org/10.1016/S0079-6700(99)00017-9.

(159) Raynaud, J.; Liu, N.; Févre, M.; Gnanou, Y.; Taton, D. No Matter the Order of Monomer
Addition for the Synthesis of Well-Defined Block Copolymers by Sequential Group Transfer
Polymerization Using N-Heterocyclic Carbenes as Catalysts. Polym. Chem. 2011, 2 (8), 1706—
1712. https://doi.org/10.1039/c1py00077b.

135



(160) Imada, M.; Takenaka, Y.; Tsuge, T.; Abe, H. Kinetic Modeling Study of the Group-
Transfer Polymerization of Alkyl Crotonates Using a Silicon Lewis Acid Catalyst. Polym. Chem.
2020, 11 (37), 5981-5991. https://doi.org/10.1039/d0py00353k.

(161) Fuchise, K.; Tsuchida, S.; Takada, K.; Chen, Y.; Satoh, T.; Kakuchi, T. B(C6F5)3-
Catalyzed Group Transfer Polymerization of n-Butyl Acrylate with Hydrosilane through in Situ
Formation of Initiator by 1,4-Hydrosilylation of n -Butyl Acrylate. ACS Macro Lett. 2014, 3 (10),
1015-1019. https://doi.org/10.1021/mz5004689.

(162) Mitchell, S. M.; Xiang, Y.; Matthews, R.; Amburgey, A. M.; Pentzer, E. B. Lewis Acid-
Activated Reactions of Silyl Ketenes for the Preparation of a-Silyl Carbonyl Compounds. J. Org.
Chem. 2019, 84 (22), 14461-14468. https://doi.org/10.1021/acs.joc.9b01859.

(163) Seyferth, D. The Grignard Reagents. Organometallics 2009, 28, 1598-1605.
https://doi.org/10.1021/0m900088z.

(164) Aoshima, S.; Kanaoka, S. A Renaissance in Living Cationic Polymerization. Chem. Rev.

2009, 109 (11), 5245-5287. https://doi.org/10.1021/cr900225g.

136



Part I: Silyl Ketenes as Building Blocks for Small

Molecules and Polymers

Chapter 4

Summary and Future Directions of Silyl Ketene Monomers

Portions of this chapter appear in the following manuscript that was recently submitted to JOC:
Competition of Deprotonation and Nucleophilic Addition: Computational Insight into Silyl

Ketenes as Molecular Building Blocks; Krista Schoonover,! Ian Baxter,> Sarah Mitchell,’
Amanda Dumi,* Emily Pentzer,'® and Daniel S. Lambrecht >*; JOC, submitted.
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4.1 Summary

The work presented in part one of this thesis explores the reactivity and polymerization of silyl
ketenes. The reactivity of silyl ketenes was explored via the formation of a-silyl carbonyls from
various nucleophiles catalyzed by a Lewis acid (LA).!®?> More specifically, alcohols, thiols, and
amines were reacted with a silyl ketene to form a-silyl esters, a-silyl thioesters, and a-silyl amides
respectively. The alcohol based nucleophiles examined steric bulk and electronics of the
nucleophiles and their impact on the reaction. Overall, little difference was observed between
alkyl alcohols versus the phenols. Of the phenol-based nucleophiles, compounds bearing electro-
donating substituents performed slightly better, producing higher isolated yields. The amine
nucleophiles performed similarly to the alcohol nucleophiles, whereas the thiol nucleophiles
produced low yields and products were difficult to purify. The silyl substituent scope was also
examined, exploring how steric bulk and electronics affected the reaction. No trend was observed
between the silyl substituents, as all silyl groups performed with similar reaction times and yield,
showing the robustness of the LA catalyst. This works provides knowledge on how LAs can be
used to activate silyl ketenes for reaction with nucleophiles, informing the reactivity pathways of
silyl ketenes.

Additionally, this thesis examined group transfer polymerization (GTP) of silyl ketenes, examining
catalysts, initiators, silyl substituents, and reaction conditions. It was determined, that the GTP of
silyl ketenes is extremely air sensitive. Several catalysts were examined to activate the initiator,
including LAs and nucleophilic anions, of which BF3-OEt2, B(C¢Fs)3, and N-heterocyclic carbenes
performed the best. Catalysts Al(O'Pr)s3, tetrabutylammonium bromide, and triphenylborane had
one or more reactions of unreacted silyl ketene and will not be used in future experiments. Three

initiators were also examined, including methyl trimethylsilyl dimethylketene acetal (MTS),
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benzaldehyde, and trimethysilyl cyanide, each producing cyclic oligomers.  Several
polymerization conditions were also examined, including monomer:initiator ratio, reaction
temperature, and concentration, all of which must be further examined to determine proper
initiator/catalyst combination. Thus far, the 1:50 of benzaldehyde to silyl ketene produced a higher
molecular weight oligomer with reduced formation of a cyclic oligomer observed in the 1:10 ratio.
Regardless, work is ongoing for the GTP of silyl ketenes and is promising to obtain high molar
mass polymers.

4.2  Future Directions

4.2.1 Future of Group Transfer Polymerization

The work presented in this thesis, provides a foundation for GTP of silyl ketenes and the ability to
obtain high molar mass polymers is possible. Formation of cyclic oligomers are favored ata 1:10
initiator:monomer ratio, however the more recent experiments that used a 1:50 ratio resulted in
lower yields of the cyclic oligomers. Further characterization of the 1:50 ratio experiments need
to be obtained, including MALDI and GPC to determine the molar mass and the presence of
polymers. Additional higher ratio experiments need to be explored, due to the major difference
between the 1:10 and 1:50, higher molar mass polymers could be obtained.

Another intriguing pathway to explore is a wider initiator scope, examining additional potential
initiators. There was a noticeable difference observed when benzaldehyde or trimethylsilyl
cyanide was used, with only benzaldehyde producing a solid product, which could be due to the
cyclic oligomer not forming and a higher molar mass being obtained (~1700 m/z). Future work
could expand the scope of benzaldehyde derivative initiators (Figure 4.1a), incorporating electron-
withdrawing or electron-donating groups or di-functional initiators. Silyl ketene acetals are the

most commonly used initiator in GTP, specifically MTS. Interestingly, a-silyl carbonyls have
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been used as precursors for the formation of silyl ketene acetals (Figure 4.1b).'®> Therefore, an
initiator could be prepared from a given silyl ketene then used to polymerize the selected ketene.

Future work should also explore the kinetics of polymerizing silyl ketenes via group transfer
polymerization. Examining how temperature, solvent, and concentration play a role in the rate of
polymer formation.  Also, appropriate conditions should be identified to determine

catalyst/initiator combination that will produce polymers of defined stereochemistry.

()
o 0 0 0 0
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' 0
Benzaldehyde Benzaldehyde Derivatives
(b)
1) LiN(SiMe3),, THF-HMPA
) 2) 'BuMe,SiCl OSi‘BuMe,
t 8 > :
Me,Busio - v Me,BuSIO_ A -

Figure 4.1. (a) Potential benzaldehyde derivative initiators, (b) formation of silyl ketene acetal

from an a-hydroxy ester.

4.2.2 Future of Cationic Polymerization

Cationic polymerization is a technique that typically polymerizes alkenes and heterocyclic
compounds using protic acids or LAs and Friedel-Craft catalysts.'®* This technique has previously
been extended to ketenes, for example dimethylketene was polymerized with the cationic initiator,
aluminum tribromide, to produce a crystalline polyketone (Scheme 4.1).°° In this work, cationic
polymerization was attempted with GTP catalysts, however the conditions tested did not lead to

polymerization. Future work can further evaluate cationic initiators and various LAs to obtain
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polymers of silyl ketenes. For example, a wider range of LAs such as AlBr3, AlEts, zinc
complexes, and boron complexes can be examined or use of cocatalyst systems such as BF3/H20

or AICIz/H20.

O

@]
e AlBry |
)J\ Toluene, -60°C n
Me Me Me
Polyketone

Me

Scheme 4.1. Cationic polymerization of dimethyl ketene to produce crystalline polyketone.

4.2.3 Anionic Polymerization

Anionic polymerization was the significant initial focus in the Pentzer lab for the polymerization
of silyl ketenes, with research supporting that polymers of high molar mass can be obtained using
alkoxide initiators. However, the polymers obtained contained all possible polymeric backbone
functional groups (ester, acetal, and ketone), and polymerization competed with backbiting and
side reactions.!®® Further, it was determined that in addition to the nucleophilic addition of the
alkoxide to the central carbon of ketene, in certain monomer/initiator pairs, the alkoxide would act
as a base and deprotonate the terminal ketene carbon, leading to formation of an alkynoate which
could then react. Additional initiators were studied and differences in the ratio of deprotonation
and nucleophilic addition was determined (Figure 4.2a).!'” A trend was observed that selective
nucleophilic addition could be obtained and was correlated to the pKan of the initiators, where
nucleophilic addition was favored with less basic initiators. For example, when a lithium thiolate
(pKan = 15) was used, 100% nucleophilic addition was observed (Figure 4.2a). Using this

knowledge of how pKan of the initiator impacts reactivity patterns can lead to better selection of
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(a) a DePro & NuAdd :\ ©

[S]——0 +—— I — NN
[Si] H [Si]
Entry | Nucleophile | pK.,y | Time | % conv | DePro:NuAdd
1 tBuO- 30 0.16 100 100:0
2 PhO- 18 10 100 40:60
3 CH3COOr 12 420 50 0:100
4 PhCH2S- 15 30 100 0:N/A
5 PhCH2S- 15 10 100 0:100
(b)
© @ Na® Li®

Figure 4.2. (a) Nucleophilic addition vs. deprotonation of silyl ketenes that can be correlated
to pKan, (reproduced from Xiang et al.); (b) Dual functional initiators previously used for the
controlled polymerization of isocyanates that are of interest for the polymerization of silyl

ketenes.

anionic initiators that will undergo a controlled polymerization (further expanded in section 4.2.4
Combining Experimental and Computational Studies).

Unlike ketenes, polymerization of isocyanates has been thoroughly studied; specifically, dual
functional initiators have led to the controlled polymerization of isocyanates. Since isocyanates
and silyl ketenes are isoelectronic, initiators can be selected based on successful polymerization of
isocyanates. Looking at the pKan of these initiators can also lead to a better selection of initiators

to evaluate. Currently, another Pentzer lab member is examining lithium diphenylhexane, sodium
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benzanilide, sodium phenoxide, and sodium benzhydroxide (pKan value of 35, 25, 18, and 14
respectively) as initiators for the polymerization of silyl ketenes (Figure 4.2b). The identity of the
counterions has been shown to impact the propagation, as based on their interaction with the
charged chain end, the formation of low molecular weight oligomers is favored by steric
hinderance, which can prevent approach of another monomer unit and favor intrachain backbiting
due to local concentration of oligomeric functional groups. Examining the counterion (lithium,
sodium, or potassium cations) of the initiators could lead to high the formation of higher molar
mass polymers.

4.2.4 Combining Experimental and Computational Studies

The combination of computational studies and experimental studies can lead to better selection for
possible initiators. As mentioned above, the pKan correlates to the whether nucleophilic addition
or deprotonation will occur. Through computational calculations an initiator can be predicted to
favor either deprotonation or nucleophilic addition, which can lead to the controlled inititation of
silyl ketenes. Currently, the Lambrecht group at Florida Gulf Coast University is performing
computational experiments to determine the activation energy required and relative produce
energies of nucleophilic addition and deprotonation product using select initiators (Figure 4.3a).

An ideal candidate would greatly favor nucleophilic addition and disfavor deprotonation. This

143



could greatly streamline the selection of potential initiators to evaluate experimentally and lead to
more controlled polymerizations of silyl ketenes.
To better guide the development of these calculations, experimental results were obtained with 3

of the calculated initiators, 4-methoxyphenol, 4-nitrophenol, and 3-nitrophenol, were performed
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Figure 4.3. (a) Possible initiators and the pKan of their conjugate acid in DMSO, (b) DFT
calculation of the favorability of the deprotonation (blue) and nucleophilic addition (yellow)

product and the difference (green), (c) Experimental reaction of 3-nitrophenoxide to validate

calculations.
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to confirm the predicted outcome. For example, it was predicted that 3-nitrophenoxide would
favor nucleophilic addition when reacted with tert-butyldiphenylsilyl ketene (Figure 4.3b). When
performed experimentally, characterization of the crude reaction mixture by 'H NMR confirmed
that only the nucleophilic addition product was formed, which is an a-silyl carbonyl, and no
deprotonation product was detected (Figure 4.3c). This was further confirmed with 4-
methoxyphenol and 4-nitrophenol, where 4-methoxyphenol exhibited both deprotonation and
nucleophilic addition products and 4-nitrophenol only exhibited nucleophilic addition products;
both of these outcomes were predicted through calculations. Thus, combining computational and
experimental studies can lead to predictive reactivities. Future work exploring the combination of
computational and experimental work involves calculating the energy necessary to initiate a silyl
ketene with the dual functional initiators (Figure 4.2b). Thus, through evaluating the activation
energy of the reaction pathways, in addition to the thermodynamic favorability of the different
products can be used to guide experiment, facilitating rapid materials development with saved cost
and resources.
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Part II: The Incorporation of Redox Small Molecules
into Deep Eutectic Solvents for the Development of
New Electrolytes

Chapter 5

Introduction to Redox Active Small Molecules and Deep Eutectic

Solvents for the Development of New Electrolytes
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5.1 Current World Energy Needs

The energy needs of the world have been a great topic of interest in recent decades, mainly due to
the shift away from using fossil fuels to more renewable/sustainable sources, such as wind and
solar. Renewable energy, unlike fossil fuels, needs to be harvested when available, so energy
storage is vital to new technologies. There are four types of energy storage systems, including

thermal, mechanical, chemical, and electro-chemical energy storage (Figure 5.1.a).'%

Many
criteria are used for the selection of energy storage systems, for example large scale, high

efficiency, low cost, and so on (Figure 5.1b).'*” A common application of electro-chemical energy

storage is battery energy storage systems, which can exhibit high energy densities and high
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Figure 5.1. (a) types of energy storage and systems (Reproduced from reference 166), (b)
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voltages. A lot of recent research around new electrolytes and electrode materials has been done
to improve efficiency, energy density, life/safety of battery, and to decrease cost. The major types
of batteries are lithium-ion, lead acid, and flow batteries.

5.2  Redox Flow Batteries

Redox flow batteries (RFB) are an intriguing sub-class of energy storage systems, that have the
potential to overcome drawbacks that are prevalent in other energy storage systems, for example
potential phase transformations in lithium ion batteries.!®!7! RFBs are modular in nature so the
entire system can be systematically and modularly altered to improve performance without change
to the rest of the system. Components that can be changed include electrolyte solutions, separation
membranes, and redox active species. RFBs provide the opportunity for successful scale-up of the
technology, improved stability, improved efficiency, and potentially low costs.

5.2.1 Components of Redox Flow Batteries

Typical RFBs consist of two electrolyte reservoirs (catholyte and anolyte), pumps, collectors,
electrodes, and a separator (Figure 5.2).19%1% The electrolyte reservoirs contain the redox-active
species dissolved in a liquid, which are called the anolyte and catholyte depending on what side of
the membrane they are on. The anolyte and catholyte are pumped through the electrochemical
cell, which is where the electrochemical reaction takes place and consists of the collectors,
electrodes, and separator. The separator is ideally an ion-conductive structure with limited
crossover and separates the two electrolyte chambers. Crossover is when ions of either the anolyte
or catholyte pass through the separator and reduces efficiency of RFBs. The electrodes are used
for charge transfer, typically they are made of a porous carbon material that sandwich the

electrolyte chambers and are connected to the current collectors. As the anolyte and catholyte are
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Figure 5.2. Components of a redox flow battery; anolyte reservoir (1), catholyte reservoir (2),

pumps (3), connectors (4), electrodes (5), and separator (6). (Reproduced from reference 168)

pumped through the electrochemical cell, oxidation and reduction of the catholyte and anolyte,
respectively, takes place and energy is stored as the charge/discharge process repeats.

The main feature of RBFs that allow for large scaling of the systems is the ability to decouple the
energy/power from the electrochemical reactions taking place in the anolyte and catholytes. So
the energy density and power density are directly determined by the amount of electrolyte in the
system and the size of the electrochemical cell, respectively. This can be greatly impact the design
of a system, including other parameters such as life of the system, safety features, flexible design,
and scalability. Other parameters that are used to evaluate the performance of RFBs are the
capacity, Coulombic efficiency, voltage efficiency, and energy efficiency of the of system.

5.2.2 Current Electrolytes for Redox Flow Batteries

The redox-active species are a crucial component in RFBs and directly impacts the cyclabilty,

energy density, cell voltage, and cost; both inorganic and organic species have been used in RFBs.
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More traditional RFBs use inorganic species, such as vanadium, iron, chromium, zinc, bromine,
and lead acid. An example of a traditional RBF is an all vanadium system, which uses four
oxidation states for vanadium (V**, V¥*, V¥ and V°*) and uses vanadium dissolved in sulfate-

chloride electrolytes.!”

The electrolyte was stable over various temperatures and exhibited
improved reaction kinetics compared to previous vanadium RFBs in sulfate systems (sulfuric
acid). However, these inorganic systems do have many drawbacks including high costs and slow
reaction kinetics.

Alternatively, organic RBFs have been recently explored due to their potential to be cost effective
and have a high-energy density (increased solubility of redox active species).!”! Organic RFBs

are also attractive for being synthetically tunable; which can allow for a systematic approach to

understanding how the chemical structure relates to the properties and performance of the RFB.
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Figure 5.3. Organic small molecule redox active species. (Reproduced from reference 171)
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Current organic redox-active species being investigated for use in RFBs include metallocenes,
dialkoxybenzenes, quinones, heterocycles, and nitroxide radicals; all of which can be synthetically
modified to alter electrochemical properties and solubility (Figure 5.3).'”! These redox active
species have a wide range of redox potentials and have been used in nonaqueous and aqueous
RFBs.!” The advantages of using aqueous RFBs includes the use of a nonflammable electrolyte,
inexpensive supporting electrolyte materials, and high conductivity/well-developed membranes.
Unfortunately, these aqueous electrolytes have a narrow electrochemical window (1.23 V), which
limits the redox active species that can be utilized. Nonaqueous RFBs use organic solvents that
can increase the electrochemical window up to 4.0V. These nonaqueous systems are also
advantageous higher flexibility with choice of solvent and redox active species. There are some
major challenges regarding organic RBFs for example, safety reasons (flammable solvents), lower
conductivities, and lack of research on membranes.

53 What are deep eutectic solvents?

Recently, deep eutectic solvents (DES) have gained attention for possible use as electrolytes in
RFB. A DES is a eutectic mixture that is comprised of a hydrogen bond donor (HBD) and a
hydrogen bond acceptor (HBA) to form an intricate H-bond network; the melting point of the
mixture is greatly depressed compared to the individual components.!’#!”> For example, ethaline

is acommon DES, with a composition of choline chloride and ethylene glycol (Scheme 5.1). DESs

S

® “ 1:2 molar ratio Ethaline
HOL~N~ . HOL -~y — > (DES)

|
choline chloride ethylene glycol
HBA HBD -

Scheme 5.1. Composition of ethaline, a common DES.
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are a relatively new type of liquid that are considered “greener” alternatives to ionic liquids (ILs),
namely due to low-cost and the individual components being biodegradable and non-toxic.'7+-!77
These mixtures are also attractive for their low vapor pressures, easy preparation, and can be easily
tailored for various properties.

5.3.1 Components of DES

A DES is typically formulated with two or three components with one HBD and one HBA. HBDs
used in DESs are typically small molecules that vary in functional groups that contain H-bonding
moieties, including alcohols, amines, carboxylic acids, and sugars (Figure 5.4a).!”818! HBAs are
generally halide salts, for example quaternary ammonium-based salts, such as choline chloride
(Figure 5.4b).'82183 Each component of a specific DES are mixed together in a desired ratio at
elevated temperatures to form a homogenous eutectic mixture. DESs can be categorized into two

categories, metal-free (“all organic”) DES and those that contain a metal salt. Those that contain

a metal salt can be further categorized into whether the metal salt is hydrated or not.
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Figure 5.4. Common (a) HBD for DES and (b) HBA for DES.

153



5.3.2 Properties of DES

A large variety of HBDs and HBAs can be used to form DES, leading the ability to easily tune the
physio-chemical and physical properties of a DES, for example the density, viscosity,
conductivity, and polarity of the mixture.!7#!7>180.184185 Bahadori and coworkers performed a
study to examine the physical properties and electrochemical stability of seven different DESs.'%
Each was formed with either choline chloride or N,N-diethylethanol ammonium chloride as the
HBA and either malonic acid, oxalic acid, triethanolamine, trifluoracetamide, or Zn(NO3)
hexahydrate as the HBD. The identity of the HBD did not affect the density and ionic conductivity,
but both properties were temperature dependent. In contrast, the viscosity measurements were
dependent on the identity of the HBD, with the amide HBD exhibiting the lowest viscosity. There

have been other examples of viscosity, density, and ionic conductivity of a DES being dependent

on the identity of the HBD and HBA, as well as the ratio between the two.!”#!7>-189 The ability to

B + liquid

temperature

eutectic point

solid A + solid B

A mole fraction of B B

Figure 5.5. Phase diagram for a two-component eutectic mixture. (Reproduced from reference

174).
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tailor the properties of a DES to a specific application makes these mixtures very attractive for
various applications.

The phase behavior of a DES is dependent on the ratio of HBD to HBA and how they interact with
each other.'” The freezing point of the eutectic mixture is proportional to the interaction between
the HBD and HBA, therefore the larger the interaction, the larger the freezing point depression of
the mixture. Figure 5.5 shows a typical phase diagram for a DES.!”* The electrochemical behavior
of DES electrolytes can also be tailored from the components of the DES and the ratio between
the components as well. For example the electrochemical window (voltage window where system
is stable) is different for ethaline (1:2 choline chloride:ethylene glycol) and reline (1:2 choline

).187:188 1t has also been shown that the electrode material can also influence the

chloride:urea
electrochemical potentials.'®® There have been many other properties of DESs studied, including
surface tension and polarity of the DES.

DES are considered a “greener” option than ionic liquids, both have low vapor pressure but ILs
can be toxic.!”™ The components of DES are typically non-toxic material, with the exception of
some metal-containing DES. Currently the toxicity of DESs are analyzed based on the individual
components, with little research has been done on the toxicity of a DES (i.e., mixture).!”® Hayyan
et al. explored the toxicity and cytotoxicity of choline chloride based DESs, the HBAs used were
ethylene glycol, urea, glycerol, and triethylene glycol.!”® For the two cell lines used to examine
for the toxicity of each DES, all no affect was observed and the DES determined to be benign to
the bacteria. In contrast, the cytotoxicity for each DES was found to be higher than the individual

components. Each DES also exhibited different toxicity and cytotoxicity, which was dependent

on the chemical structure of each component.
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Table 5.1. Applications of DES overview (Reproduced from reference 190).

Application

Catalysis

Drug solubilization

Material synthesis

Extractions

Gas separations

Electrochemical
energy storage

Other electrochemical
processes

DES property of most interest
Solvation strength; recyclability of DES by

liquid—liquid extractions; lowered reactivity by H-
bond network toward enzymes in biocatalysis

Solvation strength; low toxicity

Low/negligible vapor pressures; thermal
decomposition pathway; liquid heterogeneity

Low/negligible vapor pressures; solvation strength

Density and free volume for gas solubility

Electrochemical stability; conductivity and
viscosity; solvate structure and coordination
strength; solubility of redox-active species;
suppressed flammability

Solvation strength; electrode—electrolyte interface

Examples

Acid-catalyzed dehydration of hexoses to 5
hydroxymethylfurfural; catalytic conversion
of lignocellulosic biomass

Dissolution of several poorly soluble drugs
(1.e., benzoic acid); solvents for nucleic acids
(DNA, RNA reversible secondary structures)

Tonothermal synthesis of aluminophosphate
and organophosphonate materials

Starch extraction from plants; various micro
extraction techniques possible

CO, and SO, capture from flue gas

All-iron redox flow battery in ChCl + EG,
hybrid-ion flow batteries; ferrocene in metal-
free DES and redox-active DES based on
viologens in EG or malonic acid

Electrodeposition of conductive polymers for
sensing; electrochromic devices

5.3.3. Current Applications of DES

Regardless of DESs being relatively new, there have been numerous applications of DESs, ranging
from solvents for catalysis to gas separations to electrochemical processes (Table 5.1).!°° One of
the first applications of DESs was a solvent for metal electrodeposition, which is the process of
depositing metal ions onto a surface to generate a coating via reduction of a metal.!”! DESs can
overcome some of the drawbacks of other aqueous and organic electrolytes, for example, high
solubility of metal oxides in DESs can lead to less material needed (lower costs) and reduced
passivation. Metals, including chromium, aluminum, copper, zinc, and nickel, have been studied
in DESs for metal electrodeposition. DESs have been useful in metal electropolishing, which also
has advantages compared to aqueous electrolytes.

DESs have been used in synthetic applications, where the DES is used as an alternative solvent to

typical volatile organic solvents or ionic liquids. One of the first examples was the use of a choline
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chloride/zinc chloride DES being used as the solvent for a Diels-Alder cycloaddition.!”> Other
reactions that utilized DESs included N-alkylation of amines, polymerizations, and ionothermal
syntheses. DESs have also been found to have significant use in catalysis reactions both as a
solvent and a catalyst. For example, Singh ef al. prepared reline (1:2 choline chloride:urea) to use
as a solvent and a catalyst in an N-alkylation reaction of aniline with an alkyl bromide.'”* This
reaction was compared to a lipase catalyst in a traditional organic solvent. Overall the yields and
reaction times were comparable, however the DES had a higher recyclability than the lipase
catalyst. Further, the DES acted as both the solvent and catalyst, making the reaction more cost-
effective. Overall, the applications of DESs stretch a large variety of fields, significantly more
than stated above; such as battery technology, power systems, biomass processing, genomics of
nucleic acids, nanomaterials, etc.

5.4 DESs Potential as Electrolytes

One of the most intriguing applications for DESs are their potential to act as electrolytes due to
their low flammability, good conductivity, and tailorable electrochemical windows.!”* As
previously mentioned, RFBs are an energy storage system that can be built on large-scales. To
make a viable electrolyte for RFBs they must be easy to produce on a large scale, cost effective,
and safe/environmentally friendly, and thus DESs fit into these criteria as potential electrolytes for
RFBs. Indeed, some studies have addressed using DESs as an electrolyte, for example, Lloyd et
al. examined an anhydrous CuClz in ethaline as an electrolyte for RFBs; high solubility was
obtained however poor mass transport led to poor performance RBFs.!”> Their work allowed for
proof of concept that DES can be used as an electrolyte for RFBs. In a similar vein, Cong et al.
used a used an all organic approach and developed an electrolyte where a redox active species a

component in the eutectic.!”* The DESs were based on phthalimide, urea, and LiTFSI, where
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phthalimide was the redox active species. The concept of the eutectic mixture consisting of the
redox active species provides potential to achieve higher energy densities.

5.5  Redox Active Small Molecules

As previously mentioned, all organic systems show great potential and benefits in redox flow
batteries, as well as potential redox active species in DESs. There are many examples of organic
redox active species, including TEMPO, pthalimide, quinones, and viologens.'”® Overall, a worthy
goal is to identify redox active small molecules that would be great candidates to incorporate into
DESs, which could then be used as electrolytes in RFBs.

5.5.1 TEMPO derivatives

TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) is a stable organic nitroxide radical that has
been used in various chemical and biochemical applications, namely utilized as catalysts in various
reactions. The high stability of the persistent radical is attributed to the unpaired electron being
delocalized through the N-O bond and the steric shielding provided by the methyl groups in the 2
and 6 positions.'””!”® Many TEMPO derivatives have been synthesized (adding to the 4 position,
distal to the nitroxide radical) to tune TEMPO for various applications, typically using 4-hydroxy

TEMPO (4HT) as the building block (Figure 5.6). The hydroxyl group is a synthetic handle that

4-hydroxy-TEMPO
(4HT)

) o)
\ N/ AN/ NN \_N_/ \_N_/

TEMPO 4-0x0-TEMPO 4-amino-TEMPO 4-carboxy-TEMPO

Figure 5.6. Structure of TEMPO and common TEMPO derivatives.
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allows multiple synthetic routes to be used to incorporate various functional groups and to increase
solubility.

5.5.2 Electrochemistry of TEMPO Derivatives

TEMPO is also regularly used in electrochemistry as a redox active unit. TEMPO exhibits a well-
defined single-electron transfer and has the potential to exhibit a second electron transfer due to
the oxygen atom being able to be reduced and oxidized (Scheme 5.2). Nishide et al. performed
cyclic voltammetry of TEMPO in acetonitrile and observed a single reversible electron transfer at
a half-wave potential of +0.63 V vs. Ag/AgCL'""" The anodic peak corresponded to the oxidation
of the nitroxide radical to the oxoammonium cation and the cathodic peak corresponded to the

reduction of the oxoammonium cation back to the neutral radical. The redox behavior of TEMPO

199-201 202-204

as well as TEMPO derivatives has also been studied in aqueous and non-aqueous
media. 4HT is a commonly used TEMPO derivative in electrolytes, because the hydroxyl group
has been shown to increase the solubility compared to TEMPO.

TEMPO derivatives can also be tuned to alter the redox potential of the redox reaction. For
example, Chang et al. compared 4HT to a TEMPO derivative modified with a 1-methyl-
imidazolium chloride salt, where the derivatives were studied in an aqueous NaCl electrolyte.?*

The half-cell potential for 4HT was +0.56 V vs. Ag quasi-reference electrode, where the half-cell

potential for the imidazolium functionalized TEMPO was +0.71 V vs. Ag quasi-reference

0° 0 2

' -e’ -e’
\ N/ . N _ N®
Aminoxy anion TEMPO Oxoammonium cation

Scheme 5.2. Two potential electron transfers with TEMPO derivatives.
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electrode. This shift demonstrated that chemical modification can shift the redox potential, which
may be attributed to the electron-withdrawing character of the imidazolium functionality.
Janoschka ef al. performed a similar study comparing different 4HT and a trimethyl ammonium
chloride TEMPO derivative and observed a similar effect, where 4HT had a more positive redox
couple.?

5.5.3 Phenothiazine Derivatives

Another common redox active molecule that has potential in RFBs is phenothiazine (2,3,5,6-
dibenzo-1,4-thiazine or PHZ); this is a heterocyclic thiazine that has been prevalent since before
1900, and it has been used in many applications, including dyes, pharmaceuticals, and insecticides
(Figure 5.7a).2%2%7 The most notable application of PHZ derivatives are in psychopharmacology
as treatments for various diseases including Parkinson’s and Alzheimer’s diseases. Similar to
TEMPO, PHZ can be easily synthetically modified to tune the redox behavior and solubility of the
derivative (Figure 5.7b).2%2% It has been shown that when substituents are added to the nitrogen

the solubility increases and when substituents are added to the 3 and 7 position the molecule is

more electrochemically stable.
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Figure 5.7. (a) Structure of phenothiazine and (b) phenothiazine derivatives.
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5.5.4 Electrochemistry of Phenothiazine Derivatives

PHZ exhibits a single reversible electron transfer in most electrolytes, including aprotic and acidic
electrolytes. The oxidation of PHZ produces a radical cation, which is reversible and reduction of
the radical cation produces the neutral PHZ species (Scheme 5.3). A second electron transfer is
possible is some aprotic solvents, however the CV needs to have a larger sweep width to observe
this.?%2%7 This second electron transfer starts from the radical cation to produce a dication, where
a positive charge is present on both the sulfur and nitrogen atoms. The formation of the dication
is also reversible, and the molecule can return to the radical cation; however, the dication can
irreversibly react with water. Some factors explored to stabilize the cationic radicals include the
identity/position of substituents, acidity of electrolyte, and presence of various salts.

There are many potential ways to modify phenothiazine to impact the solubility and redox behavior
of the unit. Buhrmester et al., for example, examined five PHZ derivatives and their potential as

redox small molecules.?!’ The derivatives had varied the substituents at the 10 and 3 positions on
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Scheme 5.3. Two potential electron transfers with phenothiazine derivatives and a potential

degradation pathway.
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the parent compound. They found that 10-methyl-PHZ had a low redox potential, however if the
methyl group is changed to an electron-withdrawing group (chlorine atom) a higher redox potential
could be obtained. Kowalski ef al. demonstrated that if a larger sweep width is applied to 10-
ethyl-PHZ in IM LiTFSI in propylene carbonate, a second redox reaction is observed.?”® They
further demonstrated that if substituents are added to the 3 and 7 positions, the stability of the
dication is increased.

5.6 Summary

Overall, the future of energy storage will rely on technological developments across many systems.
New methods that are sustainable and efficient need to be developed for the growing energy needs.
Organic RFBs have great potential to accomplish these goals. Traditional RFBs involve inorganic
redox active species that are expensive and can exhibit slow kinetics, such as an all vanadium
battery. New electrolytes need to be identified that have the potential to incorporate organic
species in high solubility. DESs are a new class of liquid that is considered “greener” than ionic
liquids with great potential to be electrolytes.

The overarching goal of this project is to synthetically modify organic redox active species so they
can be incorporated into DESs, with the ultimate application as electrolyte in a RFB, ideally acting
as both the anolyte and catholyte. Whereas many organic redox active species have been studied
in other electrolytes, few have been studied in DES. TEMPO and phenothiazine are chosen as the
model redox active units because of their synthetic feasibility and well defined performance in
non-DES electrolytes and will be discussed in the following chapters. The chemical modification
of TEMPO is shown to influence both the solubility and the redox potential of the derivative,
making these great compounds to study as potential additives in DESs. A library of TEMPO

derivatives was synthesized and were then incorporated into ethaline. The physical properties of
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the solutions were evaluated, as well as the electrochemical behavior. Similarly, the chemical
modification of PHZ derivatives have been shown to influence the solubility and the redox
behavior of the derivative. A library of PHZ derivatives was also synthesized and the
electrochemical behavior of the derivatives were evaluated in ethaline.
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Part II: The Incorporation of Redox Small Molecules
into Deep Eutectic Solvents for the Development of
New Electrolytes

Chapter 6

Feasibility of TEMPO-Functionalized Imidazolium, Ammonium
and Pyridinium Salts as Redox Active Carriers in Ethaline Deep

Eutectic Solvent for Energy Storage

Portions of this chapter appear in the following manuscript:

Feasibility of TEMPO-functionalized imidazolium, ammonium and pyridinium salts as redox
active carriers in ethaline deep eutectic solvent for energy storage; Brian Chen,** Sarah
Mitchell,*® Nicholas Sinclair,” Jesse Wainright,” Emily Pentzer,® and Burcu Gurkan®?; Mol.
Syst. Des. Eng., 2020,5, 1147-1157; https://doi.org/10.1039/DOMEO0038H.

Contributions:

Sarah Mitchell — Synthesis, characterization, and solubility studies
Brian Chen — Physical property measurements and initial CVs
Nicholas Sinclair — Flow cell experiments
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6.1 Introduction
DESs are a eutectic mixture comprised of a HBD and HBA in which the melting point is depressed

compared to the individual components. A commonly reported DES is ethaline, a 1:2 molar ratio
of choline chloride (ChCl) and ethylene glycol (EG). Of DES, ethaline has a relatively low
viscosity (36 cP at 25°C), and is thus more attractive for processes involving flow of the liquid.>'!
For this reason, ethaline was chosen for initial studies to evaluate DES as electrolytes for redox
flow batteries (RFB). Organic RFBs utilize redox-active organic small molecules as the redox
active species, which can ideally be easily tuned via synthesis and scaled.!”® Incorporating, redox
active small molecules into a DES would be a new approach to developing active electrolyte/redox
couple for RFBs, laying the foundation for further tuning combinations of redox active small
molecules and DES.

A common redox active organic small molecule is (2,2,6,6-tetramethylpiperidin-1-yl)oxyl
(TEMPO), a stable organic radical that has a well-defined single-electron transfer (Scheme
6.1).1°719%  Nishide et al. performed the cyclic voltammetry (CV) of TEMPO in acetonitrile and
observed a reversible single-electron redox reaction at a half-wave potential (E12) of +0.63 V vs.
Ag/AgCL"™" This peak corresponded to the oxidation of the nitroxide radical to oxoammonium
cation and the reverse. TEMPO is also attractive due to the variety of commercially available
derivatives available and synthetic tunability. Multiple studies have also shown through CV that

derivatives of TEMPO exhibit different redox behavior (shifting the oxidation and reduction

o° 0 '
' -e -e’
N e N T N®
_— —_—
+e” +e~
Aminoxy anion TEMPO Oxoammonium cation

Scheme 6.1. Two electron transfer of TEMPO.
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peaks), and that adding various functional groups leads to changes in solubility.?°®*%> For example,
4-Hydroxy-TEMPO (4HT) is a commercially available TEMPO derivative that has been reported

to have appreciable solubility in aqueous electrolytes.'*

Comparison of the electrochemical
behavior of 4HT to other TEMPO derivatives reveals the oxidation and reduction peaks shift.
Therefore, modification of the chemical composition of TEMPO can influence the solubility and
redox potential of an electrolyte.

6.2 Approach

TEMPO derivatives were synthesized using a modular approach, to easily access a family of
different compounds from a single intermediate that could be produced in large quantities.
Derivatives synthesized focused on cationic structure and anion identity. To form redox active

electrolytes using DES, the TEMPO derivatives were incorporated into ethaline (1:2 ChCIL:EG) at

various concentrations. (Figure 6.1) Maximum solubility was examined for each derivative in

1:2 ethylene glycol:choline chloride A (B &) A3
& A =/
Cl \Hj/
0

0
Ho. \/\% . HO_~on c,efb_

o (@

redox active
small molecule

ethaline new electrolyte

Figure 6.1 Approach for developing of DESs (specifically ethaline) as electrolytes by

incorporating redox active small molecules based on TEMPO salts.
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ethaline using UV-vis spectroscopy. Of the derivatives synthesized, three were chosen to examine
the impact on the physical properties and electrochemical behavior in the solutions. Specifically,
the imidazolium, ammonium, and pyridinium chloride salts (compounds 1, 2, and 3, respectively)
were compared with TEMPO and 4HT. This approach gives insight to the feasibility of
incorporating redox active organic small molecules into DESs for electrolytes and highlights the
need for improved electrochemical stability of redox active small molecules in DES.

6.3 Synthesis of TEMPO Salt Derivatives

The TEMPO salt derivatives were derived from commercially available 4HT, which contains a
hydroxyl group in the 4 position. 4HT was converted into an a-chloro acetate intermediate through
a Steglich esterification with dicyclohexylcarbodiimide (DCC) coupling agent and chloroacetic
acid; the intermediate prepared on multi-gram scale. (Scheme 6.2a) Nucleophilic displacement of
the chloride atom with nitrogen-based nucleophiles formed the desired TEMPO salt derivatives.
For compounds 1, 2, and 3 the intermediate was reacted with 1-methyl imidazolium (Scheme
6.2b), trimethylamine (Scheme 6.2c), and pyridine (Scheme 6.2d) to form an imidazolium,
ammonium, and pyridinium TEMPO salts, respectively. The reaction time varied depending on
the nucleophile and took anywhere from 3-5 days for completion, as monitored by thin layer
chromatogrphy. Triethylamine was also reacted with the intermediate to examine how steric bulk
affected the solubility, yielding compound 4. (Scheme 6.2¢) An alternative counter anion was also
examined by performing anion exchange of compound 2  with lithium
bis(trifluoromethanesulfonyl)imide, replacing the CI" ion with TFSI" forming compound 5.
(Scheme 6.2f) Additionally, a diTEMPO compound was synthesized with a,o -dibromo-p-xylenes
as the linker; 4HT was reacted with sodium hydride in tetrahydrofuran, then the linker was added

to produce the diTEMPO compound 6. (Scheme 6.2g)
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Scheme 6.2. Synthesis of TEMPO derivatives. (a) Steglich esterification of 4HT to form the
chloroacetic intermediate. (b) Synthesis of compound 1. (¢) Synthesis of compound 2. (d)
Synthesis of compound 3. (e) Synthesis of compound 4. (f) Synthesis of compound 5. (g)

Synthesis of compound 6.

6.4  Solubility Study of TEMPO Salt Derivatives

The maximum solubility of each of the TEMPO derivatives, TEMPO, and 4HT in ethaline was
determined using UV-vis absorption spectroscopy. A calibration curve was generated from five
solutions of known concentration in DMSO. A saturated sample was made for each derivative by
continually adding the compounds to ethaline until solids remained in the vial after briefly heating

the sample. (Figure A6.1) TEMPO exhibited the lowest maximum solubility of 0.17 M, whereas
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4HT exhibited the highest solubility of 1.93 M. The TEMPO salts of varied cationic identity
(compounds 1-4) exhibited moderate solubility, being more soluble than TEMPO but less soluble
than 4HT. For the different cations, the solubility decreased from compound 2 (1.35 M) >
compound 1 (0.94 M) > compound 4 (0.92 M) > compound 3 (0.85 M) for the trimethyl
ammonium, imidazolium, triethyl ammonium, and pyridinium salts, respectively. For the different
counter anions, the solubility drastically decreased from 1.35 M for compound 2 to 0.32 M for
compound 5, or simply changing the anion from CI to TSFI. This indicates that the anion plays a
significant role in the solubility of the compound and may contributes to integration of the salt into
th H-bond network of the DES. The diTEMPO compound had no measurable solubility in
ethaline, which our group has also observed with alkylated TEMPO derivatives, indicating that for
incorporation into a DES the small molecule must exhibit HBD functionalities.

6.5 Physical Properties of TEMPO Salt/Ethaline Solutions

The main advantage of using TEMPO salts over 4HT, regardless of solubility, is to address the
challenge of crossover within a RFB, which has been shown to be suppressed when a charge is
introduced or size of the molecule is increased. Compounds 1, 2, and 3 were chosen to continue
examining the impact the incorporation of TEMPO derivatives into ethaline solutions due to their
higher maximum solubility. Similar concentrations were evaluated so comparisons could be made
and the water content was determined to be <400 ppm prior to use.

6.5.1 Density

The measured densities were obtained in a temperature range of 25-55 °C for TEMPO, 4HT, 1, 2,
and 3. (Figure 6.2) When TEMPO or 4HT was incorporated into ethaline, the density of the
solution decreased as the concentration of the compound increased. This suggests that there was

an increase in molar free volume of the solutions. Solutes with H-bonding capability are generally
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Figure 6.2. Measured densities for TEMPO derivative/ethaline solutions with temperature dependence
for (a) TEMPO, (b) 4HT, (c) compound 1, (d) compound 2, (¢) compound 3. Solid lines represent the

linear fits.

expected to increase the density of solutions; however due to the high solubility of 4HT in ethaline
the hydrogen bond network of the solution may be altered in a way that increases the molar volume.
The opposite was observed with the addition of compounds 1, 2, and 3, in which the density of the
solutions increased; this reflects the differences of how the TEMPO salts are incorporated into the
DES. Compounds 1 and 3 consist of an aromatic cation structure with promotes tighter packing
which leads to higher densities, and compound 2 contained an ammonium cation and had the least
impact on the density of solution.

6.5.2 Viscosity

The measured viscosities of the TEMPO salt/ethaline solutions were obtained in a temperature

range of 25-55 °C for TEMPO, 4HT, 1, 2, and 3. (Figure 6.3) Unlike the density measurements,
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Figure 6.3. Measured viscosities for TEMPO derivative/ethaline solutions with temperature

dependence for (a) TEMPO, (b) 4HT, (c) compound 1, (d) compound 2, (e¢) compound 3. Solid lines

represent VFT fits.

the viscosity of all the solutions increased regardless of the TEMPO derivative. Interestingly, the
density of the 4HT/ethaline solutions decrease where viscosity of the solutions increases. This
suggests that despite the increased molar volume, the H-bond dynamics are slowed. Compared to
the TEMPO salts, the viscosity increase for the 4HT/ethaline solutions is small. Of the TEMPO
salts, compound 2 had the lowest increase in viscosity, whereas compounds 1 and 3 exhibited
similar increases in viscosity, which again can be contributed to the aromaticity of the cations.
Hole theory rationalizes why the TEMPO salts exhibited an increase in the viscosity of the
solutions,?!? where the probability of finding holes of a suitable radius for movement of

ions/molecules in solution is hindered due to the densified liquid structure.?!?
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6.5.3 Ionic Conductivity

The measured ionic conductivities of the TEMPO salt/ethaline solutions were obtained in a
temperature range of 25-55 °C for TEMPO, 4HT, 1, 2, and 3 (Figure 6.4). An opposite trend was
observed compared to the viscosities of the solutions for all of the TEMPO derivatives in which
the ionic conductivities of solutions decreased; therefore, as the viscosity of the solution increases
the ionic conductivity decreases. As well as, when the concentration of the TEMPO derivative is
increased the conductivity of the solution is decreased. The TEMPO salts exhibited a lower
conductivity compared to TEMPO and 4HT, ideally an electrolyte with increased salt content

214

would increase the ionic conductivity. In the case with ethaline, increasing the concentration

of compounds 1, 2, and 3 resulted in stronger ionic associations between the ChCl and the TEMPO

salts.
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Figure 6.4. Measured ionic conductivities for TEMPO derivative/ethaline solutions with temperature
dependence for (a) TEMPO, (b) 4HT, (c) compound 1, (d) compound 2, (e) compound 3. Solid lines

represent VFT fits.
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6.6  Electrochemical Characteristics

The redox behavior of 50 mM TEMPO in ethaline is shown in Figure 6.5, two single-electron
reductions are observed at +0.70 and -0.58 V vs. Ag/AgCl (denoted as E1 and E2). The El
reduction exhibited a corresponding oxidation peak at +0.78 V, which resulted in a half wave
potential of +0.74 V vs. Ag/AgCl. This redox couple likely corresponds to the formation of the
oxoammonium cation through the reduction of TEMPO, which would be consistent with Nishide
and coworkers study of TEMPO in acetonitrile.'”” The 80 mV separation of the reduction and
oxidation peaks are roughly equal anodic and cathodic current densities which suggest that the E1
redox reaction is reversible, which was reported in literature for studies performed in acetonitrile.
The negative shift of 60 MV in the redox potential of TEMPO to form an oxoammonium cation in
£ 215

ethaline as compared to acetonitrile can be attributed to the increased polarity of the solven

Comparing the CV of TEMPO in ethaline to the CV of TEMPO in acetonitrile shows an additional

3
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Figure 6.5. CV of 50 mM TEMPO in ethaline (1:2 ChCl:EG). Showing the first 3 cycles with
a 100 mV s! scan rate. Performed with a glass carbon working electrode and a coiled Pt wire
counter electrode wrapped around a Ag/AgCl reference electrode. The inset is the
electrochemical reduction of TEMPO to an oxoammonium cation (E1) and the oxidation of
TEMPO to an aminoxyl anion (E2).
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redox peak at -0.58 C (E2) in ethaline, which is due to the aminoxyl anion formation. (Figure 6.5)
This observation is consistent with TEMPO-based redox species reported in various electrolytes
ranging from methanol to phosphate buffer upon cathodic polarization.?!>2!7 This E2 electron
transfer appears irreversible or quasi-reversible with a reduced anodic current intensity on the
oxidative scan.

There is an additional third reduction peak with a very low intensity at -0.07 V, which could appear

for two reasons. One is due to hydroxyl formation with the aminoxyl anion though water
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Figure 6.6. CVs of (a) 4HT, (b) compound 1, (¢) compound 2, (d) compound 3 at 0.5 M in
ethaline. Each shows the 1%, 2, and 50 cycles at a scan rate of 100 mV s™!. CVs performed
with a glass carbon working electrode and a coiled Pt wire counter electrode wrapped around

a Ag/AgCl reference electrode.
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hydrolysis, however this would be a small chance due to the water content being low (140 ppm).
The second reason could be from the anion interacting with EG through H-bonding which would
slow the redox reaction. This additional peak is observed for all TEMPO derivatives in ethaline.
Figure 6.6 shows the 1st, 2nd and 50th CV cycles for 4HT, 1, 2, and 3; in which the two, single-
electron redox reactions of TEMPO, E1 and E2, are observed for all derivatives. The CV of
compound 3 exhibited an additional reduction between E1 and E2 (Figure 6.6d) which is likely
due to the pyridinium unit undergoing a reduction reaction where the pyridinyl radical (inset)
forms at -1.09 V, which is more negative to the aminoxyl anion formation of TEMPO at -0.73
V218

Preliminary assessment of the reversibility of the solutions was performed by repeating the CV for
50 cycles. Compound 3 and TEMPO solutions showed reduced reduction currents after the 50
cycles, as well as small changes in the oxidative currents of aminoxyl anion and pyridinyl radical.
The other compounds; 4HT, 1 and 2; exhibited greater redox stability over 50 cycles with minimal
change in current density. (Figure 6.6a-c) The diffusion coefficients of the compounds were
estimated by isolating the redox couple of the TEMPO radical and the oxoammonium cation
through restricting the potential window to 0.5-1.1 V vs. Ag/AgCl. The estimated diffusion
coefficients are summarized in Table A6.5. The observed trend was opposite of the viscosities
was the solution, where 4HT had the largest diffusion coefficient (4 - 10 cm? s'') and the lowest
viscosity. This can be explained by the lack of charge in the compound promoting stronger
association with ethaline. Of the TEMPO salts, the diffusivity for compound 2 (2 - 10® cm? s)
was twice the diffusivity than compounds 1 and 3, indicating the solvation of the TEMPO salts

has significant impact on the transport properties of the solution.
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To better understand the redox behavior and stability of these compounds in ethaline, flow-cell
experiments were repeated with a Pt microelectrode, specifically focusing on 4HT.2!%22° The
purpose of the flow-cell experiment is to obtain known concentrations of the oxidized and reduced
version of 4HT so the E1 and E2 redox reactions could be studied independently in a symmetric
cell configuration. The concentrations of the various redox active species for the positive and
negative electrolytes were evaluated at 50% state of charge (SOC) by performing CVs, in which
supports that the 4HT oxidation reaction involves one electron. Similar experiments were repeated
by replacing the negative electrolyte with 4HT producing 4HT/4HT" redox couple, while the
positive electrolyte remained 4HT/4HT". The data supported that there was a loss of active 4HT",
which could be caused by the formation of an electrochemically inactive compound, making the
electron transfer irreversible.

To further understand the loss of active 4HT", an experiment was performed where a flow cell was
used to charge a solution of 4HT in aqueous KCI was charged to 50% SOC and the negative
electrolyte was K3sFe(CN)e. The positive electrolyte was dosed with urea, ethylene glycol, or
choline chloride, which are all common components of DESs. The objective was to determine if
any of these components could be the cause for the loss of active 4HT'. The urea doped sample
had little effect on the reduction current, whereas EG and ChCl had larger effects on the reduction
current. Both EG and ChCl contain primary alcohol groups, which have been reported to react

with TEMPO" in aqueous systems (Scheme 6.3).?2! Therefore, it is possible that the presence of

OH
N+ + HO/\/OH JE— . E:N:Z + OA/OH + H+

Scheme 6.3. Possible electrochemical deactivation reaction of TEMPO" in ethylene glycol.
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a primary alcohol the HBD or HBA could oxidize to an aldehyde in the presence of a TEMPO
derivative.

6.7 Summary

DESs have great potential for energy storage mainly due to their low vapor pressures and ability
to incorporate redox active species thus increasing energy density. I have successfully synthesized
a variety of TEMPO salts examining cationic identity, anionic identity, and linkers. Each was
incorporated into ethaline (1:2 ChCl:EG) and exhibited higher maximum solubility than TEMPO
in ethaline, but lower maximum solubility than commercially available 4HT. The TEMPO salts
containing imidazolium, ammonium, and pyridinium functionality, compounds 1, 2, and 3
respectively, were used to examine the impact on the physical properties of the solutions; including
density, viscosity, and ionic conductivity. This study provided valuable information on the
electrochemical behavior of TEMPO derivatives (compounds 1, 2, and 3) in DESs. Each of the
TEMPO derivatives exhibited two, single-electron reactions corresponding to oxoammonium and
aminoxyl anion formations. Compound 3 also exhibited a third electron transfer due to the
pyridinium cation. Compounds 1, 2, and 4HT exhibited redox stability over 50 cycles at 100 mV
s~!, while TEMPO and compound 3 exhibited a reduced reductive current for all redox couples.
Further flow cell experiments showed that stability of the 4HT/4HT" redox couple decreases over
time. We hypothesize that this is due the primary alcohols present in the DES to be oxidized to
aldehydes in the presence of TEMPO derivatives. This unfortunately limits of the potential for
this specific system to be used for RFBs; regardless this work provided insight into how chemical
modification of redox active small molecules impacts their solubility in DES, physical properties

of the solutions, and their redox performance in DES. Future research is needed to understand the
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interactions between the DES components and the dissolved redox species. As well as, research
looking at alternative DESs and alternative redox active small molecules.

6.8 Appendix

General considerations. TEMPO (Sigma Aldrich, 99%), 4-hydroxy-TEMPO used for
synthesis (Sigma  Aldrich, 97%), chloroacetic acid (Sigma Aldrich, 99%), 4-
dimethylaminopyridine (Sigma Aldrich, 98%), 1-methylimidazole (Sigma Aldrich, 99%), N,N’-
dicyclohexylcarbodiimide (ACROS organics, 99%), acetonitrile (Alfa Aesar, 99.8%), ferric
chloride hydrate (97%), trimethylamine (Fisher, 1M solution), and pyridine (Fisher) were all used
without further purification. All solvents for chemical synthesis were purchased from Fisher,
unless otherwise stated. Dichloromethane (DCM) and tetrahydrofuran (THF) were obtained by
passing commercial grade solvent through a column of activated neutral alumina in a Dow-Grubbs
solvent system from Pure Process Technology (Nashua, NH). Choline Chloride, ChCl, ((2-
hydroxyethyl)trimethyl)trimethylammonium chloride) (Acros Organics, 99%) was dried in a
vacuum oven for over 12 hours at 150°C before use. Ethylene glycol (Acros Organics, anhydrous,
99%) was used without further purification. 4-hydroxy-TEMPO used in ethaline solutions (Alfa
Aesar, 98%) was recrystallized using hexane at 50°C. Each synthesized TEMPO derivative was
dried in a vacuum oven for over 12 hours at 80°C. Heat shrink tubing (NTE Electronics, 47-
20306-CL) was used in preparation of reference and counter electrodes. An argon-filled glovebox
(VTI Super, > 1 ppm water and oxygen) was used to handle all DES samples and DES constituents.
Pt wire (Alfa Aesar, 0.3 mm dia., 99.9%) for cyclic voltammetry. Elemental analysis was used to
confirm the purity of the synthesized TEMPO derivatives, compounds 1, 2, and 3. 'H Nuclear
magnetic resonance (NMR), 3C NMR, Fourier transform infrared spectroscopy (FTIR), and

electron spray ionization (ESI) was performed for each synthesized TEMPO derivative. Due the
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TEMPO derivatives being paramagnetic, phenylhydrazine was added to each NMR sample to
obtain the spectra. All 'H, 13C, Si NMR were collected on Bruker Ascend III HD 500MHz NMR
instrument equipped with prodigy probe and shifts are reported relative to residual solvent peak.
All NMR spectra were collected using CDCls as the solvent unless otherwise noted. FTIR spectra
were acquired using an Agilent Cary 630 FT-IR in ATR mode. ESI spectra were obtained on
THERMO Finnigan LCQ DECA ion trap mass spectrometer equipped with an external AP ESI
ion source. All UV-Vis spectra was obtained on a Cary 5000 UV-Vis-NIR. For Karl Fischer
titrations measurements, a Metrohm Coulometric KF 899 D was used. Densities were measured
with an oscillating U-tube density meter (Anton Paar DMA 4500) from 25 — 55°C with an
uncertainty of +0.0005 g cm-3. Viscosities were measured by a microchannel viscometer
(MicroVISC, Rheosense) at a temperature range of 25 — 55°C. Approximately 10-45 pL of solution
was injected into the microchannel with a flow rate between 10-450 pL min-1 for all
measurements. At each temperature, the viscosity was measured in triplicate and the variability
was observed to be 5 %. The ionic conductivities were measured by electrochemical impedance
spectroscopy (EIS) using a potentiostat equipped with frequency response analyzer (BioLogic SP
240). A two-electrode cell (Biologic MCM-CC) with parallel, non-platinized Pt electrodes was
used as for the conductivity measurements. A 0.1 M KCl(aq) solution was used to determine the
conductivity cell constant (1.38 cm-1). About 600 pL. of sample was loaded into the conductivity
cell inside an argon-filled glovebox. The voltage amplitude was set at 10 mV and the applied
frequency range was 100 kHz to 100 Hz from 25 — 55°C. For every sample, EIS was repeated three
times. The bulk resistance of each sample was determined from the real intercept of Nyquist plot
where the imaginary impedance is plotted with respect to the real part of the impedance (Figure

A7.9).
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Synthesis of TEMPO-Chloroacetate Intermediate.’’>?> An oven-dried round bottom flask
(RBF) was purged with vacuum and Nz. 4HT (2.18g, 0.025mol) and chloroacetic acid (1.20g,
0.025mol) were added to the flask, followed by dichloromethane (DCM) (30mL). The flask was
cooled to 0°C with an ice water bath under N2. 4-Dimethylaminopyrdine (DMAP, 0.39g,
0.006mol) and N,N’-dicyclohexylcarbodimide (DCC, 2.62g, 0.025mol) were dissolved with DCM
(15mL) and the solution added dropwise. Once added, the reaction was warmed to room
temperature and stirred for 5 hrs at 400rpm. Upon completion, the reaction was cooled to 0°C with
an ice water bath, the white precipitate was filtered with a Buchner funnel. The filtrate was washed
with 1M HCI (25mL), saturated NaHCO3 (25mL), and saturated NaCl (25mL) (chilling and
filtering organic layer between each wash). The organic layer was dried over magnesium sulfate
and solvent removed under reduced pressure using the rotary evaporator. The product was purified
through column chromatography, eluted with a 9:1 hexane: ethyl acetate. Solvent was removed
under reduced pressure and the product dried under vacuum. Product was an orange solid, with a
77% yield (2.5g).

Synthesis of Compound 1.>2?2*  In an oven-dried RBF, TEMPO-chloroacetate intermediate
(1.0 g, 0.004 mol) was dissolved in acetonitrile (30 mL). 1-methylimidazole was added slowly.
The reaction was heated to 60°C and stirred at 400 rpm for 48hrs. Reaction was monitored with
thin layer chromatography (TLC). Upon completion, the reaction was cooled with an ice water
bath and diethyl ether (30 mL) was added. The precipitate was filtered and washed with acetone
(40mL) and diethyl ether (40mL) successively. The product obtained was a red powder and dried
under vacuum in 83 % yield (1.1g).

Synthesis of Compound 2. In an oven-dried RBF, TEMPO-chloroacetate intermediate (0.79g,

0.0032 mol) was dissolved in dry THF (20 mL). A solution of 1M trimethylamine in THF (2.23mL,
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0.046mol) was added slowly. The reaction was stirred at room temperature at 400 rpm for 24hrs
under N2(g). Reaction was monitored with TLC. Once complete the reaction was cooled with an
ice water bath and diethyl ether (30 mL) was added. The precipitate was filtered and washed with
acetone (50 mL) successively. The product obtained was a red powder in 57% yield (0.56g) and
dried under vacuum.

Synthesis of Compound 3. In an oven-dried RBF TEMPO-chloroacetate intermediate (3.0g,
0.012 mol) was dissolved in acetonitrile (70 mL). Pyridine (1.2 mL, 0.015 mol) was added slowly.
The reaction was heated to 60°C and stirred at 400 rpm for 72 hrs. Reaction was monitored with
TLC. Once complete the reaction was cooled with an ice water bath and ethyl acetate (100mL)
was added. The precipitate was filtered and washed with acetone (50mL) and diethyl ether (50mL)
successively. The product obtained was a red powder in 49 % yield (1.95g) and dried under
vacuum.

Synthesis of Compound 4. In an oven-dried RBF, TEMPO-chloroacetate intermediate (1.0 g,
0.004 mol) was dissolved in acetonitrile (30mL). Triethylamine was added slowly. The reaction
was heated to 60°C and stirred at 400 rpm for 48hrs. Reaction was monitored with thin layer
chromatography (TLC). Upon completion, the reaction was cooled with an ice water bath and
diethyl ether (30 mL) was added. The precipitate was filtered and washed with acetone (40mL)
and diethyl ether (40mL) successively. The product obtained was a red powder and dried under
vacuum in 61 % yield.

Synthesis of Compound 5. InaRBF, compound 2 (0.2g, 0.00065 mol) was added and dissolved
in deionized H20 (15 mL). Add lithium bis(trifluoromethanesulfonyl)imide (0.93g, 0.0032 mol)

to a vial and dissolve in 5 mL H20. Added solution dropwise to RBF at room temperature. Once

187



fully added, stir for 5 minutes (precipitate forms). Filter precipitate and water with water. Dry
under reduced pressure and the product obtained was an orange powder in 81% yield.

Synthesis of Compound 6. An oven-dried round bottom flask (RBF) was purged with vacuum
and N2 three times. 4HT (0.4 g, 0.0023 mol) was added and dissolved in THF (12 mL). The RBF
was vented and cooled to 0°C with an ice bath. NaH (0.1 g, 0.00077 mol) was added and the
reaction stirred for 20 minutes. The reaction was warmed to room temperature and a, o’ -dibromo-
p-xylene was added. The RBF was warmed to 60°C for 4 hours. Monitor reaction with thin layer
chromatography. Quench with 20 ml H20, wash aqueous layer three times with 15 mL ethyl
acetate. Combine organic layers and wash with 20 mL saturated aqueous NaCl. Dry organic layer
with MgxSOs, filter, and remove solvent under reduced pressure. Purify with column
chromatography. Column was built with 100% hexanes and flushed with a hexanes:ethyl acetate
solvent system. Product was dried and an orange solid was obtained in 66% yield.

Preparation of Ethaline and Redox Active DESs. Ethaline was prepared by mixing 1:2 molar
ratio of choline chloride (10.12 g) : ethylene glycol (9.03 g) stirring at 80°C and 300 rpm for 30
minutes in a 20 mL glass vial. The hot plate was turned off and the solution was cooled slowly to
room temperature. If not cooled slowly, crystals would form in the DES which were determined
by NMR to be choline chloride. To prepare the redox-active DES, the TEMPO derivatives were
dissolved in ethaline to produce the desired concentration. Water content of the ethaline stock
solution and the redox-active DES solutions prepared from TEMPO, 4HT and compounds 1, 2,
and 3 at concentrations ranging from 0.25-1.2 M were measured by a Karl Fischer titration and
reported in Table A6.1.

Maximum Solubility Measurements. Solubility limits of TEMPO and TEMPO derivatives

in ethaline were determined by calibration curves obtained from UV-Vis (Figure A6.7 and A6.8).
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Five solutions of pre-determined concentration were made for each compound in DMSO. The UV-
vis spectra were obtained from 200-800 nm. The calibration curves were plotted at a specific
absorption wavelength for each compound. To make the concentrated samples, each TEMPO
derivative was added to ethaline (0.5mL) and heated on a hot plate. This process was repeated till
solid remained present in solution. The saturated samples were cooled to room temperature and
stood for at least one hour. A solution was made with DMSO and UV-vis obtained from 200-800
nm. The solubility limit was obtained as in Table A6.1.

Electrochemical Characterization. Unless noted otherwise, cyclic voltammetry (CV) was
performed in a 3-electrode cell inside an Argon purged glovebox (VTI Super, 1> ppm water and
oxygen) to determine the electrochemical windows (EW) and study the redox potentials and
reversibility of DESs with TEMPO functionality. A glassy carbon disc electrode (BASi MF-2012,
3 mm dia, surface area = 0.0707 cm2) was used as the working electrode. Pt wire was used as the
counter electrode, and Ag/AgCl wire was the reference electrode. The Ag/AgCl wire reference
electrode was prepared using chronoamperometry as described in Shen et al., where the chloride
containing solution for AgCl deposition was ethaline.?* The step potential for AgCl deposition
was +1.5 V versus a graphite rod. With the exception of the microelectrode experiments, the
electrodes were arranged in a T-cell configuration for CVs (Figure A7.12). The fabricated
Ag/AgCl reference electrode was first wrapped with Teflon tape and then isolated from the coiled
Pt counter electrode around it with heat-shrink tubing. The Pt-wire counter electrode was wound
around the first layer of heat-shrink tubing along the length of the Ag/AgCl wire, and then coiled
eight times near the tip of the exposed Ag/AgCl wire. The counter and reference electrodes were
then placed over the working electrode with approximately 0.5 cm distance between the reference

and the working electrode. About 200 pL of solution was injected into the liquid reservoir over the
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working electrode (created by heat-shrink tube) for each CV measurement. Before each
measurement, the glassy carbon disk electrode was polished with 0.05 pum alumina suspension
(BASi, CF-1050) and ultrasonicated with deionized (DI) water. All CV measurements are iR-
compensated (85%). For the iR-compensation, EIS was performed with 100 kHz single-frequency
and a voltage amplitude of 20 mV. EW was determined using a scan rate of 10 mV s-1 from -2.5
V to +1.5 V vs. Ag/AgCl. 50 cycles were performed to confirm redox reversibility within the
potential region of interest that is identified from the initial EW measurements. The CV
measurements for studying the redox reactions were started from open circuit potential and then
scanned to the negative direction to -1.5 V and then scanned to the positive direction to +1.1 V vs.
Ag/AgCl. CV was performed for 50 cycles between -1.5 V to +1.1 V vs. Ag/AgCl. Diffusion
coefficients of redox active solutes were measured using CV at a restricted potential range from
+0.5 V to +1.1 V. Like the EW measurements, voltammetry measurements for measuring diffusion
coefficient were started from open circuit potential and scanned to the positive direction that
includes the redox potentials of TEMPO and derivatives in ethaline. Scan rates of 5, 10, 20, 50,
100, and 200 mV s™' were used for application of the Randles-Sevcik (Figure A7.11). Flow cell
testing was performed using an in house 2.5 cm? flow cell design. The cell uses a flow through
electrode configuration. Graphite current collectors were machined in-house from impervious
graphite (Graphite Store). Morgan Advanced Materials WDF 3 mm thick felt compressed to 2.5
mm was used as the flow through electrode. The felts were heat treated at 400 °C for 4 hours prior
to use in the flow cell to improve their wettability. Polyvinyl-alcohol hydrogel coated Daramic
175 (200 pm wetted thickness) was used as a porous separator.??® This separator was developed in
house. The Daramic was soaked in 2-propanol for 10 minutes to remove residual oil remaining

after manufacture and then dried in air prior to use. Charging of the electrolyte was performed with
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a constant current of 20 mA/cm?2 at 22°C to ensure that at 0% SOC the cell over potential was less
than 200 mV. A constant electrolyte flow rate of 40 mL/min was used. A 20 ml sample takes
approximately 1.3 hours to charge to 50% SOC under these conditions with a final over potential
of approximately 400 mV. All ‘dry’ flow cell experiments were performed in a nitrogen purged,
dry glove box with an approximate dew point of -75 °C. The voltammetry of the positive and
negative electrolytes following a flow cell experiments was performed on with 100 um diameter
platinum microdisk purchased from BASi. A platinum mesh counter electrode was used. A
chloridized silver wire placed directly into the electrolyte was used as reference for all three
electrode experiments. Aqueous microelectrode voltammetry was performed using a similar
working and counter electrode but with a commercial Ag/AgCl reference electrode purchased from
BASi. Microelectrode CVs and flow cell experiments were performed with a Solartron 1280B
Potentiostat. For the microelectrode CVs, the following equation holds at sufficiently slow scan
rates: iss = 4nFFDCr where iss is the steady state current determined from the voltammetry, n is the
number of electrons transferred, F is Faraday’s constant, D is the diffusion coefficient of the active
species, C is the bulk concentration of the active species and r is the radius of the micro-disk. For
a viscous electrolyte such as used here, the diffusion coefficient of the reacting species is small
enough that true steady-state behavior is only observed at very slow scan rates, on the order of 0.5

mV/s.

191



Zz-0,

O\EO CI®
NP\
(a) J MW = 295 (without anion)
Y dumnt 0 T
° <+ © - N < =]
a e - " e N
c N © N A -
10.5 10.0 9.5 9.0 85 80 75 70 65 6.0 55 50 45 40 35 3.0 25 .0 15 10 0
Chemical shift (ppm)
(b)
1 ] 1l J ) [ A
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
Chemical shift (ppm)
(©) 100 ()] 295
o 804
2
©
E
£
% 60 -
=
N 296
404
| 297
260 25"0 360 35‘0
20 m/z
4000 35‘00 30‘00 25‘00 20‘00 15‘00 10‘00
Wavenumber (cm™
C H N cl
Theoretical 54.46 7.62 12.70 10.72
Experimental 54.54 7.78 12.73 10.78

Figure A6.1. Chemical characterization of compound 1. (a) '"H NMR, (b) 1*C NMR, (c) FTIR,
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Table A6.1. Solubility, melting point (Tm), decomposition temperature (To.os loss; temperature

corresponding to 5 wt% mass loss during TGA), and water content for ethaline solutions.

- Solutions
MW Solubility o Ty s loss studied in Wb
Compound in ethaline T, (°C) . content

(g/mol) (mol/L) (°C) ethaline o)

(mol/L) =
0.05 136.6
TEMPO 156 0.17 36-38 -- 0.10 120.7
0.15 113.2
0.5 178.6
4HT 172 1.93 69-71 155.5 0.8 148.1
1.2 74.0
0.25 210.8
1 330 0.94 209-212 244.5 0.5 141.6
0.8 117.5
0.5 274.2
2 307 1.35 165-174 199.1 0.8 260.7
1.2 387.2
0.25 77.6
3 327 0.85 200-204 224.8 0.5 105.2
0.8 114.8

4 349 0.92 - - - -

5 552 0.32 . . . .

6 446 insoluble -- -- -- --
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Table A6.2. Linear fit parameters for the temperature dependence of the measured densities for
TEMPO derivative/ethaline solutions (R? > 0.999 for all solutions). The equation p = A + BT was
used to determine the linear line fit where p (g cm™) is the density at temperature T (K) and A and

B are fitting parameters.

p=A+BT
Compound | Concentration (M) | A (gem™) | Bx10* (g cm?3 °CY)
0.05 1.13029 -5.675
TEMPO 0.10 1.12917 -5.682
0.15 1.12790 -5.688
0.5 1.12594 -5.755
4HT 0.8 1.12273 -5.808
1.2 1.11793 -5.887
0.25 1.13520 -5.762
1 0.5 1.13695 -5.684
0.8 1.14371 -5.767
0.5 1.13284 -5.698
2 0.8 1.13213 -5.658
1.2 1.13442 -5.677
0.25 1.13510 -5.696
3 0.5 1.13736 -5.643
0.8 1.14321 -5.692
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Table A6.3. VFT fit parameters for temperature dependence of the measured viscosities for
TEMPO derivative/ethaline solutions (R2 > 0.998 for all solutions). The temperature dependence
of viscosity was obtained by the Vogel-Fulcher-Tamann (VFT) model; 1 = noexp (By/T — To)),
where 1 (cP) is the viscosity at temperature T (K), no (cP) is the pre-exponential factor, By (K) is

activation temperature, and To (K) is the ideal glass transition temperature.

n =10 exp (By/(T-T,))
Compound Concentration (M) Mo (cP) By (K) To (K)
0.05 0.58 -455.88 195.80
TEMPO 0.10 0.56 -474.46 192.69
0.15 0.08 -1075.37 134.81
0.5 0.25 -688.30 171.84
4HT 0.8 0.12 -921.71 151.55
1.2 0.58 -485.13 197.77
0.25 0.16 -811.43 163.13
1 0.5 0.37 -634.29 181.30
0.8 1.67 -366.28 212.33
0.5 0.66 -462.21 199.73
2 0.8 0.14 -883.75 162.50
1.2 0.68 -512.27 204.84
0.25 0.52 -487.13 196.46
3 0.5 0.04 -1409.80 114.18
0.8 0.12 -970.29 158.76
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Table A6.4. VFT fit parameters for temperature dependence of the measured ionic conductivities
for TEMPO derivative/ethaline solutions (R2 >0.990 for all solutions). T is the same as in Table
A6.3. The VFT model, 0 = g, exp (Ba/(T — To)), was used to express temperature dependence of
conductivity where ¢ is the conductivity (mS/cm) for temperature T (K), 6o (mS/cm) is the pre-
exponential, Bs (K) is the activation temperature and T, (K) is the ideal glass transition temperature

obtained from the viscosity VFT fit.

6 =060 exp (B+/ (T-To))

Compound | Concentration (M) | 6, (mS cm™) Bs (K)
0.05 340.88 393.55

TEMPO 0.10 411.77 429.59
0.15 1747.82 902.01

0.5 533.98 564.86

4HT 0.8 1902.82 867.42
1.2 311.36 425.97

0.25 1296.52 725.90

1 0.5 611.88 568.28

0.8 243.94 368.80

0.5 367.59 427.25

2 0.8 1589.92 824.71

1.2 331.21 461.07

0.25 400.13 430.63
3 0.5 7163.30 1347.60

0.8 4152.81 767.82
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Figure A6.9. Nyquist plot for ethaline from electrochemical impedance spectroscopy. Voltage
frequency range is 100 kHz - 100 Hz. Inset displays the x-intercept of the linear fit representing
the bulk resistance for conductivity calculations. The x-intercept of the fitted line was taken as
Rv, the resistance of the bulk solution. The ionic conductivity was then calculated using, ¢ =
d/RvA = Cell Constant/Ry where d (cm) is the distance between the two parallel Pt electrodes,
Rb (ohm) is the bulk resistance of the solution and A (cm?) is the area of the Pt electrode. The

ratio d/A constitutes the cell constant.
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Table A6.5. Mecasured diffusion coefficients (D), cathodic (Ecathodic), anodic (Eanodic) limits,
electrochemical windows (EW), oxidation (Eox), and reduction (Erd) potentials of TEMPO
derivatives for E1. All potentials are vs. Ag/AgCl and with a cut-off current density of 0.5 mA
cm™. D was calculated using Randles-Sevcik equation from the 1st CV cycle (Figure A6.10) of

0.5 M solutions.

Compound | D x 103 (cm? s! Eanodic (V) Ecathodic(V) | EW (V) | Eox (0X) | Erea (V)
4HT 4.37 +1.27 -1.96 3.23 +0.88 +0.71
1 1.48 +1.29 -1.99 3.28 +0.91 +0.74
2 2.43 +1.22 -1.71 2.93 +0.88 +0.73
3 1.44 +1.24 -1.27 2.51 +0.91 +0.75
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Figure A6.10. Electrochemical windows of 0.5 M concentration (a) 4HT, (b) compound 1, (¢)
compound 2, and (d) compound 3 dissolved in ethaline. Three full cycles are shown at a scan

rate of 10 mV s\,
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Figure A6.11. (a) CV of compound 2 (0. 5M in ethaline) at various scan rates; (b) Current

density vs. square root of scan rate. The dashed line demonstrates the linear fit for the

estimation of the diffusion coefficients according to Randles-Sevcik equation: ip

0.4463nFAC (nFoD/RT)"? where A (cm?) is the electro-active surface area of the working

electrode (A = 0.0707 cm?), C (mol cm™) is the bulk concentration of the redox-active small

molecule salt, v (V s™') is the scan rate, D (cm? s!) is the diffusion coefficient of the redox

active solute and ip (mA cm™) is the peak current density.
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Pt wire counter

Ag/AgCl reference

Glassy carbon working

Insulating body of the
working electrode

Figure A6.12. T-cell used for cyclic voltammetry. Shown is a Pt-wire coil counter electrode
around the Ag/AgCl reference (separated by an insulator) on top of the disc glassy carbon
working electrode. The liquid is housed in the reservoir on top of the working electrode created

by heat shrink tube around the insulator body of the working electrode.
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Part II: The Incorporation of Redox Small Molecules
into Deep Eutectic Solvents for the Development of
New Electrolytes

Chapter 7

Synthesis of Phenothiazine Derivatives as a Redox Active Species in

Deep Eutectic Solvents for Energy Storage

Contributions:
Sarah Mitchell — Synthesis, characterization, and solubility studies
Nicholas Sinclair — Electrochemical behavior
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7.1 Introduction

The concept of incorporating redox active small molecules into deep eutectic solvents (DESs) for
the development of new electrolytes can be applied to many redox active species, both inorganic
and organic. This chapter will discuss the potential of phenothiazine (PHZ) as a redox active
moiety in DES and the synthesis of PHZ derivatives. PHZ is a heterocyclic thiazine composed of
three fused rings (Figure 7.1) that has been used in multiple applications ranging from

pharmaceuticals to insecticides.?07-226-228

The structure of PHZ allows for easy synthetic
modification of the parent compound, which can tune both the redox behavior and solubility. For
example, when substituents are added to the nitrogen atom (R10) only solubility is affected and
when substituents are added to the R3 and R7 position the electrochemical behavior is affected
(e.g., redox potential).2%®2% The tunability of PHZ makes it an attractive candidate for a redox
active species to incorporate into DES.

Similar to TEMPO, PHZ has the potential to undergo a two electron transfer.?¢-207229-231 [n most
electrolytes, PHZ exhibits a single reversible electron transfer, where oxidation generates a radical
cation and reduction regenerates the neutral PHZ species.?’?% However, in CV when a larger

sweep width is used, a second electron transfer is possible in aprotic solvents (Scheme 7.1). This

second electron transfer forms a radical dication from the radical cation, where a positive charge

9 H 1
8 N 10 5
7 S 3
6 5 -
Phenothiazine

Figure 7.1. Structure of phenothiazine and numerical labels for positions of derivatization.
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Scheme 7.1. Redox behavior of PHZ. Formation of radical cation then radical dication,

followed by the irreversible reaction of the radical dication with water.

is on both the sulfur and nitrogen atoms. The radical dication can react with water, where the
sulfur atom forms an irreversible bond with the oxygen atom (e.g., gets irreversibly oxidized).
Both cationic radicals can be stabilized by substituents, acidity of the electrolyte, and addition of
various salts.?"’

7.2  Approach

A similar approach from the TEMPO study described in Chapter 6 was used to synthesize a library
of PHZ derivatives to alter their solubility.?*> However, unlike TEMPO, the redox properties of
the species can be tuned, so the electrochemistry of the molecules was examined first, without
attempts to maximize solubility.  The derivatives selected to synthesize vary the substituent
identity and the position of the substituents to gather insight into how the derivatives impact the

electrochemistry and solubility. Also, the amount of each derivative was streamlined for initial

experiments, so minimal amount of a derivative was initially required. If a derivative performed
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well electrochemically, then solubility studies were performed. Overall, this approach provides
insight into the feasibility of PHZ derivatives as a redox active species in a DES.

7.3 Synthesis of Phenothiazine Derivatives

PHZ is commercially available and was the starting material for all PHZ derivatives. Substituents
were initially added in the Rio position, i.e., off of the nitrogen atom. The first two compounds
synthesized were ethyl-phenothiazine (EPT, Scheme 7.2a) and methoxyethyl-phenothiazine
(MEPT, Scheme 7.2b), each following a similar synthetic route.”* For EPT, PHZ was dissolved
in a round bottom flask with dry tetrahydrofuran (THF). Sodium hydride was added and the
reaction was stirred for ~30 minutes. Ethylbromide was then added, the reaction was heated to
60°C, and stirred overnight. The product was easily purified via column chromatography and an
off-white solid was obtained. Similarly, for MEPT, PHZ was dissolved in a round bottom flask
with dry dimethylformamide (DMF). Sodium hydride was added and the reaction was stirred for

~30 minutes. 2-Chloroehtyl methyl ether was added, the reaction flask heated to 60°C, and stirred

H
N ~Br \N
@ L0 L
NaH, THF
S s
EPT

v

60°C, overnight

~o

H C|/\/O\ H
© O g
NaH, DMF
: L
S

60°C, overnight

MEPT

Scheme 7.2. Synthesis of (a) EPT and (b) MEPT.
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overnight. The product was then purified via column chromatography and an off-white solid was
again obtained. Both EPT and MEPT were synthesized on the gram scale, demonstrating ease of
accessibility.

The next PHZ derivatives of interest were those with substituents at the R3 and R7 positions,
specifically addition of methoxy groups. To add methoxy groups, a brominated intermediated was
first synthesized (MEPT-Br, Scheme 7.3a).2® MEPT was dissolved in a round bottom flask with
dry dichloromethane (DCM) and cooled to 0°C in an ice water bath. A solution of N-
bromosuccinimde (NBS) in DCM was then added dropwise. The reaction was stirred for 60
minutes and monitored with thin layer chromatography. After complete consumption of MEPT,
MEPT-Br was purified via column chromatography and a blue solid was obtained. This reaction
was consistent and could be run on the gram scale. This reaction was also performed with EPT to
form EPT-Br following the same approach (Scheme 7.3b).

Substition of the bromides for methoxy groups was more difficult and many reaction conditions
were evaluated. The general procedure for the synthesis of dimethoxy-MEPT (DMeMEPT) is
shown in Scheme 7.3a: MEPT-Br was added to a round bottom flask with a 5 M solution of sodium

methoxide in methanol and dry pyridine at room temperature 2°%20%233-235 Then the reaction was

~ ~ ~

(@)
NBs DCM 5M NaOMe in MeOH H
O°C 1hr CuI DMF N
@EQ /@J@ T
o S o~
MEPT-Br DMeMEPT

(b) N NBS, DCM 5M NaOMe in MeOH N
@[ D ~oc. i Ji;[ Q\ T cuowF /@i Q
s Br 120°C,ovemight ™o s o

EPT-Br DMeEPT

Scheme 7.3. Synthesis of (a) DMeMEPT and (b) DMeEPT.
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heated to 120°C, Cul was added, and the reaction was stirred for 4 hours. This product has been
difficult to purify and appears to degrade on the column, however crude ESI mass spec confirms
that the product has been synthesized. The same limitations were met during the synthesis of EPT-
Br (Scheme 7.3b).

Another set of PHZ derivatives selected to synthesize contain hydrogen bonding (H-bonding)
groups, specifically an alcohol and amine, as pendant groups on the nitrogen atom. Synthesis of
ethanol-PHZ (PHZ-OH) was a two-step process (Scheme 7.4). PHZ was dissolved in a round
bottom flask with dry DMF. Sodium hydride was added and the reaction was stirred for 30
minutes. Methyl 3-bromopropionate was added, the reaction was heated to 60°C, and stirred
overnight. The intermediate was purified via column chromatography then dissolved in diethyl
ether and reacted with lithium aluminum hydride (LiAlH4) to reduce the ester to an alcohol.?*® The
reaction was stirred overnight at room temperature and quenched by the dropwise addition of
water. PHZ-OH was obtained as an off-white solid and was purified by washing with diethyl

ether.

0 O 0 OH
H LiAIH H
~
N BTA)J\O R \/l; diethyl ether =
NaH, DMF N RT, 24 hrs N
S 60°C, overnight @[ :@
S S

PHZ-OH

Scheme 7.4. Formation of PHZ-OH from the reduction of an ester.

Synthesis of propylamine-PHZ (PHZ-NH:) was less straightforward, since amines are notoriously
more difficult to work with and many reaction conditions were examined. The first route explored

to obtain PHZ-NH: utilized a protected amine. A reaction to modify PHZ was prepared by

216



Q 1 " (oo
KL Dioxane:H,O/sodium carbonate O \(

a +
() O. 0.__0O 0°C, 1 hr HN
\( Br W\
Cl
Br
Fmoc—NH . o o
; U Y
(b) “ B|'= HN
NaH, DMF,
S 60°C.72 hrs
CO
S
N///\
NaH, THF

60°C, overnight |N] H2N
———
H LiAIH
(C) N diethyl ether
@[ :@ N RT, 48-72hrs N
) O OO
G
N///\ s S

KO'BU PHZ-NH,

Scheme 7.5. Routes to prepare PHZ-NHoa. (a) Preparation of Fmoc protected amine (b) Use of

Fmoc protected amine, (c) Formation and reduction of nitrile intermediate.

dissolving 9-Fluorenylmethoxycarbonyl (Fmoc) chloride in a 1:1 solution of 1,4-dioxane and
sodium carbonate/water, cooling the solution to 0 °C, and adding 3-bromopropylamine, then

).2*7 The Fmoc protected amine was purified by

stirring the reaction for 1 hour (Figure 7.5a
recrystallization. To add the Fmoc protected amine to PHZ, initially sodium hydride deprotonation

of PHZ was attempted, however this was unsuccessful (Scheme 7.5b). We hypothesize that the

steric demands of the Fmoc group prevents the reaction from proceeding.
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An alternative route to prepare PHZ-NH2 was more similar to the synthesis of PHZ-OH, where an
intermediate is formed and then the pendant group is reduced; to prepare PHZ-NH: the
intermediate contained a pendant nitrile (Scheme 7.5¢). To form this nitrile containing
intermediate, two different pathways could be performed. In the first pathway, PHZ was dissolved
in dry THF in a round bottom flask and sodium hydride was added. Once the solution stirred for
30 minutes, acrylonitrile was added and the reaction was stirred overnight at room temperature.?*8
Here a Michael type addition took place. The nitrile containing intermediate was purified via
column chromatography. The second pathway to form the nitrile intermediate is as follows: PHZ
and acrylonitrile were added to round bottom flask and dissolved in THF. Potassium zert-butoxide
was then added and the reaction stirred for 10-30 minutes.”** The intermediate could then be
purified via column chromatography. Both pathways led to the successful synthesis the nitrile
intermediate. To form the final product, PHZ-NH>, the nitrile intermediate was dissolved in
diethyl ether and reacted with lithium aluminum hydride; the reaction was stirred for 24-48 hours
and the product was purified.?*

A variety of additional PHZ derivatives were synthesized, guided by initial evaluation of the
electrochemical behavior of the derivatives discussed above. The first being an amide containing
PHZ derivative. Several pathways were evaluated, the first used potassium tert-butoxide and
acrylamide with PHZ to form PHZ-amide (Scheme 7.6a).*° This pathway was attempted several
times, each altering the reaction conditions (reaction time, temperature, solvent vs. neat). Though
ESI mass spec confirms the product, the PHZ-amide product could not be purified and thus the
electrochemical properties were not studied. We hypothesized that the acidity of the N-H bonds
of acrylamide may prevent the reaction from taking place. Thus, a similar pathway was attempted

with N,N-dimethylacrylamide, however similar issues with product purification were observed
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(Scheme 7.6b). An alternative pathway to form the PHZ-amide started from the nitrile
intermediate and used sodium hydroxide in isopropanol, however this pathway was unsuccessful
and the product was not formed, as indicated by only starting material in '"H NMR (Scheme
7.6¢).24

The final PHZ derivative synthesis was PHZ-diethanolamine (Scheme 7.7a). Here, the goal is to
increase the H-bonding capabilities of the molecule by incorporation of a tertiary nitrogen and two
primary alcohols. PHZ was added round bottom flask and dissolved in dry THF.>*? Sodium
hydride was added and the reaction stirred for 30 minutes. 1-bromo-3-chloropropane was added,

the reaction was heated to 60°C and stirred for 4 hours. The intermediate was purified via liquid-
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Scheme 7.7. (a) Synthesis of PHZ-diethanolamine and (b) protection of alcohol.

liquid extraction then solvent was removed under reduced pressure. Prior to adding the
diethanolamine, the alcohol groups were protected. This was done by reacting diethanolamine
with trimethylsilyl chloride and triethylamine in DCM (Scheme 7.7b).2#*?** The alcohols are
converted to trialkylsilanes so they could be easily converted back to an alcohol groups. Ongoing
work leverages the secondary amine for nucleophilic substation of the chloride with the use of a
base.

7.4 Solubility Study of Phenothiazine Derivatives

Similar to the TEMPO derivatives, the maximum solubility of PHZ in DES was determined using
UV-vis absorption spectroscopy.?*? A calibration curve was made from five solutions of known
concentration in DMSO and a saturated sample of PHZ was made with ethaline (1:2 choline
chloride:ethylene glycol). The maximum solubility of PHZ was determined to be 1.008 M. This
same process was attempted for EPT and MEPT, however even with very low concentrations of
the derivatives the UV-vis was too saturated to obtain valuable data for the calibration curve.
However, in the saturated samples with ethaline, visibly EPT was minimally soluble in ethaline

and MEPT-Br was insoluble in ethaline; which was expected for these two derivatives both lacking
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H-bonding moieties. Of the H-bonding derivatives evaluated (PHZ-OH and PHZ-NH>), PHZ-OH
exhibited moderate solubility, however the sample needed longer times to dissolve. On the other
hand, PHZ-NH2 was extremely soluble and was a contributing factor synthesizing additional
nitrogen containing derivatives. As expected these derivatives exhibited higher solubility due to
the H-bonding moieties in the Rio position on the parent compound.

7.5 Electrochemical Characteristics

The redox behavior of PHZ in an ethaline solution of (1:4 choline chloride:ethylene glycol) was
examined using cyclic voltammetry (CV, Figure 7.2). Of note, this composition of ethaline was
chosen due to its lower viscosity than the 1:2 ratio mixture. This work was performed by

collaborators (Nicholas Sinclair, Case Western Reserve University Department of Chemical

T1 0 *T1 0
N R, € . N R,
L T
S S
Phenothiazine Radical cation

7 T T T T T T
| —— Phenothiazine
—— Phenothiazine Expanded Window

i (mA/cm?)

A b LV LN o a4 v e s oo oo
T

-06 04 -02 00 02 04 06 08 10 12 14
E (V vs Ag/AgCl)

Figure 7.2. Cyclic voltammetry of 0.1 M PHZ in 1:4 choline chloride:ethylene glycol. Sweep
width: red (-0.5-0.8 V) and black (-0.5-1.3 V), scan rate 100 mV/s, 1.6 mm Pt disk (W),

Ag/AgCl (R).
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Engineering). A similar trend was observed as in literature, that if a larger sweep width was used,
two electron transfers occur when performed in acetonitrile or propylene carbonate.?®2% The red
curve in Figure 7.2 used a sweep width of -0.5-0.8 V vs Ag/AgCl and a single electron transfer at
0.5 V vs Ag/AgCl was observed, which is associated with the oxidation of PHZ to a radical cation
and reduction of the reverse reaction. When expanded to a sweep width of -0.5-1.3 V vs Ag/AgCl,
two electron transfers are observed, one at 1.0 and the other at -0.3 V vs Ag/AgCl, where the latter
is reversible.

Figure 7.3 shows the CV data for select PHZ derivatives in the 1:4 ChCIL:EG, including PHZ, EPT,
MEPT, and PHZ-NHa. Perhaps surprisingly, each derivative exhibited different electrochemical

behavior, supporting the idea of synthetically modifying PHZ to tune the electrochemical

10
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Figure 7.3. Cyclic voltammetry of select PHZ derivatives (0.1 M) in 1:4 choline

chloride:ethylene glycol. Scan rate 100 mV/s, 1.6 mm Pt disk (W), Ag/AgCl (R).
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Figure 7.4. Cyclic voltammetry of select PHZ-NH2 at a small (red) and large (blue) sweep
width at 0.1 M in 1:4 choline chloride:ethylene glycol. Scan rate 100 mV/s, 1.6 mm Pt disk

(W), Ag/AgCl (R).

properties of the derivative. Of the four derivatives, PHZ-NH2 was the most interesting, due to
the extremely reversible negative redox couple (-0.2 V vs Ag/AgCl).

Of the PHZ derivatives examined, PHZ-NH: was the first compound that exhibited a reversible
negative couple. More thorough studies PHZ-NH:2 were performed to identify the species formed.
Figure 7.4 shows the comparison of PHZ-NH: with small and large sweep width. When the sweep
width was expanded, the negative redox couple at -0.3 V vs Ag/AgCl was observed. This
electrochemical behavior and high solubility of PHZ-NH: led to the development of additional
nitrogen containing PHZ derivatives. Ongoing work addresses the electrochemical behavior of

these PHZ derivatives.
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7.6 Summary

In summary, PHZ derivatives were synthesized modifying PHZ at the Rio, R3, and R7 positions to
evaluate the impact on solubility and electrochemical behavior. Thus far, PHZ-NH2 is the most
promising derivative for use as a redox active unit in the DES ethaline, as it exhibits a highly
reversible negative redox, and it is the first derivative to do so. The promising performance of
PHZ-NH2: led to the synthesis of additional nitrogen containing PHZ derivatives, specifically PHZ-
amides, which must be purified before they can be evaluated. Current work is also examining the
use of PHZ derivatives as one component in a mixed system, so two redox active small molecules
will be present.

7.7 Appendix

General Considerations.  All purchased chemicals were used directly as received, unless
otherwise stated. All reactions were performed under an inert atmosphere. DCM and THF were
obtained by passing the commercial grade solvent through a double filter column in a MBRAUN
SPS compact system. Diethyl ether was passed through a basic alumina column and stored over
molecular sieves. All 'H and '*C NMR were collected on a Bruker Advance Neo console 400
MHz NMR with an Ascend magnet and automated tuning Smm broadband iProbe, with CDClI3 as
the solvent unless otherwise noted. FTIR spectra were acquired using a JASCO FT/IR-4000 with
ATR attachment. ESI spectra were obtained on a Thermo Scientific Q Exactive Focus or a Thermo
Scientific DSQ II GC-MS.

Synthesis of EPT.  An oven-dried round bottom flask was purged with N2(g) and vacuum three
times. Phenothiazine (2 g, 0.01 mol) and anhydrous THF (30 mL) was added and the
phenothiazine dissolved. Sodium hydride (0.26 g, 0.011 mol) was added and the reaction stirred

for 30 minutes with a vent needle to allow for hydrogen gas evolution. The vent needle was

224



removed and ethylbromide (0.82 mL, 0.011 mol) was added to the reaction flask. The solution
was heated to 60°C and stirred overnight. Upon completion, the reaction was quenched with water
(30 ml) and washed 3 times with hexanes (20 mL). The organic layers were combined and dried
with magnesium sulfate, the solvent was removed under reduced pressure. The product was
purified by recrystallization with ethanol.

Synthesis of MEPT. An oven-dried round bottom flask was purged with N2(g) and vacuum three
times. Phenothiazine (1.99 g, 0.0099 mol) and anhydrous DMF (20 mL) was added and the
phenothiazine dissolved. Sodium hydride (0.29g, 0.012 mol) was added and the reaction stirred
for 30 minutes with a vent needle to allow for hydrogen gas evolution. The vent needle was
removed and 2-chloroethyl methyl ether (1.09 mL, 0.012 mol) was added to the reaction flask.
The solution was heated to 60°C and stirred overnight. Upon completion, the reaction was
quenched with water (20 ml) and washed 3 times with ethyl acetate (20 mL). The organic layers
were combined and washed with 20 mL saturated aqueous NaCl. The organic layers were dried
with magnesium sulfate and solvent removed under reduced pressure. The product was then
purified via column chromatography.

Synthesis of MEPT-Br. An oven-dried round bottom flask was purged with N2(g) and
vacuum three times. In the flask, MEPT (0.5 g, 0.0019 mol) was dissolved in anhydrous DCM
(15 mL) and the mixture cooled to 0°C with an ice water bath. A solution of N-bromosuccinimide
(1.03 g, 0.0058 mol) and DCM (5mL) was then added dropwise. The reaction was stirred for 60
minutes and monitored with thin layer chromatography. Once, complete consumption of MEPT
was observed the reaction was quenched with aqueous sodium thiosulfate (0.8 g in 20 mL water).
The solution was diluted with 20 mL. DCM and washed with 30 mL water and 30 mL saturated

aqueous NaCl. The organic layer was dried with magnesium sulfate and solvent removed under
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reduced pressure. MEPT-Br was purified via column chromatography and a blue solid was
obtained.

Synthesis of DMeMEPT. An oven-dried round bottom flask was purged with N2(g) and
vacuum three times. MEPT-Br (0.5 g, 0.0012 mol), a 5 M solution of sodium methoxide in
methanol (2.5 mL, 0.012 mol), and dry pyridine (15 mL) was added. The mixture was then heated
to 120°C. Cul (0.46 g, 0.0024 mol) was added and the reaction was stirred for 4 hours. The
reaction was quenched with 20 mL brine and 20 mL DCM. The brine layer was washed with 20
mL DCM. The organic layers were combined, dried with sodium sulfate, and the solvent was
removed under reduced pressure.

Synthesis of PHZ-OH. An oven-dried round bottom flask was purged with N2(g) and
vacuum three times. In the flask, phenothiazine (2 g, 0.01 mol) was dissolved in anhydrous DMF
(30 mL). Sodium hydride (0.29 g, 0.012 mol) was added and the reaction stirred for 30 minutes
with a vent needle to allow for hydrogen gas evolution. The vent needle was removed and methyl
3-bromopropionate (1.31 mL, 0.012 mol) was added, the reaction was heated to 60°C, and stirred
overnight. Upon completion, the reaction was quenched with water (50 ml) and washed 3 times
with ethyl acetate (20 mL). The organic layers were combined and dried with magnesium sulfate,
solvent was removed under reduced pressure. The intermediate was purified via column
chromatography. In an oven-dried round bottom flask purged with N2(g) and vacuum (3x), the
intermediate (0.3 g, 0.0011 mol) was dissolved in diethyl ether (6 mL). Lithium aluminum hydride
(LiAlH4) (0.12 g, 0.0032 mol) was added and the reaction was stirred overnight at room
temperature. Upon full consumption of the intermediate, the reaction was quenched by the
dropwise addition of water. The solution was diluted with ether (20 mL) and washed with 25 mL

15% aqueous NaOH. The water layer was washed with ether (2 x 20 mL). The organic layers
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were combined and washed with 20 mL water and dried with magnesium sulfate. The solvent was
removed under reduced pressure to obtain the product.

Protection of Fmoc Amine Procedure. In a round bottom flask, 9-
fluorenylmethoxycarbonyl chloride (1.42 g, 0.0055 mol) was dissolved in a 1:1 solution of 1,4-
dioxane (15 mL) and sodium carbonate/water (1.68 g in 15 mL water). The reaction flask was
cooled to 0 °C with an ice water bath and 3-bromopropylamine (1 g, 0.0046 mol) was added and
the reaction stirred for 1 hour. The reaction was quenched with 50 mL ethyl acetate and the layers
were separated. The water layer was washed with 20 mL ethyl acetate. The organic layers were
combined and washed with 25 mL saturated aqueous NaHCO2 and then dried with magnesium
sulfate. The solvent was removed under reduced pressure. The Fmoc protected amine was purified
by recrystallization in 4:6 DCM:hexanes.

Synthesis of PHZ-CN (1). An oven-dried round bottom flask was purged with N2(g) and
vacuum three times. In the flask, phenothiazine (0.5 g, 0.0025 mol) was dissolved in anhydrous
THF (10 mL). Sodium hydride (0.072 g, 0.003 mol) was added and the reaction stirred for 30
minutes with a vent needle to allow for hydrogen gas evolution. The vent needle was removed
and acrylonitrile (0.20 mL, 0.003 mol) was added, the reaction stirred overnight at room
temperature. Upon completion, the reaction was quenched with water (20 ml) and washed 2 times
with ethyl acetate (20 mL). The organic layers were combined and washed with 20 mL saturated
aqueous NaCl. The organic layers were dried with magnesium sulfate and solvent removed under
reduced pressure. The intermediate was purified via column chromatography.

Synthesis of PHZ-CN (2). In an oven-dried round bottom flask under N2(g), phenothiazine (1
g, 0.005 mol) and acrylonitrile (1 mL, 0.015 mol) were dissolved in anhydrous THF (2mL).

Potassium fert-butoxide (0.1 g, 5 mol %) was added and the reaction stirred for 10-30 minutes at
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room temperature. Once complete the reaction was stored in the fridge overnight and purified via
column chromatography.

Synthesis of PHZ-NH,. In an oven-dried round bottom flask purged with N2(g) and vacuum
(3x), PHZ-CN (0.5 g, 0.002 mol) was dissolved in diethyl ether (20 mL). LiAlH4 (0.23 g, 0.006
mol) was added and the reaction was stirred for 24-48 hours at room temperature. Upon full
consumption of PHZ-CN, the reaction was quenched by the dropwise addition of water. The
solution was diluted with ether (20 mL) and washed with 25 mL 15% aqueous NaOH. The water
layer was washed with ether (2 x 20 mL). The organic layers were combined and washed with 20
mL water and dried with magnesium sulfate. The solvent was removed under reduced pressure to
obtain the product.

Synthesis of PHZ Amides. In an oven-dried round bottom flask under N2(g), phenothiazine (1
g, 0.005 mol) and acrylamide (1.07 g, 0.015 mol) were dissolved in THF. Potassium tert-butoxide
(0.1 g, 5 mol %) was added and the reaction stirred for 10-30 minutes at room temperature.
Remove solvent under reduced pressure and dissolve in minimal DCM. Precipitate in hexanes and
filter and dry solid.

Protection of Alcohol Procedure. In an oven-dried round bottom flask purged with N2(g) and
vacuum (3x), diethaneolamine (1 mL, 0.01 mol) and anhydrous DCM (15 mL) was added to the
flask. Triethylamine (3.65 mL, 0.026 mol) was added and the flask cooled to 0°C with an ice bath.
Trimethylsilyl chloride (2.65 mL, 0.02 mol) was added dropwise and the reaction was warmed to
room temperature and stirred for 2 hours. The reaction was quenched with 20 mL water and 20
mL DCM. The water layer was washed with DCM (2 x 10 mL). The organic layers were combined
and washed with 20 mL water and 20 mL saturated aqueous NaHCO3 and then dried with sodium

sulfate. The solvent was removed under reduced pressure.
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Synthesis of PHZ diethanolamine Intermediate. In an oven-dried round bottom flask purged
with N2(g) and vacuum (3x), phenothiazine (1 g, 0.005 mol) was dissolved in anhydrous THF (20
mL). 1-Bromo-3-chloropropane (0.5 mL, 0.006 mol) was added and the reaction was heated to
60°C for 4 hours. Upon completion, the reaction was quenched with water (20 ml) and washed 2
times with ethyl acetate (20 mL). The organic layers were combined and washed with 20 mL
saturated aqueous NaHCOs. The organic layers were dried with sodium sulfate and solvent
removed under reduced pressure.

Maximum Solubility Measurements. Solubility limit of phenothiazine in ethaline were
determined by calibration curves obtained from UV-Vis. Five solutions of pre-determined
concentration were made for each compound in DMSO. The UV-vis spectra were obtained from
200-800 nm. The calibration curves were plotted at a specific absorption wavelength for each
compound. To make the concentrated sample, phenothiazine was added to ethaline (0.5mL) and
heated on a hot plate. This process was repeated till solid remained present in solution. The
saturated samples were cooled to room temperature and stood for at least one hour. A solution was

made with DMSO and UV-vis obtained from 200-800 nm.
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Part II: The Incorporation of Redox Small Molecules
into Deep Eutectic Solvents for the Development of
New Electrolytes

Chapter 8

Summary and Future Directions of Incorporating Redox Active

Species into Deep Eutectic Solvents
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8.1 Summary

The work presented in part two of this thesis explores the synthetic modification of redox active
small molecules for their incorporation into deep eutectic solvents (DESs) to develop breakthrough
electrolytes. DESs are great candidates as electrolytes for energy storage, due to their low vapor
pressures and wide liquidous range, but for such use redox active species must be incorporated at
high concentrations.!”! TEMPO was selected as the first redox active small molecule to study, due
to the stable organic radical and synthetic tunability. The TEMPO derivatives synthesized were
derived from a commercially available 4-hydroxy TEMPO (4HT) that has an alcohol in the 4
position. Three TEMPO salts were synthesized varying in cation identity, including imidazolium,
ammonium, and pyridinium functionality (compounds 1, 2, and 3, respectively). Each of these
was incorporated into ethaline (1:2 choline chloride:ethylene glycol) and the physical properties
of the solutions were examined (density, viscosity, and ionic conductivity).?*?

The electrochemical behavior of the solutions was also examined and compared to TEMPO and
4HT. Each derivative exhibited two, single-electron reactions that corresponded to an
oxoammonium cation and aminoxyl anion. Compounds 1, 2, and 4HT were redox stable over 50
cycles whereas TEMPO and compound 3 exhibited reduced reduction currents upon cycling. Flow
cell experiments were performed to further evaluate the stability of the 4HT/4HT" redox couple,
which decreases overtime. It is hypothesized that the TEMPO unit oxidizes the primary alcohols
present in the DES components which leads to these irreversible redox couples. Several additional
TEMPO derivatives were synthesized, varying anion identity and di-functionality.

PHZ derivatives were also synthesized and chosen for the ability to tune their redox properties as
well as solubility, and potential for two electron transfer reactions.?’®2 The selected derivatives

examine substituents at the Rio, R7, and R3 positions, as well as incorporating H-bonding
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functionality. EPT and MEPT were easily synthesized and produced on a large scale and MEPT
was more soluble in ethaline than EPT. DMeMEPT and DMeEPT were selected to examine how
the substituents impact electrochemical stability. A limitation of the current syntheses is the high
purity of compounds required. Initial evaluation of the electrochemical properties was performed
by collaborators at CWRU. Of the H-bonding PHZ derivatives synthesized (PHZ-OH and PHZ-
NH2), the later exhibited a very reversible redox couple and easily dissolved in ethaline. This
inspires the synthesis of PHZ derivatives containing more nitrogen functionality (e.g., PHZ-
amides), as well as PHZ derivatives containing pendant groups capable of a greater number of H-
bonds.

8.2  Future Directions

8.2.1 Future of TEMPO Derivatives

The worked presented examined a variety of TEMPO derivatives, creating a large library of
derivatives. There was the realization that the TEMPO structure maybe oxidizing the primary
alcohols present in many DESs. Future work could explore DESs that do not contain primary

alcohols, which could be tertiary alcohols or alternative functionality (Figure 8.1a). The TEMPO
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Figure 8.1. (a) Alcohol free DES and (b) alkyl-TEMPO derivatives.
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derivatives could then be incorporated without the concern of irreversible side reactions. The
TEMPO salts also have the potential to be the hydrogen bond acceptor (HBA) of a DES. In such
a system, the redox active species would not be an additive, but rather a component of the DES.
A downside to this, however, is the amount of material required to make a viable redox flow cell,
this could become expensive and time consuming. Current work, involves electron paramagnetic
resonance (EPR) spectroscopy and quantifying the radical of the TEMPO salts.

8.2.2 Future of Phenothiazine Derivatives

The work presented on the synthesis of PHZ derivatives is ongoing and current work is focused
on the synthesis and purification of DMeMEPT and diethanolamine-PHZ (Figure 8.2a). Once
these compounds are synthesized, purified, and fully characterized, the electrochemical behavior
will be evaluated. If DMeMEPT does not exhibit two reversible redox couples, focus may shift to
using PHZ as one component of an electrolyte. Specifically, combining methyl viologen and PHZ
to form a mixed system in a DES (Figure 8.2b). The diethanolamine-PHZ was selected to
synthesize for this reason and all of the PHZ derivatives can be examined in the mixed system.
Ideally, the redox active species in the mixed system will perform similarly in a DES as a volatile
and flammable solvent, such as acetonitrile. However, a major question to answer is the similarity
and differences between the redox reactions in DES and more traditional electrolytes (aqueous,

organic, and ionic liquids).

(a) o (D)

J/ Negative Positive
HO_~\ Redox Couple Redox Couple
H 2cl . _ N
N OO OO
O - ;
S
Figure 8.2. (a) diethanolamine-PHZ and (b) possible redox active mixed system.
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8.2.3 New Redox Active Species

There are many different redox active species that exhibit various redox potentials and can be
tailored for either a mixed system or used as a single compound exhibiting two redox couples
(Figure 8.3).!% Future work should focus on identifying potential redox active species that have
high solubility and good electrochemical performance so that energy density can be increased.
Screening commercially available parent compounds is a good starting point and if performance
is acceptable then derivatives can be selected to synthesize. Identification of redox active
compounds may also be aided by computational work. Compounds that maybe of interest include

pthalimides, 1,4-dimethoxybenzenes (DBB), PTIO, and quinoxaline.
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Figure 8.3. Redox potentials of common redox active species. (Reproduced from reference

196)

8.2.4 New Deep Eutectic Solvents
As a part of a Department of Energy, Energy Frontier Research Center (EFRC), the main DESs of
focus have been ethaline, reline, and gylceline. Research has supported that phenol based DESs

may be a good path for future work. Future work should examine a variety of DES with different
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components and determine the viscosity and electrochemical window of the DES. When selecting
anew DES, electrochemical window is of great importance so the electrolyte does not break down
prior to the redox reaction occurring.

Current work within the EFRC focuses on understanding on a molecular level the interactions
between the components of a DES and a redox active species. This includes NMR spectroscopic
studies, molecular simulation, broadband dielectric spectroscopy, and AIMD simulations. On an
experimental level future work involves examining tertiary alcohols as a HBD (Figure 8.5). These
would form a DES that would not interact with the TEMPO derivatives, therefore not having an
impact on electrochemical behavior of the TEMPO derivatives. Unfortunately, the desired tertiary
alcohol is expensive commercially and difficult to synthesize, so alternatives are being examined
that are commercially available. Additionally, the synthesized derivatives may be able to be used
as a component in a DES as opposed to be an additive. This would remove the need to find a

highly soluble derivative that is also electrochemically stable.

ol ker
OH

2,4-Dimethyl-2,4-pentanediol Pinacol
Figure 8.4. Tertiary alcohols that could be used as a hydrogen bond donor in a DES.
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