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Abstract: This dissertation covers the development of redox-switchable ring-opening
polymerizations for the synthesis of copolymers of underutilized monomers. In Chapter one, the
progress in the development of switchable methods for ring-opening polymerization and ring-
opening copolymerizations. Chapter two describes a method for the redox-switchable
copolymerization of L-lactide, propylene oxide and carbon dioxide. The benefits of this method
are demonstrated through the facile synthesis of blocky and statistical copolymers of the three
monomers. In Chapter three, a method for the redox-switchable polymerization of N-
carboxyanhydrides is presented. A mechanistic analysis and copolymerizations of N-
carboxyanhydrides and either lactones or epoxides follow the initial findings. Chapter four
further expands the uses of N-carboxyanhydride redox-switchable polymerizations by
immobilizing the catalysts onto semiconductor surfaces for the synthesis of surface bound

polyamides.
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Chapter 1. Switchable Ring-opening Polymerization and Ring-Opening Copolymerization:

Methods and Applications

1.1 Introduction

The diversity of polymer microstructures in both shape and composition translates to the
macroscopic versatility of polymeric materials.’ The ability to control these specific
microstructures is an active area of research that has led to the creation of valuable blocky and
random copolymers that find uses as adhesives,*”’, packaging,®1° drug delivery devices!™13
among countless other applications. Still these structures are simple in design compared to the
polymers routinely created by biology. Living cells contain complex copolymers that enable the
catalysis,***> replication,’®'” movement,'®'° and all other living processes that synthetic
advances have only begun to scratch the surface of through complex polymer synthesis. Stepwise
copolymer synthesis can require intermediate purification steps that are impractical for polymers
with more than two blocks.! Meanwhile, conventional methods for designing copolymers from

monomer mixtures can be rather complex,® which limits the potential structures one can access.



Switchable polymerization is a method to more readily create complex and predictable
polymer structures through the addition or removal of stimuli (Scheme 1.1).2! With a single
switchable catalyst, one can easily synthesize diblock copolymers by first polymerizing one
monomer then applying a stimuli to change the reactivity of the catalyst to favor monomer 2
(Scheme 1.1a-c). With conventional catalysts one would need to find a catalyst that is reactive
towards both monomers, but much more reactive towards one monomer and even then some

tapering can be observed when the concentration of one monomer is low (Scheme 1.1d). If the

Scheme 1.1. Copolymer synthesis from monomer mixtures using switchable catalysis. a) Polymerization of
monomer 1 selectively in a mixed monomer solution. b) Polymerization of monomer 2 selectively in a mixed
monomer solution. c) Polymerization of monomer 1 selectively then monomer 2 to produce diblock copolymers
from a mixed monomer solution. d) Synthesis of a blocky copolymer with a catalyst active for both monomers 1
and 2, but more reactive for 1. e) Synthesis of a statistical copolymer with a catalyst equally active for both
monomers 1 and 2.
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catalyst is equally active for both monomers one can instead observe statistical
copolymerizations from a solution of mixed monomers (Scheme 1.1e). Stepwise addition of
monomers can be used to synthesize well-defined block copolymers, but high conversions of the
15t monomer are generally required before the second monomer can be added.?? Switchable
catalysts have the advantage of being able to produce blocky copolymers without the full
consumption of monomers which can be beneficial for solvent free copolymerizations.?3 The
stimuli can be light,?*27 electricity,?®3° pressure33? and chemical additives.333> These
switchable reactions have been developed to induce morphological changes including
branching3¢=38 or cross-linking3%4° as well as the synthesis of complex, blocky copolymers.??
Ring-opening polymerization (ROP) and ring-opening copolymerization (ROCOP) are
especially suitable to switchable polymerization conditions as the various monomer classes from
lactones and cyclic carbonates to epoxides and N-carboxyanhydrides can require vastly different
activation conditions.?! Ring-opening polymerization has been growing in popularity as the
resulting polymers largely have reactive polymer backbones which can enable further
functionalization, (bio)degradation or even chemical recycling.3® In comparison to commercial
polyolefin homopolymers, commercial biodegradable polymers like poly(lactic acid) that are
accessible through conventional ROP tend to have poor mechanical and thermal properties. This
justifies the use of switchable polymerization to introduces branches, crosslinks or copolymers

to produce more valuable materials.



1.2 Chemically-switchable Ring-opening Polymerization

The addition of chemical stimuli is a common technique for modulating the activity of a
catalyst.?*#! Catalysts can be modified with pH sensitive®?*® or ligand sensitive moieties** that
change catalyst reactivity. Another method involves the addition of certain monomers that after
ring-opening are kinetically or thermodynamically unable to initiate other monomers in the
reaction mixture.?33%324546 These techniques have been utilized by numerous groups to easily
synthesize copolymers from diverse monomer streams.?41

Conformational changes can cause significant changes in catalyst reactivity as was
observed by Mirkin and coworkers with their aluminum-salen catalyst bearing two bulky
rhodium, phosphinoamine complexes, 1.1 (Scheme 1.2).%* When the rhodium centers are bound
to chloride ligands, the two amine arms are no longer blocking the active site and the complex
can polymerize €-caprolactone. Upon the addition of sodium tetrakis(perfluorophenyl) borate
(NaBArf2%) the chlorides are removed and the two rhodium-containing arms rearrange into a

sandwiched structure, 1.2, The aluminum active site is now blocked, which shuts down ¢€-

caprolactone polymerization. This type of allosteric inhibition resembles the regulatory
mechanisms for many enzymes, including hemoglobin, which opens and closes in response to

oxygen.*’



Scheme 1.2. Chloride controlled, chemically-switchable polymerization of &-caprolactone through the
allosteric inhibition of a triple-layer aluminum catalyst.
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Zhang and coworkers demonstrated that a Lewis acid/base pair could be switched
between ROP of lactones/ cyclic carbonates and the ROP of epoxides by changing the ratio of the
Lewis acid, triethylborane, to the Lewis base, phosphazane 'BuP,.*® When there was an excess of
the Lewis base, lactone or cyclic carbonate polymerization proceeded, and when there was
excess Lewis acid, epoxide polymerization was possible. Multi-block copoly(ester-b-
ether)/copoly(carbonate-b-ether)s could be synthesized in this way, but each subsequent switch
would require more Lewis acid/Lewis base to maintain high selectivity and activity (Scheme 1.3).
The excess of Lewis acid/base is needed because the Lewis pairs will first quench each other until
an excess is formed and polymerization can continue. This catalytic system was tolerant of a wide
variety of lactones, cyclic carbonates and epoxides while maintaining high selectivity, short

reaction times and living characteristics.



Scheme 1.3. Chemically-switchable copolymerization of valerolactone and propylene oxide using
iterative additions of Lewis acids and bases to synthesize a pentadecablock poly(ester-b-ether).
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The ROCOP of epoxides and cyclic anhydrides was first demonstrated in 1979 by Manasek
et al. using amine initiators leading to polymers with significant polyether segments, broad
dispersities and low molecular weights.*° Coates and coworkers made a significant advance when
they discovered that a zinc diketimidate acetate catalyst 1.3 that they had previously used for
epoxide-CO, ROCOP was also efficient for the ROCOP of cyclohexene oxide and diglycolic
anhydride.”® This catalyst was so selective for epoxide-anhydride ROCOP that even in the
presence of CO, the anhydride would be consumed first (Scheme 1.4).°! The addition of
anhydrides has since been used as a switch between epoxide-anhydride copolymerization and
the ROCOP of epoxides and CO> by many groups with a variety of catalysts (Scheme 1.5). 4052756

These other systems have been able to achieve improved stereoselectivities,®® control cross-

linking®® and even access non-blocky polymer microstructures.>*



Scheme 1.4. Chemically-switchable, terpolymerization of cyclohexene oxide, CO2 and diglycolic
anhydride by a zinc carboxylate catalyst, 1.3.
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Scheme 1.5. Representative catalysts that have demonstrated chemically-switchable,
terpolymerization of epoxides, anhydrides and CO..
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Many catalysts used for epoxide-anhydride ROCOP are often inactive or very slow for the
ROP of epoxides, preventing the incorporation of nondegradable polyether in the degradable
polycarbonate or polyester blocks. Some notable exceptions were demonstrated by Feng and
coworkers.> and Williams and coworkers,*® which could switch between epoxide-anhydride

ROCOP, epoxide-CO, ROCOP and epoxide ROP after complete consumption of the anhydride and

7



Scheme 1.6. Doubly chemically-switchable terpolymerization of cyclohexene oxide, CO2 and phthalic
anhydride.
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then CO;. A heterotrimetallic, dizinc and sodium catalyst, 1.8, could be added to a solution of
cyclohexene oxide and phthalic anhydride under a CO; atmosphere and selectively produce
blocky copolymers. First epoxide-anhydride ROCOP would occur, then epoxide-CO; ROCOP and
finally epoxide ROP if the CO2 was replaced with nitrogen (Scheme 1.6).°® This catalyst was also
thermally switchable, which enabled the synthesis of random copolymers of epoxide and CO; if
the temperature was raised from 80 °C to 120 °C demonstrating another method to tune the

polymer composition.



In 2016, Williams and coworkers first demonstrated the selective copolymerization of
epoxides, CO,, anhydrides and lactones with a single catalyst.?? The selectivity of each monomer
could be understood in terms of relative priorities to govern selectivity which could be easily
mapped (Scheme 1.7). In a solution of mixed monomers, all anhydride was first consumed
because the ROCOP of epoxides and anhydrides was most favored. The ROCOP of epoxides and
CO; is the next favorable reaction for polycarbonate formation. They did not that at high lactone
concentrations, neither the ROCOP of epoxides and CO; or the ROP of lactones occurred which is
believed to be due to competitive binding of lactones blocking open sites for epoxides. In the
absence of cyclic anhydrides or CO; the ROP of lactones can take place. This switch relies on a
common metal alkoxide intermediate in each of the three cycles. This common intermediate
allows for simple transitions between the different polymerization mechanisms depending on
which monomer had the lowest barrier for insertion, which was supported by DFT calculations.

Other groups have explored chemically-switchable copolymerization between epoxides,

Scheme 1.7. Four component chemically-switchable polymerization of cyclohexene oxide, phthalic
anhydride, €-caprolactone and CO2 catalyzed by a dizinc catalyst, 1.4.
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anhydrides, lactones®° (and CO0,%°) that each rely on this preferential consumption of
anhydrides, then CO; if present, and finally lactones.
The Williams group has since expanded upon this work by achieving this type of chemical

61 metal salen complexes,3*¢263 and industrially viable

selectivity with other bimetallic catalysts,
tin carboxylates.®* A variety of epoxides, anhydrides and lactones, many of which are derived
from biomass, have all been copolymerized.”3%4>6> This excellent monomer compatibility has
enabled the synthesis of structurally diverse and flexible polymers ranging from elastomers?*>6°
to hard plastics® and adhesives.”*! A notable accomplishment for the Williams group has been
the facile synthesis of polymers of propylene oxide, phthalic anhydride and lactide with up to 27

different blocks solely through the addition of pthallic anhydride and lactide (Scheme 1.8).%> This

copolymer would be completely impractical through conventional copolymerization methods.

Scheme 1.8. Synthesis of isosikaiheptablock copolymers of propylene oxide, phthalic anhydride and lactide
through chemically-switchable catalysts.
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Multi-block copolymers with 2-3 blocks are already known to be valuable as elastomers®®®’ and
compatibilizers,®®%° but higher order copolymers are underexplored despite their differences in
morphology.

Anhydride-like monomers, such as O-carboxyanhydrides (OCAs) have also proven to be
useful for chemically switchable polymerization.*®’° Williams and coworkers demonstrated the
copolymerization of OCAs and epoxides to make polyester-polycarbonate copolymers.”* OCAs
release one unit of CO; for every unit of monomer incorporated into the polymer, and the
Williams group paired this polymerization with a catalyst 1.5 that is active for epoxide-CO;
ROCOP at low concentrations of CO,. The ROP of an OCA, like its anhydride counterpart, is more
thermodynamically favorable than insertion of CO,. The catalyst first consumes all of the OCA
before the ROCOP of epoxides and CO; can begin. By coupling a COz-generating process with a
CO;-consuming polymerization through switchable polymerization, the atom economy of both
reactions are improved. Y. Li and coworkers also demonstrate the potential of OCAs in switchable
polymerizations with anhydrides, epoxides and lactide.*® Notably, they observed that the OCA is
fully consumed before epoxide-anhydride ROCOP can begin, and when the anhydride is fully
consumed lactide ROP can begin. OCA ROP is a rare example of a monomer being consumed
before epoxide-anhydride ROCOP in a mixed solution. Additionally, the use of an organobase
catalyst that is inactive for epoxide-CO, ROCOP or cyclization precludes any polycarbonate
formation. Through this remarkably selective polymerization, a tri-block copolymer of L-
phenylalanine-OCA, phthalic anhydride, n-butyl-glycidyl ether and L-lactide was synthesized

without intermediate addition of monomers (Scheme 1.9). It was noted that the use of lactones

11



Scheme 1.9. Self-switchable, quadripolymerization of L-phenylalanine OCA, phthalic anhydride, "butyl-glycidyl

ether and L-lactide by a simple, organobase catalyst.
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besides L-lactide leads to uncontrolled polymerizations with these initiators, which could be an

area for future catalyst development.
1.2.1 Acid/Base-switchable Ring-opening Polymerization

An early example of an acid used to modify a catalyst for ROP was demonstrated by P’Pool
and Schanz with the reversible inhibition of ROMP (Scheme 1.10).%3 N-methylimidazole was first
added to Grubbs first generation catalyst 1.10 to produce inactive species 1.11. The addition of
excess phosphoric acid would restore polymerization activity by protonating the imidazole
producing catalyst 1.12 which contains a weakly coordinating water or phosphate ligand that can
leave behind an open site for cyclooctene coordination. This species is then active for cyclooctene

ROMP.

Scheme 1.10. Acid-switchable ROMP by inhibition of a Grubbs 1t generation catalyst, 1.10, with N-
methylimidazole to form 1.11 which is inactive for ROMP. Catalyst is reactivated through In-situ synthesis of a
highly active catalyst, 1.12 upon the addition of phosphoric acid.
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Plenio and coworkers were able to alter the stereoselectivity of a modified Hoveyda-
Grubbs catalyst 1.13 by protonating the amine groups on the aryl substituents of the N-
heterocyclic carbene (NHC) ligand to form complex 1.14 (Scheme 1.11).*?> 1.13 polymerized
norbornene with an E/Z of 0.78 while the acidified variant 1.14 led to an £/Z of 1.04. By controlling
the addition time of the acid, the ratio could be further fine-tuned in the final polymer. The
difference in selectivity is attributed to electronic differences rather than the comparatively
minor difference in sterics. These findings were supported by DFT calculations as well as by
comparing the stereoselectivities of other Hoveyda-Grubbs-type catalysts containing electron
deficient NHC ligands.

For the copolymerization of epoxides and lactones/cyclic carbonates, Hadjichristidis and
coworkers reported a metal free switch using a phosphazene base and a phosphoric acid
catalyst.”? The phosphazene base could initiate epoxide ROP, while the addition of excess acid
not only turned off epoxide polymerization, but could then activate lactones/cyclic carbonate
ROP to synthesize various diblock copolymers. Due to the high nucleophilicity of the phosphazene
base, the monomers had to be added stepwise to achieve clean copolymer without significant

transesterification.

Scheme 1.11. Acid-switchable, norbornene ROMP with tunable £/Z ratio through the addition of hydrochloric
acid to a pH-sensitive, Hoveyda-Grubbs type complex, 1.13.
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A similar method was demonstrated by Pahovnik and coworkers for the one-pot synthesis

of copolymers of €-caprolactone/trimethylene carbonate and N-carboxyanhydrides (NCAs)

through acid and base-switchable polymerizations (Scheme 1.12).”* &-caprolactone or

trimethylene carbonate was first polymerized by triflic acid in the presence of alcohol initiators.

The addition of y-benzyl-L-aspartate NCA lead to the ring-opening of 1 equivalent of NCA, which

formed an amine that was immediately quenched by the acid. To control NCA polymerization,

the bulky base diisopropylethylamine was then added to regenerate the amine nucleophile that

was then active for NCA polymerization. In this two-part switchable polymerization, the acid

prevents the early propagation of the NCA while the base was added only after all of the alcohol

macronitiator was consumed. This strategy produced clean block copolymers.

Scheme 1.12. One-pot synthesis of copolymers of €-caprolactone or trimethylene carbonate and y-benzyl-L-

aspartate NCA through acid/base-switchable polymerization.
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1.2.2 Pressure-switchable Ring-opening Polymerization

Gaseous additives can either be thermodynamic modulators to make polymerization
favorable or they can be reactive monomers in their own right like epoxide-CO, ROCOP.631,32.74~
8 CO; can also be used to deactivate nucleophilic catalysts through the formation of carboxylate
derivatives that are then much weaker nucleophiles.** The decomposition of this carboxylate
derivative at low CO2 concentrations can then regenerate the nucleophilic initiator. This principle
lies at the center of CO; pressure-switchable polymerization.

In 2012, Darensbourg and coworkers demonstrated that one could produce copolymers
of styrene oxide, CO; and lactide in one pot with a combination of a bifunctional cobalt salen,
1.15, and an organobase, 1-8-diazabicyclo[5.4.0]-undec-7-end (DBU) as catalysts. 1.15 catalyzed
propylene oxide-CO, ROCOP could be directly quenched with water in air and then combined
with DBU, and lactide to synthesize diblock copolymers in one-pot (Scheme 1.13).7° By removing
the CO,, the consumption of additional epoxide was prevented as well as any unwanted addition
of the organobase to CO,. They were later able to expand this work towards the synthesis
telechelic triblock copolymers by introducing water during propylene oxide-CO; ROCOP to
generate diol chain-transfer agents in-situ leading to a,w-hydroxy terminated poly(propylene
carbonate.®® After the removal of CO,, lactide and DBU were then added to form the desired tri-

block copolymer.
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Scheme 1.13. Copolymerization of propylene oxide, CO2 and lactide in one-pot using a two catalyst system.
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In 2014, Dubois and coworkers were able to deactivate the organobase catalyzed
polymerization using C02.81 A 10: 1 mixture of organobase catalysts 1,5,7-triazabicyclo-
dodecene (TBD) and DBU were first added to alcohol initiators, then a CO, atmosphere was
applied. The combination of base and CO; produced weakly nucleophilic carbonate end groups
which were inactive for €-caprolactone ROP. After removing the CO; with excess nitrogen the
polymerization can proceed. Chen and coworkers went even further by demonstrating CO,-
switchable lactone ROP and epoxide-CO; ROCOP with a mixture of chromium salen chloride, DBU
cocatalysts and alcohol initiators (Scheme 1.14).76 CO, can react with the organobase and alcohol
initiator to form carbonate groups active which are active for ROCOP, while the CO;, can be
purged with argon to decompose the carbonate initiators into alkoxides for lactide ROP. This
copolymerization can be run in a mixed solution of monomers and start with either ROCOP or

ROP and still synthesize blocky copolymers. A drawback of this method is the formation of large
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Scheme 1.14. Pressure-switchable copolymerization of lactide, propylene oxide and CO:
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amounts (35 % of all epoxide conversion) of high-boiling point cyclic carbonate from back-biting
of the polycarbonate during ROCOP.

As mentioned earlier, the Williams group has demonstrated the selective
copolymerization of lactones, epoxides and CO,, using CO; to deactivate the alkoxide initiator for
lactone ROP.”#7> The difficulty of fully removing or consuming a gaseous reagent as opposed to
fully consuming an anhydride often requires extensive purging steps with a neutral gas like
nitrogen or argon. Nevertheless, with one combination of monomers, their group was able to use
switchable catalysis to easily synthesize triblock copolymers of cyclohexene oxide, e-decalactone
and COz with vastly different physical properties (Scheme 1.15).% By varying the total weight
percentage of the rigid polycarbonate blocks in relation to the amorphous polyester blocks they
were able to easily tune the mechanical properties. At 50 wt. % polycarbonate content the
copolymer was a tough plastic, but at 20 wt. % polycarbonate the copolymer was a sticky

adhesive. Other groups have also used CO; pressure to switch between lactone ROP and
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Scheme 1.15. One-pot copolymerization of cyclohexene oxide, €-decalactone and CO2 to produce triblock
copolymers with widely-tunable, mechanical properties.
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epoxide-CO2 ROCOP to make blocky33%78 or statistical*3? copolymers of polyesters and
polycarbonates from a variety of monomers.

Chemically-switchable polymerization has also been applied in systems that can switch
between ring-opening polymerizations and other polymerization mechanisms by changing the
nature of the initiator or the active catalyst. Poli and coworkers demonstrated the one-way
switch from cobalt salen catalyzed epoxide-anhydride ROCOP to acrylate organometallic
mediated controlled radical polymerization (OMRP) through the addition of carbon monoxide
and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPQ).3> The addition of carbon monoxide forms a
cobalt-acyl initiator that in the presence of TEMPO can initiate methyl or n-butyl acrylate
polymerization. The OMRP of acrylates was only active in the presence of light, thus making this
system both chemically and photo-switchable.

A similar reaction was demonstrated by the Tang et al. for the cyclization of
polycarbonates derived from epoxide and CO,/anhydrides (Scheme 1.16).26 When vinyl-terminal
carboxylates are used as initiators with cobalt-salen catalysts for epoxide-anhydride ROCOP the

polymerization can first be chemically switched off using carbon monoxide which inserts into the
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metal alkoxide. The newly formed cobalt-acyl species can then undergo organometallic mediated
controlled radical cyclization under white light. Cyclization was favorable for polymers of low to
moderate molecular weights (3.9-16.2 kDa) with only small shoulder peaks observed by size-
exclusion chromatography (SEC) for intermolecular rather than intramolecular coupling. Tadpole
polymers could also be formed after cyclization upon the addition of methyl acrylate to the cobalt

alkyl, representing a novel way to synthesize cyclic and tadpole shaped polymers.

Scheme 1.16. Copolymerization of propylene oxide and phthalic anhydride by cobalt salen catalyst, 1.17,
followed by the one cyclization driven by the addition of carbon monoxide and then white light
organometallic mediated controlled radical cyclization. Synthesis of tadpole-shaped copolymers from pre-
formed cobalt(lll) alkyl cyclic polyester, 1.18, and methyl acrylate by OMRP.
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1.3 Photoswitchable Ring-opening Polymerization

While photoswitchable ROP and ROMP is not as well developed and industrially adopted
as light-controlled radical polymerization,?’ there has been progress designing catalysts suitable
for a wide-range of monomers.8283 Photoswitchable catalysis generally relies on either inducing
structural changes in a catalyst that change its reactivity or by promoting an electron to a redox-
active excited state that can activate a monomer or catalyst.?%?7

Harada and coworkers synthesized a photoswitchable catalyst that utilized the trans/ cis
isomerization of a cinnamoyl group-functionalized a-cyclodextrin to control the steric
environment of the active site.3* The trans isomer, 1.19, was active for valerolactone ROP leading
to a high monomer conversion (82 %). The sterically crowded cis isomer, 1.20, that could form
under UV radiation (Air = 280 nm) was less active for the polymerization leading to lower
conversions of (12 %) (Scheme 1.17).

A thiourea catalyst 1.21, in conjunction with tertiary amine base
pentamethydiethylenetriamine (PMDTA) was shown by Wu et al. to be photoswitchable through

Scheme 1.17. Synthesis of poly(valerolactone) by the photoswitchable polymerization of valerolactone by 2-
trans-cinnamoyl-a-cyclodextrin 1.20.
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E/Z isomerization of the azo group (Scheme 1.18).8> The more stable catalyst was also the more
active catalyst for lactide polymerization, which lead to complications during the photoswitching.
Rather than fully deactivating the catalyst in presence of blue light (Air = 450-480 nm), the
polymerization rate was only decreased from 94 % conv. to 30% conv. in 24 h. To determine if
the cause of the inefficient switching was the activity of 1.22 or incomplete isomerization the
authors examined the isotacticity of the polymer produced with and without light. The Z-isomer
1.21 and the E-isomer 1.22 would likely have different selectivities but the difference between
the polymers produced in the light and in the dark were minor (Pm =.72-0.76 vs 0.73-0.75). These
results suggest that the E-isomer is completely inactive and the difference in polymerization rate
is caused by inefficient photoisomerization of the Z-isomer.

In 2018, Diaconescu and coworkers and Hecht and coworkers each reported the
photoswitchable ROP of various lactones and cyclic carbonates occurred with the photocatalyst
1.23 and various organobases.?%%” The catalyst, in conjunction with a tertiary amine base
cocatalyst, is active for L-lactide, valerolactone and trimethylene carbonate ROP under visible
light. In the presence of UV light and the amine base, the catalyst rearranges to the inactive keto-

tautomer 1.25 (Scheme 1.19). The difference is 1.23 is a hydrogen bond donor that can activate

Scheme 1.18. Photoisomerization of azo-benzene containing thiourea 1.21 to sterically-congested species 1.22

and its influence on lactide ROP in the presence of an amine base PMDTA.
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the monomer carbonyl, while 1.25 is not a hydrogen bond donor leading to a slight difference in
monomer activation. No matter the choice of amine base the catalysts were slow to polymerize
any of the monomers and only oligomers were formed after multiple days. 1.23 was more active
for valerolactone ROP than 1.25, and both catalysts were equally reactive for trimethylene
carbonate ROP. The relative ratio of poly(valerolactone) in copolymers of valerolactone and
trimethylene carbonate could be slightly tuned from 10: 7 trimethylene carbonate: valerolactone
in UV light to 3: 4 trimethylene carbonate: valerolactone in visible light.8¢

Chen and coworkers reported that zinc half-salen catalysts 1.26 was able to undergo
photoisomerization through a pendant azo group to induce photoswitchable polymerization
(Scheme 1.20). Catalyst 1.26 is less electron rich due to conjugation into the distant azobenzene
group, while photoisomerization should break this conjugation and lead to more electron rich
1.27. Unfortunately, the monomer conversions were only slightly impacted for a variety of
lactones and cyclic carbonates in presence or absence of light (Airr = 365 nm). Even for the

copolymerization of &€-caprolactone and trimethylene carbonate there were only slight

Scheme 1.19. Light and base driven photocyclization of phenolic species 1.23 to the keto-tautomer 1.25 and
the difference in catalyst reactivity towards valerolactone and trimethylene carbonate ROP.
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differences in overall monomer incorporation depending on if the polymerization was performed
in the light (6: 13 €-caprolactone: trimethylene carbonate) or dark (15: 44 &-caprolactone:
trimethylene carbonate). Similarly to Wu and coworkers’ findings with a photoisomerizable
azobenzene installed on thiourea catalysts,® it was possible that not all of the catalyst was
undergoing isomerization. If only a small proportion of 1.26 is isomerizing to 1.27 under
irradiation that could explain the minor reactivity differences in light and dark conditions.
Photocyclization is another common method for inducing structural and electronic
changes?*®® and Bielawski and coworkers were able to modify NHCs bearing photoactive
thiophene groups to control valerolactone ROP.?* The cyclization of the thiophene groups of
precatalyst 1.28 forms 1.29 (Scheme 1.21), which is less electron rich due to increased
conjugation. After deprotonation with sodium hexamethyldisilazane (NaHMDS), 1.28 is active for
valerolactone ROP, while 1.29 is inactive. This catalyst pair displayed low reversibility as 13 % of
1.28 decomposes to insoluble byproducts after 1 hour of UV radiation (Air=313 nm) and 2 hours

of visible light irradiation (Airr > 500 nm). This degradation over time limits the total number of

Scheme 1.20. Photoisomerization of a zinc half-salen catalyst 1.26 bearing a pendant azobenzene group to
change the reactivity of the catalysts towards lactide ROP.
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Scheme 1.21. Photocyclzation of dithiophene bearing N-heterocyclic carbene precatalyst 1.28 to 1.29 and its
influence on valerolactone ROP.
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times this system could be switched before significant reductions of catalyst activity were
observed.

Boyer and coworkers utilized a photoacid 1.30 for the photoswitchable polymerization of
valerolactone (Scheme 1.22a).88 Under a blue light (Airr= 460 nm, 0.7 mW/ cm?), photocyclization
of 1.30 to 1.31 was induced, which creates a potent Brgnsted acid. The acid activated
valerolactone for ROP by alcohol initiators and the polymerization reaches high conversions of
88 % in 22 hours with a modest degree of polymerization (DP = 44). Under ambient light (0.1
mW/ cm?) the conversion is lower (25 %, DP = 13) and the dispersity is broader (Mw/Mn=1.18 vs.
1.27) indicating a smaller amount of 1.31 is being formed is being formed. Photocatalyst 1.30 was
then paired with another photocatalyst tetraphenylporphyrin zinc 1.32 for simultaneous photo-
induced energy transfer reversible addition-fragmentation transfer (PET RAFT) polymerization of
methyacrylate and the ROP of valerolactone. For this Janus-type copolymerization a bifunctional
thiocarbonate-alcohol initiatior 1.33 was used to provide sufficient initiators for both monomers.
Under blue light the photoacid 1.31 is produced while 1.32 is inactive (Scheme 1.22b). Under red
light, both catalysts are active and both methyl acrylate and valerolactone are consumed, but the

rate of ROP for valerolactone is slower. After a second switch from red light to blue light,

methacrylate polymerization is halted and the rate of ROP for valerolactone increases. A final
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switch from blue light to red light was performed and again both methacrylate and valerolactone
continue polymerizing, showing that both catalyst remain active. This dual photocatalyst offers
insights into the challenges inherent in finding two photocatalysts with sufficiently different
absorption ranges for well-defined photo switches. Nevertheless, these results could lead to
future copolymerizations with multiple photocatalysts undergoing mechanistically distinct
copolymerizations for complex copolymer synthesis.

Boydston and coworkers demonstrated that exposing 2,4,6-tri-(4-methoxy)pyrylium
tetrafluoroborate 1.34 to light leads to an effective catalyst for the ROMP of norbornene (Scheme
1.23).%> At a 1000: 1.0: 0.03 ratio of norbornene: vinyl ether: photocatalyst with a blue LED light
(Airr = 450-480 nm), 88 % conversion was obtained in only 30 minutes, displaying excellent

molecular weight control and a relatively narrow dispersity for ROMP (M, = 60.2 kDa, Mw/M =

Scheme 1.22. (a) Photoacid 1.30 catalyzed polymerization of valerolactone. (b) Dual photocatalysts for the
Janus-type copolymerization of methacrylate and valerolactone.
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Scheme 1.23. Metal-free ROMP of norbornene catalyzed by a pyrillium photocatalyst 1.34, initiated by vinyl

ethers.
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1.6). In the absence of light, no polymer is formed and the polymerization could be turned on

and off without a noticeable loss in activity.

Bielawski and coworkers developed a variant of the Hoveyda-Grubbs second generation
catalyst 1.35 bearing pendant thiophene moieties on the NHC for photocyclization.®® Under
visible light, the spectator NHC ligand is not cyclized and the catalyst is active for the ROMP of
cyclooctadiene (Scheme 1.24). UV light induced cyclization on the spectator ligand which led to
a less reactive catalyst and a long induction period was observed for ROMP. This catalyst could
be switched in-situ between the more active open catalyst and the less active cyclized species,
because the photoswitchable moiety was located on the spectator ligand rather than the

initiator.

Scheme 1.24. Photoswitchable ROMP of cyclooctadiene catalyzed by a Hoveyda-Grubbs variant 1.35 bearing a
photoswitchable thiazole ligand.
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Lemcoff and coworkers were able develop to inactive variants of the Grubbs second
generation catalysts 1.37 containing bulky tribenzyl phosphite ligands that forces the alkylidene
ligand into a cis orientation (Scheme 1.25).%° Upon the application of UV light (Airr = 385 nm) the
catalyst is believed to rearrange into the more reactive transalkylidene that is then active for
ROMP. UV light was then applied to a neat solution of dicyclopentadiene and 1.37 to initiate
ROMP cross-linking. By using digital light processing to program patterns, 1.37 was used for
stereolithography to design patterned surfaces.

Scheme 1.25. Stereolithography by ROMP of DCPD with a deactivated catalyst Grubbs Il type catalyst 1.37. UV
light activates the catalyst to induce cross-linking of dicyclopentadiene.
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1.4 Redox-switchable Ring-opening Polymerization

The variety of easily accessible oxidation states that many metal complexes can
accommodate has supported a number of redox-switchable polymerization reactions. Chemical
oxidants and reductants have enabled rapid switching to produce blocky copolymers,3*°! initiate

in-situ crosslinking®® and produce patterned surfaces.3® An increasing focus has been replacing
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chemical oxidants and reductants with more sustainable alternatives.?%3° Electrochemical redox
reactions have been demonstrated both in solution?® and on surfaces,® which could allow
programmable copolymerizations in the future.

The earliest example of a redox-switchable ROP was demonstrated by Gibson and
coworkers with a titanium salen bisalkoxide catalyst 1.38 that had variable reactivity toward
lactide ROP depending on the oxidation state of ferrocene moieties bound to the salen ligand
(Scheme 1.26). This catalyst was more active in its reduced form and less active in the oxidized

form 1.39.

Scheme 1.26. Redox-switchable, catalyst consisting of a titanium-salen complex 1.38 containing pendant
ferrocene moieties. When the ferrocene moieties are reduced the complex is active for lactide polymerization,

while the polymerization is much slower when the ferrocene moieties are oxidized.
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In 2011, Diaconescu and coworkers developed the first, completely orthogonal redox-
switchable polymerization with yttrium phosphasalen catalysts 1.40 and 1.41 containing pendant
ferrocene moieties.?® Similarly to Gibson’s catalyst, the oxidation and reduction of the ferrocene
changed the electron density of the bound transition metal catalyst (Scheme 1.27). Lactide
polymerization proved to be highly sensitive to the oxidation state as both catalysts were active
in their more nucleophilic reduced forms and inactive in their more electrophilic oxidized forms.

The Diaconescu group noted the same trend with a similar cerium(lll)-ferrocenylphosphasalen
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Scheme 1.27. Site of oxidation for various redox-active lactide polymerization catalysts. Reduced moiety is in
red and oxidized moieties are in blue. For all catalyst redox pairs, the reduced species were more active for
lactide ROP than the oxidized species.
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catalyst 1.42 and 1.43 as well as a cerium(lll) salen 1.44 and 1.45 where both sets of complexes
displayed completely orthogonal lactide polymerization, being active in the reduced form and
inactive in the oxidized form.?* X-ray absorption near-edge structure (XANES) analysis of both
sets of complexes indicate that the oxidation takes place at cerium and not on ferrocene for 1.42.
These results were corroborated by Mossbauer spectroscopy for 1.42 whose isomer shift is
similar to ferrocene and is only slightly shifted from 1.42 at 0.53 mm™ to 1.43 at 0.55 mm™.
Notably, these are the first examples where the metal being subject to the redox-switches was
also the metal at the active site for ring-opening polymerization. These two design principles offer
complementary methods for designing redox-active catalysts

In 2014, Diaconescu and coworkers. demonstrated the redox-switchable

copolymerization of L-lactide and €-caprolactone with titanium salfan alkoxide catalyst 1.46 and
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Scheme 1.28. Redox-switchable copolymerization of L-lactide and €-caprolactone by titanium-salen complex
1.46 containing a pendant ferrocene moiety.
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1.47 (Scheme 1.28).° 1.46 was more active for L-lactide polymerization than 1.47 and less active
for €-caprolactone ROP and vice versa for g€-caprolactone. Neither catalyst was completely

orthogonal in reactivity towards the homopolymerization of either monomer, regardless, the
differences in reactivity depending allowed the Diaconescu group to synthesize blocky
copolymers from a mixed monomer solution through redox-switching (Scheme 1.28). While the
first block was predominantly composed of poly(lactic acid) the second block had an almost 1: 1

incorporation of L-lactide and €-caprolactone, demonstrating the challenges of designing

catalysts that can effectively switch between similar monomers as well as more complicated
reactivity ratios for mixed solutions.

In 2013, Byers and coworkers synthesized iron bis(imino)pyridine alkoxides catalyst 1.48
that could be oxidized with chemical redox-reagents to 1.49. This catalyst pair was also active for
rac-lactide polymerization in the reduced form of the catalyst and completely inactive in the
oxidized form.® The Byers group later noted that this catalyst pair was competent for the doubly
orthogonal redox-switchable ROP of rac-lactide and the cyclohexene oxide (Scheme 1.29).°6 The

ROP of rac-lactide was active for 1.48 and inactive for 1.49 while the inverse was true for the ROP
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Scheme 1.29. Redox-switchable iron bis(imino)pyridine alkoxide catalyst 1.48 displays orthogonal reactivity
towards rac-lactide and cyclohexene oxide depending on oxidation state. Catalyst oxidation state can be
altered with both chemical redox reagents and electrochemistry reversibly.
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of cyclohexene oxide. The selectivity for each monomer matched expectations as previous
catalysts for the ROP of cyclohexene oxide have been catalyzed by electrophilic metal centers or
organic Lewis acids. It was noted that rac-lactide ROP had living characteristics, while
cyclohexene oxide ROP was notably less controlled as seen from the higher than expected
molecular weights and the broad dispersity of the polymer (Mw/Mn= 2.2). Nevertheless, with this
catalyst block copolymers of rac-lactide and cyclohexene oxide were synthesized cleanly from a
solution of mixed monomers for the first time.

Subsequently, the Diaconescu group published a synthesis of tri-block copolymers of L-
lactide and cyclohexene oxide using zirconsium salfan 1.50 (Scheme 1.30).°” Following a similar
trend as those observed by the Byers and Diaconescu groups had previously reported, the
reduced catalyst 1.50 was active for L-lactide polymerization while 1.51 was completely inactive,
and the oxidized catalyst 1.51 was active for epoxide polymerization while 1.50 was completely
inactive. When the copolymerization was carried out, clean tri-block copolymers could be
synthesized starting from either monomer. It was noted that the oxidant, ferrocenium

tetrakis[bis(trifluoromethyl)phenyl] borate (FcBArt4), was an excellent initiator for cyclohexene
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oxide polymerization, so copolymerizations were achieved through sequential addition of
monomers and oxidants to prevent unwanted cyclohexene oxide homopolymerization during
oxidant addition, unlike the copolymerization reaction reported by Byers and coworkers which
used ferrocenium hexafluorophosphate as the oxidant.

The Diaconescu group have since developed a family of ferrocene containing, redox-
active complexes®®1%> in order to better understand the relationship between ligand, design,
metal choice and monomer reactivity through both from experimental results and DFT
calculations.?>1%4 Currently, these models have not been applied to make predictions for future
catalyst development due to complications involving the large number of variables from both the
diverse ligand frameworks as well as the metal active sites. A more systematic variation of ligand
parameters involving a single metal center may prove to be more efficient for developing

predictive models.

Scheme 1.30. Redox-switchable zirconium salfan alkoxide catalyst 1.50 displays orthogonal reactivity towards
L-lactide and cyclohexene oxide depending on oxidation state of the ferrocene moiety.
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The Byers group was able to use the same catalyst used for rac-lactide-cyclohexene oxide
copolymerization, 1.48, for the redox-switchable ROP of a monomer containing both a lactide-
like cyclic diester and a pendant epoxide to demonstrate in-situ cross-linking (Scheme 1.31).%?
Pre-polymer length was controlled from the catalyst ratio of the bifunctional monomer to 1.48
while cross-linking could be initiated by oxidation to 1.49. The cross-linking density correlated
with amount of time 1.49 spent in solution allowing the glass transition temperature (Tg) to be
increased from 15 °C of the prepolymer to 74 °C for the cross-linked polymer.

Redox-switchable ROMP was first demonstrated when Plenio and coworkers. synthesized
a catalyst inspired by the Hoveyda modification to Grubbs second generation olefin
polymerization catalyst.1% The initiator was a modified alkylidene bound to a ferrocene imine.
When the ferrocene was oxidized the imine would more loosely coordinate to ruthenium making
the catalyst more reactive for the ROMP of norbornene. By placing the redox-active moiety on
the initiator this system was not able to be switched on and off mid-polymerization which limits

the potential applications for switchable polymerizations.

Scheme 1.31. Polymerization and in-situ crosslinking of a cyclic diester-epoxide through redox-switchable
polymerization.
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Spectator ligand and metal-centered oxidations have also been investigated and these
systems can be switched on or off mid-reaction. Bielawski and coworkers. discovered that metal
centered oxidations of commercial Ruthenium catalysts would induce catalyst precipitation and
thus allow the catalyst to be easily removed and recycled.®” To modify reactivity, the Bielawski
group modified a Grubbs second generation catalyst with a ferrocene appended to the NHC 1.54
(Scheme 1.33a). 1% The reduced complex was a better catalyst for ROMP because the NHC is a
better donor promoting phosphine dissociation, while the oxidized complex 1.55 has a worse
NHC donor ligand and the catalyst is less active for metathesis. In 2016, Diaconescu and
coworkers reported a palladium-ferrocene catalyst 1.56 that can be turned on and off for
different norbornene derivatives (Scheme 1.33b). For this catalyst an electron deficient palladium
is needed to activate the olefin and thus the electron-deficient oxidized catalyst 1.57 is more
active and the electron-rich reduced species 1.56 is less active for ROMP.1%° While the above
catalysts both demonstrated orthogonal reactivity for catalysts in different oxidation states, this
type of redox-switchable ROMP has not been used to make novel materials in the same way that

photoswitchable ROMP has been utilized which could be an exciting avenue for future studies.

Scheme 1.32. Redox-switchable initiation of norbornene ROMP with a Hoveyda-Grubbs type catalyst
containing a ferrocene moiety on the alkylidine initiating ligand.
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While previous systems have all involved chemical redox-reagents for both ROP and

ROMP reactions, Byers and coworkers demonstrated the ability to use electrochemistry to

replace chemical redox reagents for redox-switchable ROP of rac-lactide and cyclohexene oxide

(Scheme 1.34a).2° When 1.48 was electrochemically oxidized to 1.49 the resulting complex was

active for cyclohexene oxide ROP and inactive for rac-lactide ROP. When 1.49 was

electrochemically oxidized to 1.48 the resulting complex was active for rac-lactide ROP and

inactive for cyclohexene oxide ROP. These results correlate to the reactivity of each complex after

chemically oxidation/ reduction. When 1.48 was oxidized and reduced repeatedly during rac-

lactide polymerization the dispersity of the polymers were always broader after a cycle of

electrochemical switching. This is believed to be due to mass-transport to the electrode

amplifying the natural dispersities of the polymerization reaction (Scheme 1.34b). The

Scheme 1.33. a) Redox-switchable initiation of norbornene ROMP with a modified Hoveyda-Grubbs Il catalysts
containing a ferrocene moiety on the NHC spectator ligand. b) Redox-switchable ROMP of a silyl ether
containing norbornene derivative containing a silyl ether by a cationic palladium complex bearing a ferrocene-

containing ligand.
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Scheme 1.34. a) Electrochemically redox-switchable polymerization of rac-lactide and cyclohexene oxide. b)
Magnification of pre-existing polymer dispersity by mass-transport to the electrode during electrochemical
redox-switchable polymerization.
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polymerization of lactide by 1.48 may be living, but the dispersity of the polymers is not exactly

1.0 before electrochemical oxidation, therefore some iron catalysts will have slightly longer
poly(lactic acid) chains. These complexes will be more massive and therefore diffuse more slowly
and polymerize more lactide before being oxidized at the electrode than iron catalysts with
shorter poly(lactic acid) chains. With each subsequent oxidation and reduction cycle this disparity
grows wider as does the polymer dispersity.

An application of electrochemically redox-switchable ROP was the synthesis of patterned
surfaces.?? By reacting the hydroxyl groups on the TiO2 surface with iron bis(imino)pyridine dialkyl

1.58, surface-bound Iron catalysts could be synthesized onto both solid TiO2 nanoparticles and
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TiO2 coated plates (Scheme 1.35). Surface-bound iron nanoparticles 1.59 were active for lactide
ROP, and the polymer could be cleaved off of the surface by reacting the titanium carboxylate
end groups with methyl iodide (Scheme 1.35a). The resulting polymer had a slightly broader
dispersity (Mw/Mn = 1.46) than was previously reported for homogenous iron bis(imino)pyridine
alkoxide catalyst 1.48 (M./Mn = 1.16) > which we attribute to mass transport of monomer to the
catalyst surface. Upon the chemical oxidation of 1.59 with ferrocenium hexafluorophosphate,
the oxidized complex 1.60 was formed. This species was active for cyclohexene oxide ROP and
this polymer could also be removed through treatment with methyl iodide. Again this polymer
possessed a broader dispersity (Mw/Mn = 3.08). than had previously been observed for
poly(cyclohexene oxide) produced from homogenous catalyst 1.49 (Mw/M,, = 2.20).%¢

The 1.59 and 1.60. iron complexes were analyzed through Mossbauer spectroscopy to
determine the oxidation state of the surface bound species. 1.59 consisted of a major species
with an isomer shift of 1.09 mm/s which is similar to molecular iron (Il) species 1.48. The minor
species had an isomer shift of 0.42 mm/s which is similar to the cationic, formally iron (lll) species
1.49. This may indicate some electron transfer from the titania surface to iron complexes on the
surface.'? 1.60 consisted of a major species with an isomer shift of 0.49 mm/s which is similar to
the cationic formally iron (l11) species 1.49 and a minor species with an isomer shift of 1.28 mm/s
which is similar to the molecular iron (1) species 1.48. The persistence of iron (Il) species after
oxidation is attributed to Inefficient oxidation of the titania nanoparticles as some of iron (ll)

complex could be inaccessible to the ferrocenium oxidant.1°
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Scheme 1.35. a) The anchoring of redox-active, iron(ll) bis(imino)pyridine alkyl complex 1.58 onto TiO>
nanoparticles. B) The anchoring of redox-active, iron(ll) bis(imino)pyridine alkyl complex 1.58 onto layered
surfaces consisting of TiO2 nanoparticles on a layer of FTO on glass slides. Complex was active for separate

polymerizations in each redox-state.
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Theiron bound catalysts on titania plates 1.63 was also reactive for lactide polymerization
leading to surface bound polymer 1.65 (Scheme 1.35b). 1.63 could be electrochemically oxidized
to 1.64 which was reactive towards cyclohexene oxide. By oxidizing only half of a plate containing
anchored iron complex 1.63 to 1.64, both lactide and cyclohexene oxide could be selectively
polymerized on their respective section of the plate. There were minor impurities of polyether
on the reduced section of the plate and polyester on the oxidized section. This was believed to
be due to incomplete oxidation/ reduction of iron catalyst on the titania surface as was observed
on the surface anchored nanoparticles. These redox-active surfaces could be used in the future
to synthesize complex patterned surfaces for sensors or electronic devices through more

sophisticated and precise patterning.

1.5 Conclusion

Switchable, ring-opening polymerization was only developed in the last 20 years, but,
already, it has proven to be a versatile technique for producing copolymers, especially block
copolymers.?11t While chemically-switchable polymerization has been utilized to make
copolymers with large block sizes and up to four monomers,*! the architectures and monomer
scope demonstrated for photoswitchable and redox-switchable polymerizations is still being
developed. Although light is an operationally simple stimulus to apply to reactions,
photoswitchable polymerizations have not yet demonstrated the ability to produce unique
polymers using ROP.82 Photo-switchable ROMP, in contrast, has been used to effectively

demonstrate its potential for in-situ cross-linking and surface functionalization.®® Redox-
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switchable ROP is currently limited to lactones, cyclic carbonates, epoxides while no switchable
ROCOP methods have yet been demonstrated. Accessing a wider variety of monomers will allow
for a greater diversity of copolymers. Additionally, non-stoichiometric redox switching could be
an important technique in the future for synthesizing tunable gradient or even statistical
copolymers of normally incompatible monomers. Exciting future directions include the expansion
of photoredox reactions to ring-opening polymerizations to replace stoichiometric chemical
reagents and mass-transport-limited electrochemical stimuli. Switchable, ring-opening
polymerization will continue to be a promising area of research as more unique copolymers and
applications are developed.

In the following chapters | will cover my efforts towards expanding the monomer scope
of redox-switchable copolymerizations The second chapter will cover redox-switchable L-lactide
ROP and propylene oxide-CO; ROCOP using cobalt salen catalysts and potassium cryptand
alkoxides. The third chapter will cover the redox-switchable polymerization of N-

carboxyanhydrides as well as their copolymerization with €-caprolactone and cyclohexene oxide

using iron bis(imino)pyridine catalysts. The final chapter will detail the efforts made to expand

redox-switchable N-carboxyanhydride polymerization to semiconductor surfaces.
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2.0 Chapter 2. Redox-switchable Polymerization by Chain-transfer (ReSPCT): A Versatile

Method for the Copolymerization of Lactones, Epoxides and Carbon Dioxide

2.1 Introduction

Plastic waste is a growing problem as both production and consumption continue to
grow exponentially.® A combination of strength, lightness and affordability have made plastics
indispensable for modern society. While recycling is being pursued for single-use food and
medical packaging, virgin polymer is still preferred due to polymer contamination leading to
recycling® as well as hygienic and food safety issues.? Biodegradable plastics are a promising
replacement for some of these single-use plastics.3> Common biodegradable polymers
including poly(lactic acid), which occupies a large portion of the bioplastics production in global
markets, including 18.7 % of the European bioplastic plastic market as of 2018.6 Poly(lactic acid)
has achieved this market share due to the easily accessible monomer, lactide, which is in turn
derived from starch and sugar sources including corn’ and sugar cane.” Additionally,
enantiopure poly(L-lactic acid) is a hard and strong plastic allowing it to be used for rigid
packaging and disposable cutlery®. However, its low flexibility, brittleness and poor barrier
properties make it undesirable for food packaging films.® There are few examples for the direct
modification of lactide'®! and the synthesis of lactide derivatives generally relies on different
feed stocks'?>71> than sugar-derived lactic acid, changing the cost-benefits.

Poly(propylene carbonate), a biodegradable, aliphatic polycarbonate synthesized from

propylene oxide and CO,, possesses physical and mechanical properties that are
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complementary to poly(L-lactic acid). It is an amorphous and flexible polymer with excellent
barrier properties towards water and oxygen.'®=8 Developments in epoxidation reactions have
supported facile synthesis of epoxides from alkenes with a number of functional groups and
with high enantioselectivity.'>?° The abundance of suitable natural and petrochemical olefin
feedstocks?! simplifies further fine-tuning the thermal and mechanical properties of epoxide-
derived polycarbonates through copolymerization??%* while also offering opportunities to
introduce reactive functional groups.?*

Although blends of the poly(propylene carbonate) and poly(lactic acid) have been
produced, only partial compatibility?>=?’ was observed between the two polymers which can be
enhanced with additives.?®2° Copolymers of poly(propylene carbonate) and poly(L-lactic acid)
can be synthesized in-situ through the addition of anhydrides,3%3! epoxyacrylates?® and
peroxides3? or through transesterification of the two polymers.33 Copolymers made in-situ have
demonstrated benefits in both improving the toughness®3 and barrier properties?® of poly(L-
lactic acid), but lack well-defined structures. The mechanical properties of well-defined block
copolymers of poly(L-lactic acid) and poly(propylene carbonate) are underexplored in
comparison. The development of new strategies to produce well-defined copolymers of
poly(propylene carbonate) and poly(L-lactic acid) could find uses as biodegradable elastomers,
films or as compatibilizers for blending the homopolymers. Methods used for the
copolymerization of lactide, CO; and propylene oxide could be applied to other lactones and
epoxides as poly(L-lactic acid)’s crystallinity generally leads to poor blend compatibility, but

copolymers are well known for their use as compatibilizers.3°
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In the previous chapter, we mentioned various chemically-switchable or pressure-
switchable methods for making copolymers of L-lactide, propylene oxide and CO,. Darensbourg
and coworkers used a bifunctional cobalt-salen complex 2.1 bearing a pendant ammonium
group in conjuction with a bis(triphenylphosphine)iminium 2,4-di(ntro)phenolate (PPNDNP)
cocatalyst (Scheme 2.1A).34 First, propylene oxide-CO; ring-opening copolymerization (ROCOP)
was used to form polycarbonate polyols. Then, when the CO; pressure was released, lactide,
1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and additional solvent were added to the solution.
The polycarbonate polyols from the first step act as initiators for lactide polymerization. This
method produced polymers with narrow dispersities (Mw/Mn< 1.1), but only a-w-hydroxy-
telechelic triblock copolymers with a BAB structure could be produced this way.

Chen and coworkers developed a pressure-switchable terpolymerization of L-lactide,
propylene oxide and CO; through a chromium salen catalyst 1.16 and DBU cocatalyst (Scheme
2.1b).3°> Under high CO; pressure the catalysts were active for propylene oxide-CO2 ROCOP
while L-lactide ring-opening polymerization (ROP) was activated after CO, was removed. Under
these conditions, diblock copolymers could be synthesized starting from either monomer. A
drawback to this CO;-controlled switching is that extensive purging with argon is needed to
remove residual CO,in order to reactivate the catalyst for lactide ROP. Significant production of
unwanted cyclic carbonate (35 % selectivity for propylene oxide) was also observed during
epoxide-CO2 copolymerization.

The Chen group were also able to demonstrate the simultaneous copolymerization of L-
lactide, propylene oxide and CO; through a three component catalytic system consisting of a

cobalt(ll)-based dimer 2.2, a cobalt(lll)-based dimer 2.3 and PPNCI (Scheme 2.1c). The role of
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each catalyst was systematically determined. 2.2 in conjunction with PPNCI was active, but slow
for L-lactide ROP. 2.2 and PPNCI were unselective for polycarbonate formation during
propylene oxide-CO, ROCOP. producing primarily cyclic carbonate. 2.3 in conjunction with
PPNCI was active for L-lactide ROP and selective for polycarbonate production during propylene
oxide-CO, ROCOP. Surprisingly, when 2.2, 2.3 and PPNCI were all combined propylene oxide-
CO; ROCOP proceeds significantly faster. Additionally, 2.3 and PPNCI were inactive for L-lactide
ROP in the presence of CO,, but upon the addition of 2.2 L-lactide ROP proceeded. When all
three catalysts are together, both propylene oxide-CO, ROCOP and L-lactide ROP occur
simultaneously producing random, multi-block copolymers of poly(lactic acid) and
poly(propylene carbonate) of modest molecular weights (Mn= 3.8- 13.6 kDa) and narrow to
broadened dispersities (Mw/Mn= 1.19- 1.47). Poly(lactic acid) rich copolymers possessed
broader dispersities suggest lactide ROP was not as well controlled. Cyclic carbonate
byproducts were also observed with 6-14 % selectivity.

Heterogeneous catalyst systems3639 have been utilized for the simultaneous

polymerization of lactide, propylene oxide and CO; to produce statistical and gradient
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Scheme 2.1. Previous methods for the copolymerization of lactide, propylene oxide and COzin
one-pot. a) COz2-switchable copolymerization of propylene oxide and COz and then lactide by
sequential addition of monomers. b) COz-switchable copolymerization of lactide then propylene
oxide and COz. c) Statistical copolymerization of propylene oxide, COz and lactide by a three
component catalyst system.
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copolymers with high degrees of tunability in lactide incorporation in exchange for broad
dispersities®3? and/or unwanted polyether production.3”:3° For other lactone and epoxide

combinations, Williams*%-43

and Rieger**> independently used single catalyst systems to
synthesize various multi-block copolymers and even statistical copolymers at low CO; pressures
with B-butyrolactone. However, reactions involving single catalysts are limited in monomer
scope because that one catalyst has to be efficient for both ROP and ROCOP.

Our group has developed redox-switchable polymerization and copolymerizations of
lactide and cyclohexene oxide,*®=>° but the redox-switchable ROCOP of epoxides and CO; have
not yet been reported in the literature. Typical methods for controlling ring-opening
polymerizations with redox chemistry have primarily relied on the oxidation and reduction of
iron with few exceptions.>! Cobalt salen catalysts have not been utilized for redox-switchable
ring-opening polymerization despite the fact that cobalt(ll) salen complexes 2.1 were shown to
be easily oxidized by ferrocenium salts into cobalt(lll) salen that are active for propylene oxide-
CO; copolymerization in the presence of nucleophilic PPNX salts (Scheme 2.2).52

Cobalt(ll) salen complexes lack nucleophilic ligands and are too electron rich for
electrophilic monomer activation. We recognize the opportunity to pair a nucleophilic

cocatalyst active for lactide ROP with cobalt(ll) salen complexes to form a redox-switchable

copolymerization catalyst (Scheme 2.3a). In this work, a cobalt(Il) salen catalyst in conjunction

Scheme 2.2. Formation of active catalyst for propylene oxide-CO2 ROCOP through in-situ
oxidation of cobalt(II) catalyst 2.4 in the presence of a nucleophilic cocatalyst.
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with a nucleophilic 2.2.2-cryptand-potassium alkoxide demonstrates the Redox-Switchable
Polymerization by Chain Transfer (ReSPCT) of lactide, propylene oxide and CO; to synthesize
blocky or statistical copolymers depending on the ratio of cobalt(ll) to cobalt(lll) (Scheme 2.3b).
Oxidation and reduction of the cobalt-based catalyst drives chain transfer between the active
catalysts for L-lactide ROP and propylene oxide-CO, ROCOP. Unlike previous systems developed

for the synthesis of copoly(ester-carbonates) This system was highly tunable and presents a

Scheme 2.3. Accessing blocky and statistical copolymers of L-lactide, propylene oxide and CO2 through
redox-switchable polymerization by chain transfer (ReSPCT). A) Selectivity of catalysts for lactide ROP or
propylene oxide-CO2 ROCOP depending on oxidation state of the cobalt salen catalyst. b) Demonstration of
how ReSPCT can be utilized to synthesize blocky and statistical copolymers of lactide, propylene oxide
and COz. Sliders represent the relative ratio of cobalt(II)-based to cobalt(IlI)-based catalyst in the reaction
mixture at any given point in the reaction with the top position being 100% cobalt (II) and the bottom
representing 100% cobalt(III).
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uniqgue method for controlling reactions that could find uses outside of polymerization

chemistry with other multi-catalyst reactions.

2.2 Initial Screening of Catalysts for L-lactide ROP

Cobalt-salen catalysts in tandem with a number of anionic salts and organobases have
been efficient catalysts for the ROCOP of epoxides and CO, but not for L-lactide ROP (Scheme
2.4).°3>* However some of the cocatalysts had previously demonstrated living L-lactide ROP in
the absence of cobalt(Ill) based catalysts.>>® 18-crown-6 with potassium salts were particularly
interesting to us because discrete potassium alkoxides had previously been combined with the
18-crown-6 for L-lactide ROP.>> Metal alkoxides are common intermediates for both epoxide-
CO; ROCOP and L-lactide ROP and thus provide an area where the two catalytic cycles could be
bridged.

We hypothesized that redox-switchable polymerization would be possible for L-lactide,

propylene oxide and CO; with a combination of 18-crown-6 potassium alkoxides and cobalt(ll)

Scheme 2.4. Representative cocatalysts used for epoxide-CO2 ROCOP with cobalt salen complexes.
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salen complex 2.4 (Scheme 2.5). Under this design 18-crown-6 potassium tert-butoxide 2.5-
KO'Bu would carry out L-lactide ROP with electron-rich 2.4 acting as a spectator. 2.4 could be
then be oxidized in the presence of 2.5-KO'Bu to form an electron-deficient cobalt(lll) salen
cation that could bind up to two alkoxide anions to form 2.6. 6-coordinate cobalt(IIl) alkoxides
are believed to be the active species for epoxide-CO2 ROCOP>%° so we believed 2.6 would be
active for propylene oxide-CO, ROCOP.

An advantage of this system in comparison to previous CO,-switchable
copolymerizations3>®! was that switching would be rapid, as has been observed with other
redox-switchable copolymerizations,*®2%4 and unlike pressure-switchable systems which
require rigorous degassing.3>%43 Another potential benefit of redox-switchable
copolymerizations was that non-stoichiometric additions of the redox reagents would lead to a
mixed population of 2.4, 2.5-KO'Bu and 2.6 all being in solution which may allow for statistical

copolymerization of the three monomers through chain-transfer amongst the active species.
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Scheme 2.5. Original design for redox-switchable polymerization by chain-transfer (ReSPCT) for the
copolymerization of L-lactide, propylene oxide and COx.
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To test our catalyst design, we first examined if L-lactide ROP by 2.5-KO'Bu would

proceed cleanly in propylene oxide. The reaction reached 75 % conversion in 1 h with no
formation of undesired polyether. We then wanted to know if the addition of 2.4 had any effect
on L-lactide ROP (Scheme 2.6a). The presence of the cobalt(ll) complex had no noticeable effect
on lactide ROP. Next, we attempted the in-situ oxidation of 2.4 to form a cobalt (lll) salen
alkoxide complex, which we expected would be inactive for L-lactide ROP (Scheme 2.6b). Upon
the addition of ferrocenium tetrafluoroborate (FcBF4), the polymerization of L-lactide was
halted and the solution went from red to brown. Over 4 hours the color reverted to red, which
suggested the complex was decomposing to 2.4, but further L-LA polymerization did not occur.
Even 24 h after the addition of the oxidant, the polymer molecular weight and dispersity of the
poly(lactic acid) did not change .

To form the desired cobalt(lll) bis(alkoxide) complex 2.6, a 2:1 ratio of 2.5-KO'Bu to 2.4
would be needed as cobalt(lll) salen complexes with only one nucleophile per metal center are

known for requiring very high pressures of CO2 (>50 atm) for propylene oxide-CO, ROCOP,>36°
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while cobalt(lll) salen complexes with 2 or more nucleophiles per metal center are active at
much lower pressures of CO2 (5-20 atm).>>% When we attempted the in-situ oxidation of 2.4
with 2 equivalents of 2.5-KO'Bu the solution went from red to brown momentarily before
reverting to red in seconds, which suggested the cobalt(lll) complex was being reduced to 2.4.
L-lactide ROP continued and the dispersity of the poly(lactic acid) increased from M,/My, = 1.24
to Mn/My = 1.45 , which suggested at least some alkoxides were remaining active while others
were deactivated (Scheme 2.6c).

The spontaneous deactivation of cobalt alkoxides was not unprecedented in the
literature as Rieger and coworkers the deactivation cobalt(lll) porphyrin and salen catalysts to
cobalt(ll) complexes during propylene oxide-CO, ROCOP.®” During the copolymerization,
Rieger’s team observed the production of acetaldehyde as well as the TOF decreasing as the

Scheme 2.6. a) Polymerization of L-lactide by 18-crown-6 potassium tert-butoxide with and without 2.4.
b) In-situ oxidation of 2.4 during L-lactide ROP. c) In-situ oxidation of 2.4 during L-lactide ROP.
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X=0 —NlCO/N—
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VAN _ ~ o
% THF, rt,1h X=1 (\ /\|
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) ) M,(GPC) = 12.5 kDa [ '@ j
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K/O\) ©0oH'Bu
b) 2.5-KO'Bu
(o} i) 2.4 (1 equiv.)
o %O 2.5-KO'Bu (1 equiv.) ii) 1 equivFcBF4 e
=~ 0 /GH/ ;\ O;\
THF, rt,1h THF, rt, 24 h
(0]
2000 equiv 100 equiv. 75 % conv. 75 % conv.
M,(GPC) = 12.4 kDa M,(GPC) = 12.5 kDa
My/M, =1.24 MM, =1.23
c) i) 2.4 (1 equiv.)

2.5-KO'Bu (2 equiv.) o
o) \)\o ii) 1 equiv FcBF4 0
/A + j‘)\ e —— O;\ —_— O;\
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(0]
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M,(GPC) = 12.2 kDa M,(GPC) = 15.4 kDa
My/M, = 1.24 My/M, = 1.45
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Scheme 2.7. Proposed mechanism for the deactivation of cobalt(III) catalysts during the ring-opening
copolymerization of epoxides and carbon dioxide consistent with the detection of acetaldehyde.

x ol
nng 0pen|ng ’ beta-fragmentation - )j\ .
X+
X

X

reaction proceeded. An explanation consistent with these results is the beta fragmentation of
cobalt alkoxides intermediates to cobalt(ll) species, which is inactive for the copolymerization,
acetaldehyde and carbon-centered radical (Scheme 2.8).

Coates and coworkers had also noted that during the cobalt(lll) salen 2.7 catalyzed
ROCOP of propylene oxide and maleic anhydride, the complex would decompose to the
paramagnetic cobalt(ll) complex 2.4. This copolymerization also involves cobalt(lll) alkoxide
intermediates that could decompose to cobalt(ll) species. The Coates groups tested a variety of
ligand variants for ROCOP and only the substituting of a fluorine for the tert-butyl group at the
3 position lead to a long-lived complex. Cobalt(lll) salen catalyst, 2.8, did not produce any

paramagnetic cobalt(ll) species, 2.9, during ROCOP (Scheme 2.8).%8 Lu and coworkers later also

Scheme 2.8. Cobalt(III) salen complex for epoxide-anhydride ROCOP. Fluorine-containing cobalt(III)
salen complex 2.8 is resistant to autoreduction to inactive cobalt(II) species 2.9.
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demonstrated that 2.8 was competent for propylene oxide-CO; copolymerization in
conjunction with PPNX salt cocatalysts.®°

We decided replace 2.4 with a complex based on 2.9 to improve catalyst stability during
redox-switchable polymerizations. Cobalt(ll) salen 2.9 was synthesized from the addition cobalt
acetate and fluorinated salen ligand 2.10 under a nitrogen atmosphere and the compound was
isolated as a dark red powder (Scheme 2.9). Both *H and '°F NMR spectra exhibited significant
paramagnetic broadening which would be expected from a d’ cobalt(ll) compound. An

interesting feature of this complex’s mass spectra in air was the formation of a stable dioxygen

Scheme 2.9. Synthesis of cobalt(II) salen-F complex 2.9.

=N N= _ N /N
F_dOH HObF Co(OAC), (1 equiv.) _d >>: :<< < 2/
lBu t

Bu MeOH/ CH,Cl,, 0 °C, 10 min, N2 ‘ 1By
2.10 2.11
mass = 52719 mass = 559.18

1.00 H 528.19867
8 o754
c
©
i)
c
=1
Qo
< J
.g 0.50 =
E=} o
5
[7)
x ]

0.25 - 544,19387

aa?.zl?svs 5‘”']20725 il l 55c|ii.1laaz?
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m/z
Figure 2.1. Mass spectra of cobalt(Il) complex 2.9 and dioxygen adduct 2.11.
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adduct with a m/z of 560.19 (observed mass (560.19) = mass of cobalt(ll)-based complex
(527.19) + mass of 02 (31.99) + mass of proton (1.01)) (Figure 2.1). This suggests the cobalt(ll)
complex was formed since it would have an unpaired electron in a d,2 orbital that can form an
adduct with dioxygen 2.11. These oxygen adducts had been observed with similar cobalt(ll)
complexes.”%’! The solid was stable in air for months, but in organic solvents the compound will
slowly oxidize to a brown, diamagnetic species that presumably was a cobalt(lll) hydroxide.

Now with a new cobalt(ll) complex 2.9, we again attempted the in-situ redox-switching
of L-lactide ROP. A mixture of 2.9 and 2.5-KO'Bu was added to a solution of L-lactide and
propylene oxide and allowed to stir at room temperature for ten minutes (Scheme 2.10a). FcBF4
was added to the solution to oxidize the catalyst and after 4 h no additional lactide had
polymerized suggesting a stable cobalt(lll) complex had formed. We then added cobaltocene
(CoCp2) to reduce the cobalt(lll) complex back to 2.9 and reactivate L-lactide ROP. The
polymerization was active, but it was now much slower only reaching 22 % conversion an hour
after the reduction step. We independently tested L-lactide polymerization in the presence of
2.9, 2.5-KO'Bu and [CoCp2][BFa], the byproduct of catalyst reduction, and we observed a
notable decrease in polymerization rate (45 % conversion in 24 h vs. 96 % conversion in 3 h).
This slower polymerization rate was thought to be due to the cobaltocenium acting as a weak
Lewis acid binding to the alkoxide. To test this hypothesis L-lactide polymerization was

performed in the presence of decamethylcobaltocenium tetrafluoroborate ([CoCp*;][BF4]), 2.9
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Scheme 2.10. Redox-switchable polymerization of L-lactide using FcBFs and a) cobaltocene (CoCpz) or b)
decamethylcobaltocene (CoCp*2).
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and 2.5-KO'Bu and the polymerization rate was only slightly slower than the reaction without

an additive. (83 % conversion in 3 h). It is possible that factors besides Lewis acidity were

affecting lactide polymerization including electrostatic interactions between the alkoxide and

the cationic cobalt species. Regardless, we then demonstrated L-lactide ROP could proceed for

10 min to 20 % conversion, be deactivated upon the addition of FcBF4 and reactivated 4 hours

later after the addition of CoCp*; (Scheme 2.10b). The polymerization then reached 71 %

conversion in 1 hour while maintaining molecular weight control (Mn= 12.9 kDa, Mw/Mn= 1.30).
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2.3 Optimizing Homopolymerization Conditions

After finding a suitable catalyst system for redox-switchable L-lactide ROP, it was
important to determine if the catalysts were compatible for propylene oxide-CO, ROCOP. 2.5-
KO'Bu, 2.9 and FcBF4 were pre-mixed in THF/propylene oxide and then loaded into a steel
pressure bomb where it was exposed to 20 atm of CO,. No polymer or cyclic carbonate was
observed after 24 h (entry 1, Table 2.1). We decided to exchange tert-butoxide for a less, bulky
initiator and attempted the copolymerization again with 18-crown-6/potassium neopentoxide
2.5-KONP, and this time polymer was observed (entry 2, Table 2.2) along with 3.8 %
consumption of propylene oxide. The reaction was selective for poly(propylene carbonate) (87
%) with only a small amount of cyclic propylene carbonate forming (3 %) and the remainder
consisting of poly(propylene oxide). The observed molecular weight (Mn = 17.4 kDa) was more
than double the theoretical molecular weight (M, = 7.8 kDa) which indicates that not all of the
initiator was active polymerization.

For further improvements in both reactivity and selectivity we looked into the history of
cocatalyst development for epoxide-CO, ROCOP and noted the inverse relationship between
how coordinating a cation was and the rate and selectivity of copolymerization.®®’? We wanted
to maintain a similar structure as a 18-crown-6 for controlled lactide ROP, but also use a less
coordinating cation, so 2.2.2 cryptand (2.12) was chosen. Cryptand salts had not previously
been used for epoxide-CO; ROCOP, but there was precedent for 2.2.2-cryptand potassium salts
in lactone ROP, which would be important for future compatibility experiments.”® By combining

2.9, 2.12-KONp and FcBF, a highly reactive complex for propylene oxide-CO, ROCOP was
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formed (entry 3, Table 2.1). The reaction mixture became very viscous as 47.9 % of all the
propylene oxide was consumed. The selectivity of the catalyst was improved with only 1 %
propylene carbonate being formed and no polyether was detected. The molecular weight of the
polymer (Mn(GPC) = 722.9 kDa) was much larger than the theoretical molecular weight
(Mn(theo) = 195.3 kDa) which, again, suggested that not all of the initiators were active.

To improve initiation efficiency, we added exogenous neopentyl alcohol to the reaction
to act as a chain transfer agent (entry 4, Table 2.1). This time the copolymerization reached high
conversions (46.5 %) and the molecular weight was much closer to the theoretical molecular

Table 2.1. Copolymerization of propylene oxide and CO: by cobalt salen, 2.9, with 2.2.2-cryptand
potassium alkoxide cocatalysts, 2.12-KONp.

i) 2.9 (1 equiv.)
Initiator (A equiv.)
NpOH (B equiv.) (¢] Q O(\’?‘m
(o] FcBF,4 (C equiv.) O\)\ o )k _N‘CO/N_ E é -{_,]— j
/Q THF, tt, 24 h, 20 atm CO, X © + O\_E Fdd \Ob': o 150 0N
tB g
PO (4000 equiv.) PPC ’ - K/N‘\J)
2.9 2.12-KONp
Entrye  Init. Equiv. Equiv. Equiv. Conv.?  Selectivity =~ Mn(theo)d  Mn(exp)e Mw/Mne
Init.  NpOH  FcBF4 (%) ¢ PPC (%) (kDa) (kDa)

1 2.5- 1.9 0 1 0 0 N/A N/A N/A
KOtBu

2 2.5- 1.9 0 1 3.8 87 7.5 17.4 1.47
KONp

3 2.12- 1.9 0 1 479 99 195.3 7229 1.29
KONp

4 2.12- 1.9 8 1 46.5 >99 19.2 18.3 1.07
KONp

5 2.12- 1.9 8 0 3 0 N/A N/A N/A
KONp

6 2.12- 0.95 8 1 0 N/A N/A N/A N/A
KONp

aReactions were set up by dissolving 2.9, initiator, neopentanol, propylene oxide and the oxidant in 0.5 ml of THF
ata[1]:[1.9]:[8]:[4000]:[1] ratio. Reactor was pressurized with 20 atm of COz and allowed to stir at room
temperature.

bConversion was determined by the mass of the sample after solvent is removed/ mass of the polymer assuming
100 % conversion to polycarbonate or cyclic carbonate.

cSelectivity for poly(propylene carbonate) vs. (cyclic carbonate) was determined by 'H NMR by integrating the
methine peak of poly(propylene carbonate) (5.01 ppm) vs. the methine peaks of the cyclic carbonate (4.86 ppm)
and the methylene peaks of poly(propylene oxide) (3.54 ppm).

d Theoretical molecular weight Mn(theo) = (conv.eec * (MWpo + MWco2) * 4000 + conv.rpo * (MWp0)*4000)/
(Initiator equiv. + NpOH equiv.)).

eObtained from GPC (LS detector).
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weight (Mn(GPC) = 18.3 kDa, Mn(theo) = 19.2 kDa). To determine if the corresponding cobalt(ll)
complex was active for propylene oxide-CO; ROCOP, the oxidant was omitted from the reaction
(entry 5, Table 2.1). No poly(propylene carbonate) was observed and only a small amount of
propylene carbonate was produced. When the initiator quantity was halved (entry 5, Table 2.1),
there was no consumption of the propylene oxide, suggesting that the active species for

catalysis was a cobalt(lIl) bis(alkoxide). Overall, 2.2.2-cryptand potassium alkoxides proved to

Table 2.2. Polymerization of L-lactide by 2.2.2 cryptand potassium neopentoxide 2.12-KONp in the presence of
cobalt(ll) salen complex 2.9.

o) i) 2.9 (1 equiv.) Q O(\Nﬁ
\)k 2.12-KONp (1.9 equiv.) o =N__ _N= S l j
o NpPOH (8 equiv.) Fdom\ob_l:
O\H)\ THF/ PO, 1, t, N, © 'Bu By (I)\/ ©ONp
o
LLA (X equiv.) PLLA 29 2.12- P
Entry? LLA equiv Time (h) Conv.c(%) M,(theo)? (kDa) M, (exp)? (kDa) Mu/Mn?
1 200 0.5 64 1.9 2.0 1.09
2 400 3 94 5.5 7.7 1.17
3 1000 24 46 6.7 5.8 1.32
4e 400 24 0 N/A N/A N/A

9Reactions were set up by dissolving 2.9, initiator, neopentanol, and the oxidant in 0.5 ml of THF at a
[1]:[1.9]:[8]:[4000]:[1] ratio. The catalyst solution is then added to L-Lactide in propylene oxide (1.0 ml). The
mixture was allowed to stir at room temperature in a nitrogen-filled glovebox.

bConversion was determined by H NMR by comparing the lactide methine peak (5.0 ppm) to the methine peak
of poly(lactic acid) (5.13 ppm).

Theoretical molecular weight Mn(theo) = (conv. * MW/ . * (equiv. LLA))/(2.12-KONp equiv. + NpOH)
d0btained from GPC (RI detector).

€1 equiv of FcBF, was added.
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be suitable cocatalysts for propylene oxide-CO, ROCOP, so the remaining challenge would be to
determine if this species was also proficient for redox-switchable L-lactide ROP.

The combination of 2.9, 2.12-KONp and neopentanol was active for L-lactide ROP
reaching 64 % conversion in 0.5 h (entry 1, Table 2.2). The molecular weight of the resulting
poly(L-lactic acid) matched the theoretical molecular weight (Mn(GPC) = 2.0 kDa, Mn(theo) = 1.9
kDa) and the dispersity was narrow (Mw/M, = 1.09). When the L-lactide amount was increased
to 400 equivalents the molecular weight still matched the theoretical molecular weight
(Mn(GPC) = 7.7 kDa, Mx(theo) = 5.5 kDa). At 1000 equivalents of L-lactide the dispersity did
begin to broaden (Mw/Mh = 1.32) which may be indicative of transesterification, but the
molecular weight is still in line with the theoretical molecular weight (Mn(GPC) = 5.8 kDa,
Mhn(theo) = 6.7 kDa). To determine if the polymerization would still be redox-switchable we
combined FcBFs, 2.9, 2.12-KONp and neopentanol with L-lactide and after 24 h, no polymer
was observed by 'H NMR (entry 4, Table 2.2). From our experiments with L-lactide ROP we
discovered that a combination of cobalt(ll) salen complex 2.9 and 2.12-KONP were suitable

catalysts for the redox-switchable ROP of L-lactide.
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24 Kinetics of L-lactide Ring-opening Polymerization and Propylene Oxide-CO; Ring-

opening Copolymerization During Redox Switches

After optimizing the choice of catalysts and redox reagents, we were able to modify our
design for ReSPCT copolymerization (Scheme 2.11). L-Lactide ROP by 2.2.2-cryptand potassium
alkoxide 2.12-KOR is active when cobalt catalyst 2.9 is in the cobalt(ll) oxidation state. The
addition of up to 1 equivalent of FcBF4 induces cobalt oxidation leading to the cobalt(lll)
complex 2.13 which is the active species for propylene oxide-CO, ROCOP. The addition of 1
equivalent CoCp*; reduces the cobalt complex to 2.9 and liberates the alkoxide to bind to the
potassium cryptand reforming 2.12-KOR, the active species for L-lactide ROP. Non-
stoichiometric additions of either the oxidant or reductant would lead to a mixed population of
cobalt(ll) and cobalt(lll)-based species in solution.

Scheme 2.11. Modified design for redox-switchable polymerization by chain-transfer for the
copolymerization of L-lactide, propylene oxide and COa.
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We now wanted to investigate the kinetics for each polymerization before and after

oxidation/reduction to determine if the respective polymerizations were redox-reversible. For

the ROP of L-lactide, a mixture of 2.9, 2.12-KONp and neopentanol in THF was added to a

solution of L-lactide, propylene oxide in a nitrogen-filled glovebox, and the reaction was

sampled periodically over two hours (Figure 2.2). All samples were quenched with 4-

nitrophenol to prevent further polymerization. The polymerization of L-lactide proceeded

rapidly in the first 10 minutes while 2.9 was in the Co(ll) oxidation state, but the addition of

FcBF4 immediately halted the polymerization and no further polymerization was observed for at

least 1 h with little change in the molecular weight over this time (Figure 2.2.). L-lactide

polymerization can be reactivated upon the addition of CoCp*,. The molecular weight increases

5.0
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4.0
—~35
z
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Q
< 2.5
—
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£15
1.0
0.5
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FcBF, Added

Figure 2.2. Redox-switchable polymerization of L-lactide by catalysts 2.9 and 2.12-KONp. Red is the
catalyst in the reduced cobalt(II) oxidation state while blue is in the oxidized cobalt(IIl) oxidation state.
FcBF4is added at 10 min (Mn(GPC) = 5.8 kDa, Mw/Mn = 1.20), and CoCp*z at 70 min (Mn(GPC) = 6.5 kDa,
Mw/Mn = 1.24). At the final time point (Mn(GPC) = 11.9 kDa, Mw/Mn = 1.28). A polymerization of L-lactide
by 2.9 and 2.12-KONp in the presence of 1 equivalent of [CoCp*z][BF4] without redox-switching was

included for comparison.
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only when the cobalt is reduced and the dispersity remains narrow throughout (1.1-1.3). We
did note that the polymerization was faster upon the addition of the reductant which we
attribute to evaporation of some of the propylene oxide cosolvent (boiling point = 34 °C) rather
than any rate acceleration by the byproduct of catalyst reduction [CoCp*,][BFa4]. If solvent is
evaporating during sampling of the reaction the catalyst concentration would increase as would
the rate under non-zero order conditions. To test this hypothesis we performed a L-lactide ROP
by 2.9 and 2.12-KONp in the presence of [CoCp*,][BF4] (Figure 2.2). We observed slightly
slower polymerization rates at earlier time points in agreement with previous experiments that
had shown that [CoCp*;][BFa] slightly decreased overall lactide conversion in a given time
period.

For propylene oxide-CO; ROCOP, a mixture of 2.9, 2.12-KONp, neopentanol and FcBF4 in
THF was added to propylene oxide in a steel pressure reactor at 20 atm CO; (Figure 2.3). The
reaction was sampled periodically and each sample required the reactor to first be partially
depressurized to a little over 1 atm CO; and then fully depressurized in the glovebox to avoid
adding ambient water. Samples were taken while propylene oxide conversion was low, to keep
the reaction from becoming viscous. Unlike lactide polymerization, the conversion of propylene
oxide was linear while the cobalt is in the cobalt(lll) oxidation state. This indicates the reaction
is zero order in epoxide which is not uncommon for cobalt(lll) salen catalyzed epoxide-CO;
ROCOP.7

Upon addition of CoCp*;, no further propylene oxide conversion was observed.
Curiously, almost all of the poly(propylene carbonate) was immediately converted to cyclic

propylene carbonate. Under our proposed mechanism the reduction of the cobalt(lll) catalyst
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to a cobalt(ll) complex would be accompanied by liberation of the alkoxides, which can then
undergo the back-biting onto the polymer. Another explanation could be that the
depressurization while the catalyst is in the cobalt(ll) oxidation state removes the protective
CO; that can convert the nucleophilic alkoxides into carbonate groups that may be less prone to
back-biting reaction.

Upon oxidation of the cobalt(ll) catalyst, more poly(propylene carbonate) was formed,
but the polymerization was slower. The slower reaction rate was likely caused by competitive
binding of propylene carbonate to the cobalt catalyst. The molecular weight of the
poly(propylene carbonate) was too low to be measured by GPC chromatography. For L-lactide
ROP and propylene oxide-CO; ROCOP, the catalyst pair of 2.9 and 2.12-KONp were redox-

switchable, but polymer back-biting is a challenge during propylene oxide-CO; ROCOP. Our
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Figure 2.3. Redox-switchable polymerization of propylene oxide and CO2 by catalyst 2.9, 2.12-KONp and
FcBF4. Red is the catalyst in the reduced cobalt(Il) oxidation state while blue is in the oxidized cobalt(III)
oxidation state. CoCp*; is added at 8 h and FcBF4at 12 h. Sampling required the reactor to depressurized
and pressurized.
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hypothesis was that in the presence of L-lactide, L-lactide ROP would be more favorable than

detrimental poly(propylene carbonate) back-biting.

2.5 Sequential Copolymerization of L-Lactide, Propylene Oxide and CO; for Multi-block

Copolymers

We had determined that the catalyst combination of 2.9 and 2.12-KONP was active for
L-lactide ROP when the cobalt catalyst was in the cobalt(ll) oxidation state and inactive when
the catalyst was in the cobalt(lll) oxidation state. The complementary reactivity was observed
for propylene oxide-CO; ROCOP, which was active in the cobalt(lll) oxidation state and inactive
in the cobalt(ll) oxidation state. The orthogonality of each polymerization was promising for the
copolymerization of L-lactide, propylene oxide and CO; as it should be possible to synthesize
blocky copolymers through redox-switchable polymerization. To synthesize a diblock copolymer
of poly(lactic acid) and poly(propylene carbonate) we added a mixture of 2.9, 2.12-KONp and
neopentanol in THF to a solution of L-lactide in propylene oxide (Scheme 2.12a). After 2 h, 85 %
of the L-lactide was consumed. We then added FcBF4 to the solution and sealed the mixture in
a steel pressure reactor. The reactor was pressurized with CO; and allowed to stir at room
temperature for 48 h. The reaction was quenched with 10 % HCl in MeOH and the polymer was
isolated. L-lactide appeared to significantly slow-down propylene oxide-CO; ROCOP as only 3.1
% of the propylene oxide was consumed. The molecular weight of the copolymers increases
with each block (Figure 2.4) and only one diffusion peak is observed by Diffusion Qrdered

Spectroscopy (DOSY) NMR (Figure 2.5) which gave us confidence that a diblock poly(L-lactic
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acid-b-propylene carbonate) was formed. It was surprising that homopolymer arising from
chain transfer to water, was not observed for the poly(L-lactic acid) initiated poly(propylene
carbonate). Poly(L-lactic-acid)’s hydrophobicity and crystallinity may have disfavored chain
transfer to water instead of chain transfer to other growing polymer chains.®!

After noting the successful copolymerization of the three monomers, starting from L-
lactide, we then attempted to synthesize a diblock copolymer starting from propylene oxide-
CO, ROCOP (Scheme 2.12b). Due to significantly slower rate of propylene oxide-CO, ROCOP was
in the presence of L-lactide, we decided to sequentially add the monomers to produce a
poly(carbonate-b-ester) copolymer. For the first block, a mixture of 2.9, 2.12-KONp, FcBF and

neopentanol in THF to propylene oxide in a steel pressure reactor. The reactor was pressurized

Scheme 2.12. Procedure for the ReSPCT copolymerization of L-lactide, propylene oxide and CO2 for the
synthesis of diblock copolymers. (a) Synthesis of poly(L-lactic acid-b-propylene carbonate). (b) Synthesis

of poly(propylene carbonate-b-L-lactic acid).
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PLLA
(0]

O% Step i) Step i)

11.2 % conv. PO 11.2 % conv. PO

LLA (400 equiv.)
CoCp*; (1 equiv.)
THF, rt, 96 h, N,

M,(GPC) =5.1 kDa >99 % conv. L-LA
My/M,=1.10 Mn(GPC) = 11.0 kDa
My/M, = 1.09
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Figure 2.4. Gru cinromatograims i poly{L-idcuc acidj (Mn{UFLj = 4.7 KUd, Mw/ ¥in = 1.24, biuej and

poly(L-lactic acid-b-propylene carbonate) (Mn(GPC) = 4.6 kDa, Mw/Mn = 1.03, orange) from Scheme 2.12A.

with 20 atm of CO; and allowed to stir at room temperature for 8 h. The CO2 gas was first
reduced to 1 atm and then fully released under an inert N, atmosphere in a glovebox to keep
out atmospheric water. At 11.2 % conversion of propylene oxide, the reaction mixture was
added to solid L-lactide and CoCp*; to reduce the catalyst to the cobalt(ll) oxidation state and
initiate L-lactide ROP. The mixture was allowed to stir for another 8 h before being quenched
with 10 % HCl in MeOH and then the volatiles were removed in vacuo. Unlike the redox-
switchable copolymerization of propylene oxide and CO;, no cyclic propylene carbonate was
produced after the addition of CoCp*,. The L-lactide was also fully converted to poly(L-lactic
acid) which demonstrated how the presence of L-Lactide prevented the back-biting reaction of

poly(propylene carbonate) by liberated alkoxides. The GPC chromatograms of the polymer and
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Figure 2.5. DOSY NMR of poly(L-lactic acid-b-propylene carbonate) from Scheme 2.12a.

copolymer were bimodal (Figure 2.6), which is not uncommon for propylene oxide-CO, ROCOP
as even dry CO; is prone to trace water contamination.>>’> The DOSY spectrum also indicated

two populations were present and both populations were copolymers Figure (2.7).
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poly(propylene carbonate-b-L-lactic acid) (Mn(GPC) = 11.0 kDa, Mw/Mx = 1.09, orange) from Scheme
2.12b. High molecular weight peak is likely caused by initiation with adventitious water.
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Figure 2.7. DOSY-NMR spectrum of poly(propylene carbonate-b-L-lactic acid) from Scheme 2.12b.
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After successfully synthesizing diblock copolymers of poly(L-lactic acid) and

poly(propylene carbonate) we wanted to determine if the system was robust enough to

synthesize asymmetric triblock copolymers of poly(L-lactic acid) and poly(propylene carbonate).

Previous switchable copolymerizations accesses symmetrical BAB triblock copolymers starting

from diol initiators to make copolymers using one switch. 3 This method will access

asymmetric, ABA’ triblock copolymers using two redox-switches. The method for synthesizing

tri-block copolymers was essentially identical to the corresponding diblock procedure. For

poly(L-lactic acid-b-propylene carbonate-b-L-lactic acid), the first poly(L-lactic acid) block was

made with 1000 equivalents of lactide relative to 2.9. After stirring for 24 h, the L-lactide

reached 63 % conversion (Scheme 2.13a). The cobalt(ll) complex was oxidized with FcBF4, and

Scheme 2.13. Procedure for the ReSPCT copolymerization of L-lactide, propylene oxide and CO: for the
synthesis of asymmetric, tri-block copolymers. (a) Synthesis of poly(L-lactic acid-b-propylene carbonate-
b-L-lactic acid). (b) Synthesis of poly(propylene carbonate-b-L-lactic acid-b-propylene carbonate).

a)

i) 2.9 (1 equiv.)

PO (4000 equiv.) LLA (1000 equiv.)

b)

o]

/A

PO (4000 equiv.)

i) FcBF4 (1 equiv.)
THF, rt, 48 h, 20 atm CO,

i) o

O
O\H)\
(e}
LLA (200 equiv.)
CoCp*, (1 equiv.)
THF, rt, 24 h, N,

i) 2.9 (1 equiv.)
2.12-KONp (1.9 equiv.)
NpOH (8 equiv.)
FcBF,4 (1 equiv.)

2.12-KONp (1.9 equiv.)
NpOH (8 equiv.) % 0
(0] O\)\ 0]
THF, rt, 24 h, N, [©]
(¢]
PPC

Step i)

63 % conv. L-LA
0 % conv. PO
Mr(GPC) =9.5kDa M,(GPC)=12.2kDa M, (GPC) = 20.6 kDa

THF, rt, 9 h, 20 atm CO,

LLA (400 equiv.)
CoCp*; (1 equiv.)
THF, rt, 12 h, N,

iii) FcBF 4 (1 equiv.)
THF, rt, 48 h, 20 atm CO,

PLLA PLLA

Step ii) Step iii)

63 % conv. L-LA
5.9 % conv. PO

95 % conv. L-LA
5.9 % conv. PO

M,/M,=1.04 My/M,, = 1.08 MM, =1.01
o]
(0] \)\
O\/LO o O
o] o]
PPC PLLA PPC
Step i) Step ii) Step iii)

20.3 % conv. PO 23.2 % conv. PO

70 % conv. L-LA 70 % conv. L-LA
M,(GPC) = 13.0 kDa Mn(GPC) = 14.4 kDa
M /M, = 1.08 MM, = 1.11

20.3 % conv. PO
Mn(GPC) = 8.6 kDa
My /M, = 1.04
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after 48 h under CO; pressure propylene oxide reached 5.9 % conversion. Finally, the CO; was
removed and CoCp*; and another 200 equivalents of L-Lactide were added to the mixture.
After 24 h, the final conversion for each monomer was 95 % for L-lactide and 5.9 % for
propylene oxide. The copolymer has one diffusion peak by DOSY NMR (Figure 2.8) and the GPC
chromatograms are unimodal (Figure 2.9). The elution time decreases going from a
homopolymer to a diblock copolymer, but decreases going from a diblock to a triblock
copolymer. Although molecular weight is generally inversely correlated with molecular weight
it has been reported that block copolymers with strongly interacting blocks can lead to smaller

hydrodynamic radii.”® The use of a light scattering detector still allows for relatively accurate

J, Al

o ‘
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Figure 2.8. DOSY NMR of poly(L-lactic acid-b-propylene carbonate-b-L-lactic acid”) from Scheme 2.13a.
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Figure 2.9 GPC chromatograms of poly(L-lactic acid) (Mn(GPC) = 9.5 kDa, Mw/Mn = 1.04, blue), poly(L-
lactic acid-b-propylene carbonate) (Ma(GPC) = 12.2 kDa, Mw/Mx = 1.08, orange) and poly(L-lactic acid-b-
propylene carbonate-b-L-lactic acid’) (Mn(GPC) = 20.6 kDa, Mw/Mn = 1.01, green) from Scheme 2.14a.

molecular weight determinations for these types of copolymers. The two crystalline PLA blocks
in the triblock copolymer may be experiencing these types of strong interactions that lead to
longer elution times.

For poly(propylene carbonate-b-L-lactic acid-b-propylene carbonate) synthesis, the first
polycarbonate block was synthesized without L-lactide in the reaction mixture. The solution
was allowed to stir for 9 h under 20 atm of CO; reaching 20.3 % conversion of propylene oxide
(Scheme 2.13b). The polyester midblock was synthesized by adding the reaction mixture to
solid L-lactide (400 equiv. to 2.9) and CoCp*; and then allowing the mixture to stir for 12 h
under a nitrogen atmosphere (70 % conversion of L-lactide). Finally, FcBF4 was added to oxidize
the cobalt(ll) complex and the reaction mixture was loaded into a steel pressure reactor and
again pressurized with 20 atm of CO,. After 48 h, the CO, pressure was released and the
polymer was quenched with 10 % HCl in MeOH. The GPC chromatograms were bimodal and

similar to the poly(carbonate-b-ester) the higher molecular weight polymer is likely from chain
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Figure 2.’ e),
poly(propylene carbonate-b-L-lactic acid) (Mn(GPC) = 13.0 kDa, Mw/Mx = 1.08, orange) and
poly(propylene carbonate-b-L-lactic acid-b-propylene carbonate’) (Mn(GPC) = 14.4 kDa, Mw/Mn = 1.11,
green) from Scheme 2.14b.

transfer to adventitious water (Figure 2.10) The elution time for the copolymers decreased
after each block was added. The DOSY NMR had two peaks, which correspond to the smaller
neopentanol-initiated triblock copolymer and a larger water-initiated telechelic pentablock
copolymer respectively (Figure 2.11). Notably the neopentyl signal is only associated with the
smaller, faster diffusing copolymer as expected.

To produce monomodal triblock polymers that start with a poly(propylene carbonate)
blocks we decided to replace neopentanol with a diol as the chain transfer agent for
polymerization. In this way any water initiated polymer will have the same structure as diol-
initiated copolymers. (Scheme 2.14). We also elected to replace neopentoxide 2.12-KONp
initiator with the less nucleophilic 2.12-KO'Bu in order to only produce telechelic copolymers.
To synthesize the BAB copolymer A mixture of 2.9 and 2.12-KO'Bu in THF was added to 1,8-

octanediol (5 equiv. relative to 2.9) and propylene oxide in a steel pressure reactor. The reactor
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was pressurized with 20 atm of CO; and allowed to stir at room temperature for 24 h. The CO;
was removed and only 13.7 % of the propylene oxide was consumed. The combination of 1.9
equivalents of 2.12-KO'Bu and 5 equivalents of diol were not as reactive as 1.9 2.12-KONp and
8 equivalents of neopentanol (46.5 % propylene oxide conversion in 24 h) despite have the
roughly equal numbers of primary alcohol initiators. This suggest the chain-transfer agent is

involved in the rate determining step for ROCOP.

?/\O/iij\o/b\cr O}E/;\O}’P\o/b\:r O:I\H

F1 (D)

=

F2 (ppm)

Figure 2.11. DOSY NMR of poly(propylene carbonate-b-L-lactic acid-b-propylene carbonate’) from
Scheme 2.13a.
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To form the polyester blocks, the telechelic poly(carbonate) solution was added to L-
lactide (1000 equivalents) and CoCp*; and allowed to stir at room temperature for 24 h under a
N, atmosphere. The polymer was quenched and only 19 % of the L-lactide was consumed
which was also relatively low. The molecular weight of both the polycarbonate (M,(GPC) = 8.0
kDa, Mn(theo) = 11.2 kDa) and the telechelic copolymer (Mn(GPC) = 16.7 kDa, Mx(theo) = 13.6
kDa) were both significantly lower than the theoretical molecular weight. The lower molecular
weight is likely due to chain transfer to water in the reaction. The GPC chromatograms were
monomodal (Figure 2.12) and the DOSY NMR (Figure 2.13) had one large diffusion peak, with
some minor peaks that may be tert-butoxide initiated copolymer. The combination of a diol
with a non-nucleophilic base was successful for the synthesis of monomodal copolymers

starting from polycarbonates.

Scheme 2.14. Procedures for the ReSPCT copolymerization of L-lactide, propylene oxide and CO2 with
1,8-octanediol as an initiator.

2.9 (1 equiv.)
2.12-KO'Bu (1.9 equiv.)

1,8-octanediol (5 equiv.)
(0] FcBF, (1 equiv.) o) o
/ THF, rt, 24 h, 20 atm CO, Feo Ow/\o)ko o O/\(O
8
PO (4000 equiv.) ii) 0 o

0]

PLLA PLLA

(0]

O
LLA (1000 equiv.) Step i) Step ii)
CoCp*, (1 equiv.)

THF, rt, 24 h, N
2 13.7 % conv. PO 13.7 % conv. PO

M,(GPC) = 8.0 kDa 19.1 % conv. L-LA
MM, = 1.01 M,(GPC) = 13.6 kDa
My/My=1.10
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Figure 2.12. (top) GPC chromatograms of poly(propylene carbonate) (Mn(GPC) = 8..0 kDa, Mw/Mxn = 1.01,
blue) and poly(L-lactic acid-b-propylene carbonate-b-L-lactic acid) (Mn(GPC) = 13.6 kDa, Mw/Mxn = 1.10,
orange) from Scheme 2.14.
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Figure 2.13. DOSY NMR spectrum of telechelic poly(L-lactic acid-b-propylene carbonate-b-L-lactic acid)
from Scheme 2.14.
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2.6 Synthesis of Statistical Copolymers of L-Lactide, Propylene Oxide and CO;

A unique advantage of ReSPCT is the ability to adjust the relative ratios of poly(L-lactic
acid) and poly(propylene carbonate) in copolymers through the partial oxidation/ reduction of
the cobalt catalyst to create mixed populations of active catalysts (Scheme 2.15). In a mixed
solution containing a cobalt(lll)-based complex, a cobalt(ll)-based complex and a 2.2.2-cryptand
potassium alkoxide and a given alcohol initiator can undergo chain transfer to the active site for
either L-Lactide ROP or propylene carbonate-CO, ROCOP. After insertion of one unit of either
poly(propylene carbonate) or poly(L-lactic acid), a new alkoxide is formed and this
macromolecular initiator can undergo further polymerization or undergo chain transfer with
another alcohol. If the alcohol undergoes chain transfer to the cobalt(lll) complex a unit of
poly(propylene carbonate) will be added. An alcohol that undergoes chain transfer transfers to
the 2.2.2-cryptand potassium alkoxide will add a unit of poly(L-lactic acid). When cobalt(Il)

concentrations are high, more 2.2.2-cryptand potassium alkoxide is free for L-lactide ROP and

Scheme 2.15. Statistical copolymerization of L-lactide, propylene oxide and CO2 by mixed species of
cobalt(Il) and cobalt(IlI)-based salen complexes.

or |KI  [coi=29

L i
[CoT] =213 [KIOR = 2.12-KOR
OR
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Scheme 2.16. Procedure for ReSPCT copolymerization of L-lactide, propylene oxide and CO: to
synthesize statistical copolymers.

2.9 (1 equiv.)
(0] 2.12-KONp (1.9 equiv.)

\)J\O NpOH (8 equ.iv_) o
© FcBF, Y equiv
/u . o\’H\ o o
THF, rt, 96 h, 20 atm CO2 9)
o (0]
PC

PO (4000 equiv.) LLA (200 equiv.)

PLLA P

a) Y= 0.5 eq FcBF, b) Y=0.9 equiv. FcBF,

53.3 % conv. PO 27.7 % conv. PO
>99 % conv. L-LA >99 % conv. L-LA
M,(GPC) = 27.6 kDa M,(GPC) = 12.0 kDa
M,/M,=1.07 M,/M, = 1.04

when cobalt(lll) concentration is high more 2.2.2-cryptand potassium alkoxide is bound to the
cobalt(lll) complex for propylene oxide-CO, ROCOP.

We were able to adjust the incorporation of the two copolymers to synthesize
copolymers with statistical regions (Scheme 2.16). To synthesize these statistical copolymers,
we added a mixture of 2.9, 2.12-KONp, neopentanol and FcBF4 (either 0.5 or 0.9 equivalents) in
THF to a solution of L-lactide (200 equivalents to 2.9) in propylene oxide. The mixture was

sealed in a steel pressure reactor, pressurized with 20 atm of CO; and allowed to stir at room
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Figure 2.14. GPC chromatogram of poly(L-lactic acid-s-propylene carbonate) (Mn(GPC) = 7.7 kDa, Mw/Mn
=1.07) from Scheme 2.16a.
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temperature for 96 h. The CO, was released and the reaction was quenched to leave behind
poly(carbonate-s-ester) copolymer. All of the L-lactide was consumed for both reactions, but the
total consumption of propylene oxide conversion was much lower for the sample with a 0.9
equivalents of FcBF4(53.3 %) compared to the sample with 0.5 equivalents of the oxidant (27.7
%). This is not surprising as the sample with more cobalt(lll) in solution was more reactive for
propylene oxide-CO; ROCOP. The GPC chromatograms revealed both copolymers possessed
bimodal distributions (Figures 2.14 and 2.16) despite the presence of L-lactide during the
copolymerization suggesting that water is acting as an initiator. This result supports our
hypothesis that it is the hydrophobic and crystalline poly(L-lactic acid) chain that disfavors chain

transfer reactions to water and not just a consequence of adding L-lactide to the
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Figure 2.15. DOSY NMR spectrum of poly(L-lactic acid-s-propylene carbonate) from Scheme 2.16a.
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Figure 2.16. GPC chromatogram of poly(L-lactic acid-s-propylene carbonate) (Mn(GPC) = 12.0 kDa, Mw/Mn
=1.04) from Scheme 2.16b.

copolymerization mixture. The DOSY NMR spectra (Figures 2.15 and 2.17) for both copolymers
revealed that the signals indicative of poly(L-lactic acid) the poly(propylene carbonate) diffuse
together, further suggesting the formation of copolymers rather than separate homopolymers.
The 'H NMR of the two copolymers synthesized with non-stoichiometric in amounts of
oxidant gave some insight into the microstructure of the copolymers (Figure 2.18). For
comparison we also included the H NMR of poly(propylene carbonate-b-L-lactic acid) block
copolymer synthesized with using ReSPCT. It is known that the methyl peak for poly(L-lactic
acid) (a= 1.55 ppm in CDCls) inserted into a carbonate is shifted downfield (a’ = 1.60 ppm).”’
The copolymer synthesized with a 0.9 equivalents of oxidant (a 9:1 concentration of cobalt(lIl)

to cobalt(ll) complexes) seemed to predominantly have poly(L-lactic acid) chains inserted into
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Figure 2.17. DOSY NMR spectrum of poly(L-lactic acid-s-propylene carbonate) from Scheme 2.16b.

CO; which suggests an alternating or random structure. The copolymer synthesized with a 0.5
equivalents of oxidant (a 1:1 concentration of cobalt(lll) to cobalt(ll) complexes) contained a
mixture of poly(L-lactic acid) blocks and poly(L-lactic acid inserted into CO,. This suggests the
copolymer has either a random or gradient microstructure.

We also observed a difference in whether there was a neopentyl ester (b = 0.91 ppm)
or carbonate end group (b’ = 0.95 ppm) for each ratio of oxidants. With a 9:1 ratio of cobalt(ll)
to cobalt(ll) equal amounts of neopentyl ester (from L-lactide insertion) and carbonate (from
CO; insertion) were incorporated. With a 1:1 ratio of cobalt(lll) to cobalt(ll) only the neopentyl

ester was observed. To achieve highly random copolymers an excess of cobalt(lll) to cobalt(ll)
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was needed. For a quantitative analysis of the microstructure a different epoxide-lactone
combination would be needed. The peaks of the diagnostic protons and carbons for poly(L-
lactic acid) and poly(propylene carbonate) overlap in many regions by both the *H and *3C
NMR.33’77

With our new understanding of the statistical copolymerization of L-lactide, propylene
oxide and carbon dioxide we attempted to synthesize mixed copolymers containing blocky and
statistical segments (Scheme 2.17). To synthesize poly(L-lactic acid-b-(L-lactic acid-s-propylene

carbonate)-b-L-lactic acid) a mixture of 2.9, 2.12-KONp and neopentanol were added to L-

P e
®O)i|l./0\(f)l/OJ\ N0 ﬁ/\o)l\o/\r °®

b'

Statistical Copolymer
FcBF, (0.9 equiv.)

Gradient Copolymer

FcBF, (0.5 equiv.) Q
b %\O/é\r%o\)\%/“

a Poly(PC-b-LLA) block copolymer

b 5/\0{* Y

I T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
75 170 1.65 1.60 155 1.50 1.45 140 135 130 1.25 120 1.15 110 1.05 1.00 0.95 0.90 0.85 0.80 0.75 0.70 0.65 0.60 0.55
f1 (ppm)

Figure 2.18. 'H NMR Spectra of poly(L-lactic acid-s-propylene carbonate) from Scheme 2.16a (red),
poly(L-lactic acid-s-propylene carbonate) from scheme 2.16b and poly(propylene carbonate-b-L-lactic
acid) from Scheme 2.12b.
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lactide in THF and allowed to stir at room temperature for 3 h (Scheme 2.17a). At 74 %

conversion of L-lactide the mixture was oxidized with 0.9 equivalents of FcBF4 and loaded into a

steel pressure reactor. The reactor was pressurized with CO; and allowed to stir at room

temperature for another 48 h. The reactor was depressurized (L-lactide = >99 % conversion,

propylene oxide = 1.4 % conversion) and the reaction mixture was added to 0.9 equivalents of

CoCp*; and another L-lactide. After stirring for a final 24 h under N, the reaction was quenched

and a L-lactide (>99 %) and propylene oxide (1.4 %) conversion was determined by *H NMR. The

GPC chromatograms were monomodal throughout the polymerization (Figure 2.19) and only

one diffusion peak was observed in the DOSY NMR spectrum (Figure 2.20).

Scheme 2.17. Procedure for ReSPCT of L-lactide, propylene oxide and COz2 to synthesize mixed-blocky
and statistical copolymers. (a) Synthesis of poly(L-lactic acid-b-(L-lactic acid-s-propylene carbonate)-b-L-
lactic acid). (b) Synthesis of poly(propylene carbonate-b-(L-lactic acid-s-propylene carbonate)-b-

propylene carbonate).

(a) o

PO (4000 equiv.) LLA (400 equiv.)

(b)

o]

/Q

PO (4000 equiv.)

i) 2.9 (1 equiv.)
2.12-KONp (1.9 equiv.)
NpOH (8 equiv.)

i)

THF, rt, 3 h, N

i) FcBF,4 (0.9 equiv.)
THF, rt, 48 h, 20 atm CO,

o}

(0]
LLA (400 equiv.)
CoCp*, (0.9 equiv.)
THF, rt, 24 h, N,

i) 2.9 (1 equiv.)

FcBF,4 (1 equiv.)
2.12-KONp (1.9 equiv.)
NpOH (8 equiv.)

THF, rt, 6 h, 20 atm CO,
(0]

O
if) LLA (100 equiv.)
CoCp*; (0.1 equiv.)
THF, rt, 48 h, 20 atm CO,

iii) FCBF, (0.1 equiv.)
THF, rt, 48 h, 20 atm CO,

- (0]
o o) O\/I\o
o (0]
PC

PLLA PLLA P

Step i) Step ii)

>99 % conv. L-LA
0 % conv. PO
M,(GPC) = 6.0 kDa
My/M, = 1.12

>99 % conv. L-LA
1.4 % conv. PO
M,(GPC) = 8.8 kDa
M,/M, = 1.06

%g% O¢O>Hiowo

PPC PLLA PPC

Step i) Step ii)

9.7 % conv. PO
M,(GPC) = 4.6 kDa
My/M, = 1.01

15.8 % conv. PO
>99 % conv. L-LA
M,(GPC) = 8.1 kDa
MyIM, = 1.11

(0]
0.

PLLA

Step iii)

>99 % conv. L-LA
1.4 % conv. PO
M,(GPC) = 12.5 kDa
My/M, = 1.09

P
Step iii)

33.8 % conv. PO
>99 % conv. L-LA
M,(GPC) = 15.4 kDa
MM, =1.19
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Figure 2.19. GPC Chromatogram of poly(L-lactic acid) (Mn(GPC) 6.0 kDa, Mw/Mn = 1.12, blue), poly(L-
lactic acid-b-(L-lactic acid-s-propylene carbonate)) (Mn(GPC) = 8.8 kDa, Mw/Mn = 1.06, orange) and poly(L-
lactic acid-b-(L-lactic acid-s-propylene carbonate)-b-L-lactic acid) (Mn(GPC) = 12.5 kDa, Mw/Mn = 1.09,

green) from Scheme 2.17a.
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Figure 2.20. DOSY NMR spectrum of poly(L-lactic acid-b-(L-lactic acid-s-propylene carbonate)-b-L-lactic

acid) from Scheme 2.17a.
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To synthesize poly(propylene carbonate -b-(L-lactic acid-s-propylene carbonate)-b-
propylene carbonate) a mixture of 2.9, 2.12-KONp, FcBF4 (1 equivalent) and neopentanol in THF
were added to propylene oxide and added to a steel pressure reactor (Scheme 2.17b). The
reactor was charged with CO,, and allowed to stir at room temperature for 6 h. The reactor was
depressurized to determine propylene oxide conversion (9.7 %) and the reaction mixture was
added to L-lactide (100 equivalents) and CoCP*; (0.1 equivalent). The mixture was again added
to the pressure reactor and charged with CO;. The GPC chromatograms were bimodal
throughout the polymerization (Figure 2.21) and the poly(L-lactic acid) and poly(propylene
carbonate) peaks diffused together by DOSY NMR (Figure 2.22)indicative of copolymer

synthesis. Using ReSPCT copolymerization it was simple to synthesize copolymers with blocky
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Figure 2.21. GPC Chromatogram of poly(propylene carbonate) (Mn(GPC) = 4.6 kDa, Mw/Mxn = 1.01, blue),
poly(propylene carbonate-b-(L-lactic acid-s-propylene carbonate)) (Mn(GPC) = 8.1 kDa, Mw/Mn = 1.11,
orange) and poly(propylene carbonate-b-(L-lactic acid-s-propylene carbonate)-b-propylene carbonate)
(Mn(GPC) = 15.4 kDa, Mw/Mn = 1.19, green) from Scheme 2.17b.
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Figure 2.22. DOSY NMR spectrum of poly(propylene carbonate-b-(L-lactic acid-s-propylene carbonate)-
b-propylene carbonate) from Scheme 2.17b.

and statistical segments from L-lactide, propylene oxide and CO;. We hope this discovery allows
for further study of the physical and mechanical properties of copolymers with intricate

microstructures.

2.7 Conclusion

ReSPCT provides a versatile and tunable method for the synthesis of block of statistical
copolymers of L-lactide, propylene oxide and CO,. The addition of redox reagents to a mixture

of cobalt-based catalysts and 2.2.2-cryptand alkoxides, allows for the predictable alteration of
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the copolymer composition. The diverse range of biodegradable block and statistical
copolymers of polyesters and polycarbonates that can be synthesized with this method could
find uses in food packaging, biomedical implants and agricultural films. Future work will involve
studying the ability for these block and statistical copolymers to act as compatibilizers for
poly(L-lactic acid) and poly(propylene carbonate) and recording the thermal and mechanical
properties of the resulting blends. Electrochemical redox-switching will also be pursued to
simplify the act of switching between L-lactide ROP and epoxide-CO, ROCOP without
depressurizing the reactor. Additionally, bifunctional catalysts containing both cryptand or
crown ether moieties and cobalt salen will be synthesized to increase reaction rates and lower
the minimum pressure needed for efficient copolymerization as has been demonstrated by

other bifunctional cobalt salen catalysts.?%72

2.8 Experimental

General Considerations: Propylene oxide was acquired from Acros Organics, dried over CaH;
and distilled prior to polymerization. 18-crown-6 was purchased from Chemimpex,
recrystallized from acetonitrile, and dried over P,O5 before use. 2.2.2-cryptand was acquired
from Acros Organics and uses as received. L-lactide was acquired from Natureworks,
recrystallized in ethyl acetate then toluene and dried over P,0s. Tetrahydrofuran was dried
over molecular sieves under an argon atmosphere. Cobalt(ll) acetate tetrahydrate, cobaltocene
and decamethylcobaltocene were purchased from Sigma Aldrich and used as received.

Neopentyl alcohol was purchased from Sigma Aldrich and dried over alumina. 1,8-octanediol

103



was purchased from Alfa Aesar and dried over P,0s. Potassium tert-butoxide was purchased
from Acros chemicals and sublimated under high vacuum and 250 °C before use. 99.8 % pure,
“Bone dry” carbon dioxide was purchased from Airgas and further dried over activated
manganese oxide and 3 A° molecular sieves. (R,R)-N,N’-Bis(3-fluoro-5-tert-butylsalicylidene)-
1,2-cyclohexanediamine (2.10) was synthesized according to literature procedures.®®
Ferrocenium tetrafluoroborate was synthesized according to literature procedures.”® Potassium
neopentoxide was synthesized according to literature procedures.® Tetrahydrofuran, diethyl
ether, methanol and dichloromethane were obtained from Fisher Scientific. Tetrahydrofuran
and diethyl ether were used after passage through a solvent purification system consisting of 3
A° molecular sieves and manganese oxide under a blanket of argon and then degassed briefly
by exposure to vacuum. Unless stated otherwise, all reactions were carried out in oven-dried
glassware in a nitrogen-filled glove box or with standard Schlenk line techniques.!

GPC: All gel permeation chromatography (GPC) measurements were performed on an Agilent
GPC220 in THF at 40 °C with three PL gel columns (10um) in series and recorded with both a
refractive index detector and a multi-angle, light-scattering detector at 15 and 90 degrees.
Instrument was calibrated against 7 narrow molecular weight, polystyrene standards (GSK,
1,820,000- 3,180 g/mol).

Mass Spectrometry: High-resolution mass spectra were obtained at the using a JEOL AccuTOF
DART.

IR: Infrared (IR) spectra were recorded on a Bruker attenuated total reflectance (ATR) infrared

spectrometer.
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Nuclear Magnetic Resonance: (NMR) spectra were recorded at ambient temperature on
spectrometers with 500 and 600 MHz magnets for 'H and DOSY NMR, 125 MHz for 3C, 470
MHz for *°F, Resonances for paramagnetic complexes are reported as chemical shift in ppm
(peak with at half height, Hz).
Synthesis of [(R,R)-N,N’-Bis(3-fluoro-5-tert-butylsalicylidene)-1,2-cyclohexanediaminato(2-
)]cobalt(ll) (2.9) — Cobalt(ll) acetate tetrahydrate (53 mg, 210 mmol) was added to an oven
dried RB flask and dried at 80 °C on the Schleck line for 1 h. 5 ml of degassed MeOH was added
to the cobalt to form a pink solution. The solution was chilled in an ice bath under flowing
nitrogen. 2.10 (100 mg, 210 mmol) was dissolved in 2 ml of degassed CH,Cl; and added to the
cobalt solution. Mixture stirred for 10 min under nitrogen to form a bright red solid. Volatiles
were removed in vacuo. Solid was washed with hexanes and filtered to leave a dark red solid.
Yield (89 mg, 79%).
IR- 2950 cm™, 2867, 1595, 1524, 1432, 1320, 1252, 1200, 1174, 1050, 869 and 784 cm™™.
Mass Spectra (DART) C2sH3sN202F2Co [H][Co(Salcy-F)]+ m/z= 528.19867 m/z calc= 528.19931 'H
NMR (CDCl3 400 MHz): & 13.68 (s, 1H), 6 8.3 (s, 1H), 6 7.3 (d, J=2.5 ,1H), § 6.97 (d, J=2.5, 1H), &
3.32 (m, 1H), 5 2.0-1.8 (m, 2H), 6 1.8-1.65 (m, 1H), §1.45 (m ,1H), & 1.41 (s, 9H), & 1.24 (s, 9H)
ppm. °F NMR (CDCI3, 500 MHz): & -126.7 (s)
Standard procedure for the polymerization of L-lactide

In a nitrogen-filled glove box, 2.9 (1.9 mg, 3.6 umol) was weighed out into a glass vial
with a teflon-coated stir bar. A stock solution of potassium neopentoxide (8.6 mg, 6.8 umol)
and 2.2.2-cryptand (25.6 mg, 6.8 umol) was prepared in THF (2.0 ml). From the stock solution

0.2 ml was added to 2.9. A stock solution of neopentanol (25.2 mg, 28.6 umol) was prepared in

105



THF (1.0 ml). The stock solution (0.1 ml) was added to the glass vial. Solution was further
diluted with an additional THF (0.2 ml). Mixture was added to L-lactide (103.0 mg, 715.6 umol)
dissolved in PO (1.0 ml). The solution stirred at room temperature for 0.5 h before being
guenched with a solution of 10 % HCl in MeOH. Volatiles were removed in vacuo. Monomer
conversion was measured by *H NMR comparing the methine proton on L-Lactide (g, 5.0 ppm)
to the methine protons on the poly(L-lactic acid) (broad, 5.15 ppm). Polymer was dissolved in
CH,Cl; precipitated into cold MeOH. L-lactide conversion = 64 %. Yield = 52 mg, 78 %. SEC: M,
(GPC) = 2.0 kDa. Mw/Mn=1.09
Sample procedure for the copolymerization of propylene oxide and carbon dioxide

In a nitrogen-filled glove box, 2.9 (1.9 mg, 3.6 umol) was weighed out into a glass vial. A
stock solution of potassium neopentoxide (8.6 mg, 6.8 umol) and 2.2.2-cryptand (25.6 mg, 6.8
umol) was prepared in THF (2.0 ml). From the stock solution (0.2 ml) was added to the glass
vial. A stock solution of neopentanol (25.2 mg, 28.6 umol) was prepared in THF (1.0 ml). The
stock solution (0.1 ml) was added to the glass vial. Solution was further diluted with additional
THF (0.2 ml). Propylene oxide (1.00 ml, 14.3 umol) was added to the vial. Ferrocenium
tetrafluoroborate (1.0 mg, 3.6 umol) was added to the vial.

The solution was transferred to a glass-lined, steel bomb reactor containing with a
Teflon stir bar. Reactor was sealed and pressurized with 20 atm of CO,. Reaction was allowed to
stir at room temperature for 24 h. Reactor was depressurized slowly and reaction mixture was
guenched with 10 % HCl in MeOH. Volatiles were removed in vacuo and further dried on a
Schleck line overnight. Conversion was measured by comparing the mass of the polymer to the

theoretical mass at full conversion. Monomer conversion was verified by *H NMR through
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comparing the methyl groups on neopentyl ester end group (s, 0.95 ppm) to the methylene
peaks of poly(propylene carbonate)(dd, 4.18 ppm). Polymer was dissolved in CH,Cl; and
precipitated in cold MeOH. Propylene oxide conversion = 46.5 %. Yield = 621 mg, 91 %. SEC: M,
(GPC) = 18.3 kDa. Mw/Mn=1.07.

Procedure for the redox-switchable polymerization of L-lactide

In a nitrogen-filled glove box, 2.9 (1.9 mg, 3.6 umol) was weighed out into a glass vial
with a teflon-coated stir bar. A stock solution of potassium neopentoxide (8.6 mg, 6.8 umol)
and 2.2.2-cryptand (25.6 mg, 6.8 umol) was prepared in THF (2.0 ml). From the stock solution
(0.2 ml) was added to the glass vial. A stock solution of neopentanol (25.2 mg, 28.6 umol) was
prepared in THF (1.0 ml). The stock solution (0.1 ml) was added to the glass vial. Solution was
further diluted with additional THF (0.2 ml). The miixture was added to L-lactide (514.9 mg,
14.30 umol) dissolved in PO (1.0 ml). The solution stirred at room temperature for 10 min with
samples (0.075 ml) taken at 1, 2, 5 and 10 min before being quenched with 4-nitrophenol. After
10 min, ferrocenium tetrafluroborate (0.8 mg, 3 umol) was added to the solution.

The solution stirred at room temperature for another 30 min with samples (0.075 ml)
taken at 20, 40 and 70 min and quenched with 4-nitrophenol. The reaction mixture was added
to decamethylcobaltocene (0.8 mg, 2 umol) and samples (0.075 ml) were taken at 71, 72, 75,
80, 90 and 120 min before being quenched with 4-nitrophenol. For all samples, volatiles were
removed in vacuo. Monomer conversion was measured with *H NMR by comparing the
methine proton on L-Lactide (g, 5.0 ppm) to the methine protons on the poly(L-lactic acid) (b,
5.15 ppm). Polymer was dissolved in CH2Cl; precipitated into cold MeOH. Final L-Lactide

conversion = 86 %, SEC: Mn(GPC) = 11.9 kDa Mw/M, = 1.28).
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Procedure for the redox-switchable copolymerization of propylene oxide and carbon dioxide

In a nitrogen-filled glove box, 2.9 (3.8 mg, 7.2 umol) was weighed out into a glass vial. A
stock solution of potassium neopentoxide (8.6 mg, 6.8 umol) and 2.2.2-cryptand (25.6 mg, 6.8
umol) was prepared in THF (2.0 ml). From the stock solution (0.4 ml) was added to the glass
vial. A stock solution of neopentanol (25.2 mg, 28.6 umol) was prepared in THF (1.0 ml). The
stock solution (0.2 ml) was added to the glass vial. Solution was further diluted with additional
THF (0.4 ml). Propylene oxide (1.00 ml, 14.3 umol) was added to the vial. Ferrocenium
tetrafluoroborate (2.0 mg, 7.2 umol) was added to the vial.

The solution was transferred to a glass-lined, steel bomb reactor containing with a
Teflon stir bar. Reactor was sealed and pressurized with 20 atm of CO,. Reaction was allowed to
stir at room temperature for 8 h. For sampling, reactor was depressurized in the glovebox, a
sample (0.15 ml) of the solution and reactor was pressurized with 20 atm of CO,. Samples were
taken at 1, 2, 4 and 8 h and quenched with 10 % HCl in MeOH. After 8 h,
decamethylcobaltocene (1.9 mg, 5.7 umol) was added to the solution. Reactor was pressurized
with CO; and samples (0.15 ml) were taken at 9, 10 and 12 h and quenched with 10 % HCl in
MeOH. Reactor was depressurized inside the glovebox and ferrocenium tetrafluroborate (1.3
mg, 4.6 umol) was added to the reaction mixture and the reactor was sealed and pressurized
for another 4 h. Samples (0.15 ml) were taken at 13, 14, and 16 h and quenched with 10 % HCI
in MeOH. Volatiles were removed in vacuo. Monomer conversion was determined by *H NMR
by comparing the methyl groups on neopentyl ester end group (0.95 ppm) to the methylene
peaks of poly(propylene carbonate) (4.18 ppm) and the methylene peak of cyclic propylene

carbonate (t, 4.56 ppm) Polymer was dissolved in CH,Cl, and precipitated in cold MeOH.
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Propylene oxide conversion = 9.5 %. Product was predominantly propylene carbonate (88 %)
and the final oligomer molecular weight was too small to detect by size exclusion
chromatography
Standard procedure for the block copolymerization of L-lactide then propylene oxide and CO;
In a nitrogen-filled glove box, 2.9 (1.9 mg, 3.6 umol) was weighed out into a glass vial
with a teflon-coated stir bar. A stock solution of potassium neopentoxide (8.6 mg, 6.8 umol)
and 2.2.2-cryptand (25.6 mg, 6.8 umol) was prepared in THF (2.0 ml). The stock solution (0.2
ml) was added to the vial. A stock solution of neopentanol (25.2 mg, 28.6 umol) was prepared
in THF (1.0 ml). The stock solution (0.1 ml) was added to the glass vial. Solution was further
diluted with additional THF (0.2 ml). Mixture was added to L-lactide (103.0 mg, 715.6 umol)
dissolved in PO (1.0 ml). The solution stirred at room temperature for 2 h before 1/2 of the
volume was taken for sampling (0.75 ml). Sample was quenched with a solution of 10 % HCl in
MeOH. Volatiles were removed in vacuo and monomer conversion was measured by *H NMR
by comparing the methine protons on the L-lactide (q, 5.00 ppm) to the methine proton on the
poly(lactic acid) (b, 5.15 ppm). Polymer was dissolved in CH,Cl; precipitated into cold MeOH. L-
Lactide conversion = 85 %. Yield = 30.2 mg (69 %) SEC: Mn(GPC) = 2.7 kDa Mw/M, =1.22).
Ferrocenium tetrafluoroborate (0.5 mg, 2 umol) was added to the remaining solution
which was then transferred to to a glass-lined, steel bomb reactor. Reactor was sealed and
pressurized with 20 atm of CO,. Reaction was allowed to stir at room temperature for 48 h.
Reactor was depressurized slowly inside a glove box and the remaining solution was quenched
with 10 % HCl in MeOH. Volatiles were removed in vacuo and further dried on a Schleck line

overnight. Monomer conversion was measured by *H NMR by comparing the methine protons
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on the L-lactide (g, 5.00 ppm) to the methine proton on the poly(lactic acid) (b, 5.15 ppm) and
the methylene protons on poly(propylene carbonate) (b, 4.18 ppm). Polymer was dissolved in
CH)Cl; precipitated into cold MeOH. L-Lactide conversion = 85 %. Propylene oxide conversion
(3.1 %) Yield = 52.5 mg (79 %) SEC: (M(GPC = 4.6 kDa Mw/Mn = 1.03).

Standard procedure for the block copolymerization of propylene oxide and CO; then L-lactide

In a nitrogen-filled glove box, 2.9 (1.9 mg, 3.6 umol) was weighed out into a glass vial. A
stock solution of potassium neopentoxide (8.6 mg, 6.8 umol) and 2.2.2-cryptand (25.6 mg, 6.8
pumol) was prepared in THF (2.0 ml). From the stock solution (0.2 ml) was added to the glass
vial. A stock solution of neopentanol (25.2 mg, 28.6 umol) was prepared in THF (1.0 ml). The
stock solution (0.1 ml) was added to the glass vial. Solution was further diluted with additional
THF (0.2 ml). Propylene oxide (1.00 ml, 14.3 umol) was added to the vial. Ferrocenium
tetrafluoroborate (1.0 mg, 3.6 umol) was added to the vial.

The solution was transferred to a glass-lined, steel bomb reactor containing a Teflon stir
bar. Reactor was sealed and pressurized with 20 atm of CO;. Reaction was allowed to stir at
room temperature for 8 h. The reactor was depressurized slowly in the glovebox and 1/2 of the
reaction mixture was quenched with 10 % HCl in MeOH. Volatiles were removed in vacuo.
Monomer conversion was determined by 'H NMR by comparing the methyl groups on
neopentyl ester end group (s, 0.95 ppm) to the methylene peaks of poly(propylene carbonate)
(dd, 4.18 ppm). Polymer was dissolved in CH2Cl, and precipitated in cold MeOH. Propylene
oxide conversion = 11.2 %. Yield = mg, %. SEC: M, (GPC) = 5.1 kDa. Mw/Mn= 1.10.

The remaining solution was added to decamethylcobaltocene (0.6 mg, 2 umol) and L-

lactide (103.0 mg, 715.6 umol )in a glass vial allowed to stir at room temperature under
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nitrogen for 8 h The remaining solution was quenched with 10 % HCl in MeOH. Volatiles were
removed in vacuo. Monomer conversion was measured with *H NMR by comparing the
methine protons on the L-lactide (g, 5.00 ppm) to the methine proton on the poly(lactic acid)
(b, 5.15 ppm) and the methylene protons on poly(propylene carbonate) (b, 4.18 ppm). Polymer
was dissolved in CH,Cl, precipitated into cold MeOH. L-lactide conversion = >99 %, Propylene
oxide conversion = 11.2 %. Yield = 170 mg, 92 %. SEC: M, (GPC) = 11.0 kDa. Mw/M,=1.09.
Standard procedure for the statistical copolymerization of L-lactide, propylene oxide and CO;

In a nitrogen-filled glove box, 2.9 (1.9 mg, 3.6 umol) was weighed out into a glass vial
with a teflon-coated stir bar. A stock solution of potassium neopentoxide (8.6 mg, 6.8 umol)
and 2.2.2-cryptand (25.6 mg, 6.8 pmol) was prepared in THF (2.00 ml). The stock solution (0.20)
ml was added to the vial. A stock solution of neopentanol (25.2 mg, 28.6 umol) was prepared in
THF (1.00 ml). The stock solution (0.10 ml) was added to the glass vial. Solution was further
diluted with additional THF (0.20 ml). Ferrocenium tetrafluoroborate (0.9 mg, 3 umol) was
added to the vial. Mixture was added to L-lactide (102.3 mg, 715.6 umol) dissolved in
propylene oxide (1.00 ml) and loaded into a glass-lined steel pressure reactor.

The reactor was pressurized with 20 atm of CO;. The solution stirred at room
temperature for 96 h. Reactor was slowly depressurized and solution was quenched 10 % HCl in
MeOH. Volatiles were removed in vacuo and monomer conversion was measured with *H NMR
by comparing the methine protons on the L-lactide (g, 5.00 ppm) to the methine proton on the
poly(lactic acid) (b, 5.15 ppm) and the methylene protons on poly(propylene carbonate) (b,

4.18 ppm). Polymer was dissolved in CH,Cl; precipitated into cold MeOH. Propylene oxide
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conversion (53.3 %) L-lactide conversion (>99 %) Yield = 749 mg, 85%. SEC: M, (GPC) = 27.6 kDa.

Mw/Mn = 1.07.
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3.0 Chapter 3. Redox-switchable, N-carboxyanhydride Polymerization and Applications for

Copolymerization

3.1 Introduction

When it comes to materials that are both lightweight and strong!~3 with high thermal
stability®, polyamides have little competition. Industrial polyamides are predominantly formed
through step growth polymerizations from diamine and diacid® starting materials. These
polyamides find uses as textiles and fibers as well as engineering materials.>>® Biodegradable
polyamides from amino acids have an even greater diversity of functions as not only fibers” and
structural materials®, but also as gels,® catalysts® and drugs!! due to their precise ordering!®'3
and variety of functionalized side chains. While nature routinely polymerizes amino acids using
enzymes, large, synthetic poly(amino acid)s are typically derived from N-carboxyanhydride (NCA)
ring-opening polymerization (ROP).%4

NCAs can be easily synthesized from the addition of amino acids to phosgene or a
phosgene derivative (Scheme 3.1). The chain-growth polymerization of NCAs are most commonly
achieved using primary amine initiators (referred to here as the simple amine method) in highly
polar solvents like dimethylformamide.*>1® The polymerization is driven by the loss of CO, and
the simple amine method typically produces polyamides with good control over molecular
weight, but it often requires multiple days to reach full conversion at ambient conditions. There

has been extensive progress to increase the rate of amine-initiated reactions, which include
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Scheme 3.1. Synthesis of NCAs from amino acids and the polymerization of NCAs through the simple amine
method.
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removing CO,1"?° using polyamine initiators,?™?3 halogenated solvents,?*%> using biphasic
systems with poly(ethylene glycol)-amine initiators,?®?” , strong bases?®?® as well as
organocatalysts including N-heterocyclic carbenes3%3! and crown ethers.3? Metal-based catalysts
for NCA polymerization have been shown to function as Lewis acids for amines or other
nucleophilic initators33-3>, bases to deprotonate-NCA NH bonds®*-8 or precursors to form 5-
member-ring metallocycles as the catalytic species.!#3%4! Despite the abundance of initiators
and catalysts known to polymerize NCAs, there are few reports where NCAs undergo
copolymerization with other cyclic monomers (e.g., lactones, epoxides, cyclic carbonates, etc.).#>~
4> The copolymers resulting from such reactions are attractive because they add the mechanical
properties of the polyamides to commodity polymers,*®*® demonstrate improved
biocompatibility and degradability,**>° and/or undergo phase separation to make polymer

micelles that are useful in drug delivery applications.”'™3
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Most reported syntheses of polyamide block copolymers involve macromolecular
initiators with amine end groups for the simple amine method of NCA polymerizaiton.47->4->6
These macromolecular initiators can be virtually any class of polymer as long as post-
polymerization functionalization or deprotection sequence produces a primary or secondary
amine. This strategy allows for copolymers of olefins>”>, polyethers,%6:>2>>59 polyesters*’:>4-56
among others® to be synthesized, but the functionalization and deprotection steps can be
difficult to carry out quantitatively and often require multiple purification steps. For example,
Meyrueix and coworkers synthesized copolymers of L-lactide and y-benzyl-L-glutamate-NCA by
first polymerizing lactide through a zinc alkoxide catalyst containing a bifunctional initiator with
an alcohol and a tert-butyl carbamate (BOC) protected amine moiety (Scheme 3.2a).>* The
resulting end group functionalized poly(L-lactic acid) was then isolated and purified before the

BOC group was removed through the addition of trifluoroacetic acid. The polymer was then

Scheme 3.2. Previous methods to produce copolymers of polyamides and other polymers: (a) End group
deprotection of a macroinitiator. (b) Sequential addition of strong acids and bases. Methods reported in this
work using iron-based catalysts: (c) Sequential addition of monomers using; and (d) Redox-switchable

copolymerization.
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purified an additional time before being used as a macroinitiator for y-benzyl-L-glutamate-NCA
polymerization to synthesize the final copolymer. Each purification step required for copolymer
synthesis adds to the cost and difficulty of developing these desirable materials.

There are only a few reports that describe the one-pot synthesis of block copolymers
containing polyamides derived from NCAs and another monomer that can engage in ring-opening
polymerization.*>=* Pahovnik and coworkers reported a general method that relies on single
insertion of an NCA monomer to polyester or polycarbonate macroinitiators under acidic
conditions followed by careful addition of base to initiate-NCA polymerization (Scheme 3.2b).%*
While this method provided access to poly(ester-b-amide) and poly(carbonate-b-amide) block
copolymers, the multistage reactions took several days for completion. The Guo group
demonstrated that tin octanoate can be used for the copolymerization of the N-substituted,
sarcosine N- carboxyanhydride and e-caprolactone.*?** While the polymerization of sarcosine-
NCA is rapid at room temperature under active nitrogen flow the subsequent polymerization of
the lactone requires elevated temperatures (110 °C) to produce the desired poly(amide-b-ester).
Herein, we describe a complementary approach that uses iron(l) bis(imino)pyridine-based
catalysts, to carry out the efficient polymerization of NCAs. We also produce block copolymers
either through sequential addition of monomers (for polyester copolymers, Scheme 3.2c) or
through redox-switchable polymerization reactions (for polyether copolymers, Scheme 3.2d).
The catalysis is efficient and proceeds in one pot, providing convenient access to useful

polypeptide copolymers that incorporate other functional monomers.
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3.2 Polymerization of N-Carboxyanhydrides by Redox-switchable Iron Bis(imino)pyridine

Alkoxide Complexes

An emerging area in synthetic, polymer chemistry is switchable polymerization
reactions,®2®2 which rely on the application of an external stimulus to alter the reactivity of a
polymerization reaction in situ. The switch can be used to alter polymer composition and/or
architecture. As mentioned in chapter 1, a variety of stimuli have been used for switchable
polymerizations with redox-switchable polymerization being notable for the diversity of
application. Redox-switchable polymerizations have been demonstrated to produce block
copolymers,®3-%6 to control polyolefin branching,®”-68 trigger crosslinking reactions,® and create
patterned surfaces.”®

Over the past few years, we have been investigating a family of iron-based catalysts that
have redox-switchable characteristics for the polymerization of lactide and epoxides (left,
Scheme 3.3).6466.70-73 \We have leveraged this reactivity to control the monomer sequence in
block copolymers starting from mixtures of monomers®® to develop redox-triggered cross-
linking reactions,® and for patterning in surface-initiated polymerization reactions.”® Recently,
we have also developed an electrochemical method that can be used instead of chemical redox
reagents to control the polymerization reactions.®®’° Although redox-switchable polymerization
catalysts are known for cyclic olefins,’*”> lactones including lactide,”>’® and epoxides,®4%> they
have not been demonstrated for the switchable polymerization of NCAs. We anticipated that the

versatility of the bis(imino)pyridine iron complexes for ring opening polymerization reactions
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could be exploited to create a redox-switchable catalytic system that would also be amenable for
the production of block copolymers containing polyamides (right,
Scheme 3.3).

We have previously reported the synthesis of iron bis(imino)pyridine complexes 1.48 and
1.49%%71 as well as (>*MeBIP)FeOCH,C(CHs)s, 3.1,’%73 which led to a family of complexes that
differed by charge, formal oxidation state, and coordination number (Scheme 3.3). Access to a
cationic iron complex 3.2 would provide a second possible catalyst combination (i.e., 3.1 and 3.2)
that could be used for redox switching. We expected that this combination would demonstrate
different reactivity for NCA polymerization compared to the original redox-switchable catalytic
system (i.e., 1.48 and 1.49). Fortunately, complex 3.2 could be easily accessed by oxidizing neutral
iron complex 3.1 with ferrocenium tetrakis[(3,5-bis(trifluoromethyl)phenyl]borate (FcBAr4),
which proceeded cleanly as evidenced by *H, !B and °F NMR spectroscopy.

To understand what catalyst features are best for NCA polymerization, the activities of

1.48,1.49, 3.1 and 3.2 were evaluated for the polymerization of y-benzyl-L-glutamate-NCA (Table

Scheme 3.3. Iron bis(iminopyridine) alkoxide complexes used in redox-switchable copolymerizations of (left)
lactide and cyclohexene oxide and (right) N-carboxyanhydride (NCAs) and cyclohexene oxide.
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3.1). These studies revealed that neutral, iron complexes 1.48 and 3.1 were almost identical in
overall conversion reaching 50% and 48 % conversion in 48 h (entries 3 and 6, Table 3.1). Full
conversion of the monomer was not observed under these conditions. Due to how quickly the
polymerization rate decays (Figure 3.1) without a significant broadening of dispersity we
hypothesized the reduced activity is due to product inhibition rather than catalyst
decomposition. The product inhibition would result from the coordination of the product, poly(y-
benzyl-L-glutamate), which contains nucleophilic amide groups that can compete with the
monomer for coordination to the catalyst.

In order to get a better sense for the relative activities of 1.48 and 3.1 without
complications from product inhibition, each catalyst precursor was evaluated by monitoring
reactions at lower conversions (Figure 3.1). These experiments revealed that complex 1.48 and
complex 3.1 have very similar reactivity with 3.1 being slightly more active than 1.48. This trend
is likely a consequence of 3.1 containing the more electron-rich metal center compared to 1.48
(formally Fe(l) vs. Fe(ll), respectively), which is consistent with NCAs being more commonly
polymerized with base initiators'#> rather than acid catalysts.**’”” In contrast to 1.48 and 3.1,
cationic iron complexes 1.49 and 3.2 were much less active for y-benzyl-L-glutamate-NCA
polymerization. Reactions catalyzed by 1.49 were slow, leading to only 10 % conversion after 48
h with a broad molecular weight distribution and significant tailing towards higher molecular
weights (entry 7, Table 3.1), while complex 3.2 did not react with y-benzyl-L-glutamate-NCA even
after extended reaction times (entry 8, Table 3.1). Metal catalyzed coordination-insertion ROP
generally involves both electrophilic activation at the metal center and the nucleophilicity of the

initiator.”® Our results imply that although the nucleophilicity of the electron rich metal
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complexes is most important for efficient NCA polymerization, the difference in reactivity
between more electrophilic 1.49 and less electrophilic 3.2 suggests that the electrophilic
activation can be sufficient for some NCA polymerization. 3.2 is neither sufficiently electron rich
nor sufficient electrophilic for NCA ROP. Thus, the overall reactivity of the family of complexes
towards NCA polymerization is 3.1 > 1.48 >> 1.49 >> 3.2.

While studying the reactivity trends we also noted that poly(y-benzyl-L-glutamate),
obtained from reactions with catalysts 1.48 and 3.1, possessed low dispersities. The molecular
weight was much closer the theoretical molecular weight for polymer produced by catalyst 1.48
in comparison to 3.1. We admit that the molecular weight measurements may not be as accurate
as possible as the molecular weights were determined by size-exclusion chromatography

equipped with a refractive index detector relative to polystyrene standards in polar

Table 3.1. Polymerization of y-benzyl-L-glutamate N-carboxyanhydride (BLG-NCA) by various iron
bis(iminopyridine) alkoxide complexes.?

R"
HN Catalyst (1 equiv.

):SZO yst (1 equiv.) o} H)\
oZ O

THF, rt, t

BLG-NCA (100 equiv.)

O OBn
entry [Fe] time (h) conversion (%)? Mn(theo) (kDa) Ma(exp)? (kDa)  Mw/Mn
e
1 1.48 1 6 0.7¢ N/A N/A
2 1.48 24 36 3.9¢ 3.7 1.15
3 1.48 48 50 5.0° 4.8 1.20
4 3.1 1 11 2.44 3.3 1.19
5 3.1 24 38 8.3 4.6 1.18
6 3.1 48 48 10.5¢ 5.0 1.22
7 1.49 48 10 1.0¢ 22.4 2.36
8 3.2 48 0 N/A N/A N/A

9 Reactions were carried out at room temperature in THF using 1:100 catalyst:BLG-NCA at [0.35 M]
relative to monomer. ? Conversion determined by *H NMR. ¢ Theoretical molecular weight Ma(theo) =
conversion*(MWoaie-nca— MWco2)*100/2. “Theoretical molecular weight Mn(theo) = conversion* (MWsac-
nca — MWco2)*100. ©Determined by size-exclusion chromatography relative to polystyrene standards
using an Rl detector.
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Reactions were set up with a 1:100 equivalents [Catalyst]:[NCA] in THF.

dimethylformamide (DMF). The presence of hydrogen bond donors on poly(y-benzyl-L-
glutamate) may lead to a significantly different reorganization in DMF compared to polystyrene.
The alkoxide initiators were not incorporated into any poly(y-benzyl-L-glutamate) sample which
precluded the use of H NMR as an independent verification of molecular weight. We were
instead able to measure the poly(y-benzyl-L-glutamate) produced by catalyst 3.1 by matrix-
assisted laser desorption/ ionization (MALDI) mass spectrometry (Figure 3.2). The center of the
peaks (m = 4.684 kDa) is greater than the close to the molecular weight measured by GPC (M, =
3.3 kDa, Mw/M, = 1.19) which indicates that the GPC measurement slightly undervalues the real
molecular weight of the polymer. The molecular weight from the MALDI is significantly larger
than the theoretical molecular weight (M,(theo) = 2.4 kDa) which could suggest inefficient
initiation. The MALDI spectrum was also informative for the absence of an end group derived

from the alkoxide initiator, instead the end group matches the mass of deprotonated NCA. These
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findings would help us propose a mechanism for this reaction which we will further delve into

later this chapter.

3.3 Redox-switchable Polymerization of NCAs, the Unexpected Effect of Lewis Acid

Additives and the Subsequent Mechanistic Investigation

For an effective redox-switchable polymerization, orthogonal reactivity is desired

between two oxidation states of a catalyst to prevent side-reactions. We only observed
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Figure 3.2. MALDI mass spectrum of poly(y-benzyl-L-glutamate) polymerized by 3.1 from Table 3.1, entry 4.
Mh(theo) = 2.4 kDa, Mn(GPC) = 3.3 kDa, Mw/Mn=1.19.
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orthogonal reactivity for 3.1 and 3.2 towards the polymerization of y-benzyl-L-glutamate-NCA.
To this end, redox-switching through the iterative addition of chemical redox reagents was
pursued (Figure 3.3). Addition of FcBArf24 to y-benzyl-L-glutamate-NCA polymerization reactions
catalyzed by 3.1 led to an immediate color change from pale blue green to golden brown, which
was indicative of catalyst oxidation. Concurrent with catalyst oxidation, no further y-benzyl-L-
glutamate-NCA polymerization was observed as expected. Furthermore, no change in molecular
weight or molecular weight distribution was observed even after stirring for an additional four
hours. The addition of cobaltocene (CoCp3) reduced the catalyst and led to consumption of the
v-benzyl-L-glutamate-NCA monomer, which was more rapid than observed initially. Moreover,
the catalyst was no longer limited to low conversion and instead reached an ultimate conversion
of 99% four hours after adding CoCp2 (Figure 3.3). Despite the significant increase in reaction
rate, molecular weight distributions remained narrow (Mw/M, = 1.13), suggesting a single active
catalyst.

The dramatic increase in polymerization activity observed after the catalyst underwent
oxidation and reduction in redox-switchable polymerization reactions warranted further

F24 and CoCp;) and the byproducts

investigation. The reactivity of the redox reagents (i.e. FCBAr
from the redox reactions (i.e. Fc and [CoCp2][BArf?4]) revealed that only CoCp, was active for y-
benzyl-L-glutamate-NCA polymerization in the absence of 3.1 (Table 3.2). The polymerization
initiated by CoCp2 alone was rapid, reached completion in less than 10 minutes. Unlike the redox-
switchable polymerization reaction, however, significantly higher molecular weight polymer was

obtained (M, = 73.8 kDa), and the polymer had a broad molecular weight distribution (Mw/M, =

2.38). Cobaltocene initiated polymerizations were more reminiscent of strong base, potassium
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tert-butoxide, initiated polymerization (M, = 25.8 kDa, Muw/M, = 3.31) (entry 3, Table 3.2) which
may suggest a common anionic amide is being generated, but further investigation outside the
scope of this work would be required. The improved molecular weight control along with the
rapid color change (occurring in seconds) observed during the redox-switchable polymerization
reaction led us to conclude that electron transfer from CoCp: to the catalyst was faster than
direct polymerization of y-benzyl-L-glutamate-NCA with CoCp,. Consequently, we concluded that

the iron-based catalyst is necessary for the controlled, redox-switchable polymerization.

100 —

FcBAr™2 CoCp
90 +

80—
Mn= 9.3 kDa

M /M, =1.13

70+

60 1+

50 +

40+

conversion (%)

M =29 kDa
30T (MM =120

20+

Figure 3.3. Redox-switchable polymerization of y-benzyl-L-glutamate-NCA by complex 3.1 in THF at room
temperature. Oxidation and reduction of the catalyst are represented with dotted lines and are enacted with
the addition of FcBArf2* and CoCp., respectively. The red and blue data points indicate when the catalyst is in
the reduced and oxidized oxidation states, respectively. Number averaged molecular weights (M,) and
molecular weight distributions (Mw/M.,) for the indicated data points were determined by GPC relative to
polystyrene standards.
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We then explored the interactions between the various redox reagents had on y-benzyl-
L-glutamate-NCA polymerization by 3.1. When 3.1 was oxidized to 3.2 in-situ the resulting
complex was inactive as expected, (entry 7, Table 3.2). Ferrocene had little to no influence on the
polymerization (entry 8, Table 3.2) which was similar to the results from 3.1 alone (entry 6, Table
3.2). Both CoCp2 and [CoCp2][BArf?4] lead to significant enhancements in polymerization rates
(entries 9 and 10, Table 3.2) which given the demonstrated reactivity of free cobaltocene with

NCAs is likely to be the result of a common cobaltocenium species being formed for both

Table 3.2. Polymerization of y-benzyl-L-glutamate-NCA (BLG-NCA) by iron bis(iminopyridine)
alkoxide complex, 3.1, with additives.?

R" Catalyst (1 equiv.)
l'ﬁl:gzo Additive (1 equiv.) [} H
o7 o THF, rt, t N

BLG-NCA (100 equiv.)

[6) OBn
entry  Catalyst additive time Conv.’  Ma(theo)*  Ma(exp)?  Mw/Ma?
(h) (%) (kDa) (kDa)
1 N/A FcBArf2* 48 0 N/A N/A N/A
2 N/A CoCp2 0.17 >99 21.9 73.8 2.38
3 N/A KO'Bu 0.17 >99 219 25.8 3.31
4 N/A Fc 48 0 N/A N/A N/A
5 N/A [CoCp2][ BArF?4] 48 0 N/A N/A N/A
6 3.1 N/A 24 38 8.3 4.6 1.18
7 3.1 FcBArf2* 48 0 N/A N/A N/A
8 3.1 Fc 24 37 8.1 5.3 1.32
9 3.1 CoCp2 24 96 21.0 11.1 1.27
10 3.1 [CoCp2][ BArF24] 8 99 21.5 13.0 1.32
11 3.1 [CoCp2][ PFs] 8 99 21.5 14.1 1.30
12 3.1 [CoCp™[ 24 92 5.7 1.7 1.70
BArF24]
13 3.1 B(CsFs)3 24 0 N/A N/A N/A
14 3.1 Sc(OTf)3 24 0 N/A N/A N/A
15 3.1 AlCl3 24 0 N/A N/A N/A
16 3.1 ZnCl 24 0 N/A N/A N/A
17 3.1 Zr(Cp)=Cla 24 12 26 N/A N/A
18 3.1 BPhs 24 10 2.2 N/A N/A
19 3.1 Zn(***4bpy)Cl2 24 70 15.3 13.1 1.27

9 Reactions were carried out at room temperature in THF using [1]: [1]: [100], [catalyst]:
[additive]: [monomers] with a monomer concentration of [0.35 M].? Conversion determined
by H NMR. ¢ Theoretical molecular weight Mx(theo) = conversion*(MWsis-nca— MWco2)*100.
4 Determined by size-exclusion chromatography relative to polystyrene standards using an Rl
detector.
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polymerizations. The narrow dispersity would then be due to the presence of the iron complex
moderating the reactivity of the amide species.

The mechanism of rate enhancement by cobaltocenium was unknown so we investigated
the influence of both the counteranion as well as the sterics of the cobaltocenium cation.
Exchanging [CoCp2][BArf?*] for [CoCp2][PFs] had a minor influence on overall conversion with
both reactions reaching >90 % conversion in 8 h (entry 11, Table 3.2), suggesting that the anion
has little effect on the reaction rate. In contrast, when the sterically more encumbered and more
electron rich  decamethylcobaltacenium  tetrakis[3,5-bis(trifluoromethyl)phenyl]borate
([CoCp™2][BArF?4]) was used as an additive, no noticeable rate enhancement was observed (entry
12, Table 3.2). These findings lead us to believe [CoCp2][BArf?*] is functioning as a Lewis acid

binding to the more basic amide-like NCA carbonyls and activating the monomer while leaving
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Figure 3.4. 600 MHz, 'H NMR spectrum of 1:1 sarcosine-NCA:[CoCp2][BAr"?*] in CDCls.
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the ester-like carbonyl open to bind to the catalyst. It is also possible that the Lewis acid is binding
to polyamide carbonyls on the growing chain to prevent binding to the catalyst which would
inhibit binding of the monomer. We were able to observe through 'H NMR spectroscopy the
interaction between [CoCp2][BArf?4] and the simple NCA (Figure 3.4). The peaks on the NCA are
shifted slightly downfield suggesting electron density is moving from the NCA into the weak Lewis
acid. The interaction between the Lewis acid and monomer supports our hypothesis that the
species could be activating the monomer, but at this moment we cannot rule out interactions
between the Lewis acid and the growing polymer chain.

We then investigated other Lewis acids to compare their influence on polymerization
rates. Strong Lewis acids and sterically open metal salts all completely shut down NCA
polymerization and turned the solution from red to colorless, indicative of complex
decomposition (entries 13-16, Table 3.2). Weak Lewis acids (BPhsz) and more sterically congested
Lewis acids (Zr(Cp)2Cl2) both had negative effects on polymerization rate but did not kill the
catalyst or turn the solution colorless (entries 17 and 18, Table 3.2). Only the unconventional
Lewis acid, Zn(***Bpy)Cl,, improved the polymerization rate (70 % in 24 h) suggesting there must
be a balance between Lewis acidity and steric bulk to achieve cooperative catalysis.

We next explored how [CoCp,][BAr?#] affected the redox-switchable polymerization of y-
benzyl-L-glutamate-NCA (Figure 3.3). When a reaction starting with a mixture y-benzyl-L-
glutamate-NCA and [CoCp>][BArf?*] was exposed to the iron complex 3.1, we observed a rapid
polymerization before oxidation and after reduction, which is consistent with the rate
enhancements observed previously in the presence of the cobaltocenium cocatalyst (Figure 3.5).

Notably, additional equivalents of [CoCp,][BArf?4] formed from the redox switching process did
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not influence the polymerization rates significantly. While y-benzyl-L-glutamate-NCA
polymerization reactions catalyzed by 3.1 demonstrated narrow molecular weight distributions
(Mw/M;, < 1.35), molecular weights remained lower than expected and did not increase
significantly with conversion. It is known that basic or bulky additives will initiate-NCA
polymerization by deprotonating NCA monomers,4287980 phyt these polymerization reactions
generally produce polymer with high molecular weights and/or broader molecular weight
distributions (i.e., Mw/M, = 2-5) than what was observed when 3.1 was used as the catalyst.

Therefore, instead of an anionic polymerization mechanism initiated by 3.1, we favor a
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Figure 3.5. Redox-switchable polymerization of y-benzyl-L-glutamate-NCA by complex 3.1 in THF at room
temperature. Oxidation and reduction of the catalyst are represented with dotted lines and are enacted with
the addition of FcBArf2* and CoCpa, respectively. The red and blue data points indicate when the catalyst is in
the reduced and oxidized oxidation states, respectively. M» and Mw/M, for the indicated data points were
determined by GPC.
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coordination-insertion mechanism initiated by deprotonation of the y-benzyl-L-glutamate-NCA
monomer (Scheme 3.4). Deprotonation of y-benzyl-L-glutamate-NCA by 3.1 leads to complex 3.3,
which can then insert into a second y-benzyl-L-glutamate-NCA monomer to produce iron
carbamate complex 3.4. Decarboxylation produces iron amide complex 3.5, which can propagate
polymerization by inserting into y-benzyl-L-glutamate-NCA to regenerate complex 3.4. Instead of
inserting an NCA monomer, 3.5 can also deprotonate y-benzyl-L-glutamate-NCA to liberate a
growing polymer chain (i.e., P-NH3) and regenerating iron complex 3.3 that can then reenter the
catalytic cycle. This mechanism may serve as a termination event, but chain transfer can also
occur if iron amide complex 3.5 undergoes degenerative exchange with the free amine. Such

mechanisms are common in many ring-opening polymerization reactions that proceed by a

Scheme 3.4. Proposed coordination-insertion mechanism for y-benzyl-L-glutamate-NCA (BLG-NCA) or and
sarcosine-NCA (Sar-NCA) polymerization catalyzed by 3.1 and co-catalyzed by a Lewis acid co-catalyst (A). The
Lewis acidic co-catalyst could serve two functions: to activate the NCA monomer for insertion and/or to
prevent product inhibition by inhibiting polyamide binding to the catalyst.
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coordination-insertion mechanism.®! Chain transfer to the monomer may explain why the
dispersity of the polymer increases over time as more initiators are formed. At this time cannot
rule out the dispersity increasing due to back-biting along the growing polymer chain although
no evidence for this side reaction was observed by MALDI (Figure 3.2) at lower conversions.

The role of the Lewis acid additive can be explained if a coordination-insertion mechanism
is operative (Scheme 3.4). The Lewis acid may bind to the NCA to activate it for insertion from
the basiciron alkoxide 3.1 or iron amide intermediates 3.3 or 3.5. Another likely role for the Lewis
acid co-catalyst is to prevent product inhibition. After insertion of an NCA monomer and
decarboxylation to form intermediate 3.5, the amide carbonyl from the newly formed peptide is
ideally situated to form a five-membered ring chelate with iron to form complex 3.6. If formed,
3.6 would inhibit polymerization by preventing the next NCA monomer from binding to the
catalyst. However, in the presence of a Lewis acidic co-catalyst, the amide carbonyl can interact
with the Lewis acid instead of the iron center, thereby freeing up the metal for subsequent NCA
enchainment.

In order to determine if the Lewis acid effect is also observed for the simple amine
method of NCA polymerization, a solution of dimethyl amine in THF was added as the initiator
for y-benzyl-L-glutamate-NCA with and without the presence of [CoCp2][BArf?4]. A significant
retardation in polymerization rates was observed when [CoCp][BAr?#] was present in contrast
to the rate enhancement seen when [CoCp,][BArf?*] was combined with 3.1. Rather than bind
preferentially to the monomer, the Lewis acid is likely binding to the more basic amine initiator
slowing down the polymerization rate. These experiments further demonstrate that the

polymerization mechanism involving the iron-based catalyst 3.1 differs significantly from the
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simple amine method.

To test whether deprotonation of y-benzyl-L-glutamate-NCA is solely responsible for
absence of initiator end groups in the final polymer, 3.1 was evaluated as catalysts for sarcosine-
NCA polymerization (Table 3.3). Unlike y-benzyl-L-glutamate-NCA, sarcosine-NCA does not
contain an acidic N—H proton, which would preclude formation of complex 3.3 being formed as
well as the chain transfer mechanism pathway proposed in Scheme 3.4. In the absence of
[CoCp2][BAr?4], complex 3.1 was very active for the polymerization of sarcosine-NCA. The
reaction reached 70 % conversion in only 10 minutes at room temperature; further conversion
was not seen at extended reaction times (entry 1, Table 3.3). Little change was seen when
reaction continued to run for 4 h, but prolonged stirring for 24 h led to the molecular weight
decreasing and dispersity increasing (entries 2 and 3, Table 3.3). The lower molecular weight and
increased dispersity is likely due to backbiting reactions, which may prevail at high conversions.
The polymerization once again displayed narrow molecular weight distributions and molecular
weights were close to the theoretical molecular weights. Moreover, molecular weights changed
with catalyst loading, which is typical for polymerizations that proceed with good molecular
weight control (entries 4-6, Table 3.3).

Unlike polymer obtained from y-benzyl-L-glutamate-NCA polymerizations, end group
analysis of the polymer obtained from Sarcosine-NCA by *H NMR and the MALDI mass spectra all
revealed the presence of an ester end group additionally the molecular weight calculated by H
NMR end group analysis agrees with the molecular weight determined by GPC. Cyclic oligomers
were also detected in the MALDI spectrum. These observations are consistent with the

mechanistic hypothesis shown in Scheme 3.4. Without the ability to deprotonate the NCA
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monomer, initiation of sarcosine-NCA occurs from insertion of the alkoxide into the NCA
monomer. Moreover, sarcosine-NCA propagation proceeds without chain transfer leading to
molecular weights that agree with theoretical molecular weights as the catalyst loading is altered.

Similarly to y-benzyl-L-glutamate-NCA polymerization reactions, sarcosine-NCA
polymerization reactions catalyzed by 3.1 could reach full conversion without loss in molecular
weight control when [CoCp2][BArf?*] was added to the reaction (entry 7, Table 2). Moreover, the
oxidized complex 3.2 was completely inactive for sarcosine-NCA polymerization (entry 8, Table
2). Overall, these results demonstrated that 3.1 was an excellent catalyst for N-substituted NCA
polymerization reactions, especially in the presence of the Lewis acidic additive [CoCp,][BAr4],

and the catalyst also demonstrated great potential to be used in a redox-switchable system.

Table 3.3. Polymerization of sarcosine-NCA by iron bis(iminopyridine complexes 3.1 and 3.2.¢

Catalyst (X equiv.)
\N/% [CoCp,][BAF24] (Y equiv.) (/(\L/ | 7)
0
O)\o THF, 1t, t N

Sar-NCA (100 equiv.)

Entry Catalyst Catalyst Conversion (%)? My(theo)  Mha(exp)  Muw/My?
equiv. (kDa)* (kDa)?
1 3.1 1 70 5.0 5.0 1.15
2¢ 3.1 1 71 5.0 5.8 1.06
3 3.1 1 70 5.0 3.7 1.48
4 3.1 2 65 2.5 3.0 1.35
5 3.1 0.5 67 9.5 9.6 1.05
6 3.1 0.025 71 19.9 20.3 1.03
79 3.1 1 >99 7.1 7.1 1.06
8 3.2 1 0 N/A N/A N/A

@ Reactions were carried out for 10 min in THF using catalyst at [0.35 M] relative to monomer. ® Conversion
was determined by *H NMR and mass of precipitated polymer. ¢ Theoretical molecular weight Mn(theo) =
conversion*(MWsar-nca— MWco,)*100. ¢ Determined by GPC versus polystyrene standards. € Reaction ran for
4 hours. f Reaction ran for 24 hours. 9[CoCp2][ FcBArf?*] (1 mol%) was also added to the reaction.
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34

Copolymerization of Caprolactone and Sarcosine-NCA

The combination of 3.1 and [CoCp2][BArf?4] was established to be an effective catalyst for

the polymerization of sa

rcosine-NCA. Additionally, we had determined that the alkoxide initiator

was incorporated as an ester end group in the polymer which would be needed for

copolymerization with lactones. We decided to leverage the exceptional activity of 3.1 for e-

caprolactone polymerization’?”® to form copolymers between sarcosine-NCA and

e-

Scheme 3.5 a) Diblock copolymerization of e-caprolactone (CL) then sarcosine-NCA (Sar-NCA) by 3.1 and
[CoCp2][BArf?] through sequential addition of monomers. b) Attempted copolymerization of sarcosine-NCA

then e-caprolactone, but

only poly(sarcosine) was observed. (c) Telechelic, triblock copolymerization of e-

caprolactone then sarcosine-NCA by 3.7 and [CoCp2][BArf?*] through sequential addition of monomers.
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caprolactone (Scheme 3.5). As expected, exposing 3.1 to e-caprolactone followed by
[CoCp2][BAr?4] and sarcosine-NCA led to the production of copoly(ester-b-amide) block
copolymers (Scheme 3.5a). The polymer obtained was of moderately high molecular weight and
narrow molecular weight distribution (M, = 31.2 kDa, Mw/M, = 1.08) (Figure 3.6), and the block
copolymer microstructure was verified using DOSY spectroscopy (Figure 3.7).

Encouraged by these results the opposite order of monomer addition was explored next.
Unfortunately, the polymer produced from sarcosine-NCA polymerization catalyzed by 3.1 and
[CoCp2][BAr?4] (M, = 6.9 kDa, Mw/M, = 1.04) was not capable of initiating e-caprolactone ROP
(Scheme 3.5b). We attempted to drive the reaction by increasing the temperatures up to 60 °C
and prolonged reaction times The inactivity towards e-caprolactone was particularly surprising
considering the exceptional activity that 3.1 had for the ROP of e-caprolactone.”>”® We
hypothesize that the decreased reactivity of e-caprolactone after sarcosine-NCA polymerization

is likely due to the ability for the polyamide carbonyls to chelate to the iron catalyst (e.g.,
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Figure 3.6. GPL chromatogram ot poly(e-caprolactone) (Vin|GPL) = 31.2 KDa, Mw/IVin= 1.U8, biue) and poly(e-
caprolactone-b-sarcosine) (Mn(GPC) = 31.2 kDa, Mw/Mn = 1.08, red) from Scheme 3.5A. Measurement taken in
THF at 40 °C and recorded by a LS detector.
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Figure 3.7. 600 MHz, DOSY NMR spectra of poly(e-caprolactone-b-sarcosine) from Scheme 3.5A in CDCls.

intermediate 3.6, Scheme 3.4), which can be sufficiently overcome with the addition of
[CoCp2][BAr"24] for NCA monomers but not for the less nucleophilic e-caprolactone monomer.
Despite this limitation, A-B-A poly(amide-b-ester-b-amide) triblock copolymers were
accessible using a telechelic polymerization approach (Scheme 3.5c). The addition of diol initiator
1,4-benzenedimethanol to bis(imino)pyridine iron alkyl precursor 3.7 generated an alkoxide
catalyst in-situ, which was suitable for e-caprolactone polymerization. The molecular weight of
the polyester produced was close to the theoretical amount at >99 % conversion as determined

by GPC and NMR (Mp(exp,GPC) = 58.8 kDa; Mu(exp,NMR) = 50.2 kDa; My(theo) = 50.2 kDa) and
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the molecular weight distribution was narrow (Myw/M, = 1.17) (Scheme 3.5c). The addition of
[CoCp2][BAr?4] and sarcosine-NCA led to efficient conversion of the NCA monomer and
production of the A-B-A poly(amide-b-ester-b-amide) triblock copolymer. Monomodal molecular
weight distributions of the resulting copolymers were observed by GPC along with a clear
increase in molecular weight, supporting chain elongation at all molecular weights. (My(GPC) =
75.9 kg/mol, Mw/M, = 1.16) (Figure 3.8), which was supported by 'H NMR and DOSY

spectroscopy. (Figure 3.9).
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Figure 3.8. GPC chromatogram from the telechelic copolymerization poly(g-caprolactone) (blue, M, = 58.8 kDa,
Mw/Mn = 1.17) and poly(sarcosine-b-€-caprolactone-b-sarcosine) (red, M, = 75.9 kDa, Mw/M, = 1.16) from
Scheme 3.5c.
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Figure 3.9. 600 MHz, *H DOSY NMR spectra of poly(sarcosine-b-e-caprolactone-b-sarcosine) from Scheme 4c in
CDCls.

3.5 Copolymerization of Sarcosine-NCA and Cyclohexene Oxide

To expand the number of monomers our catalyst could copolymerize with sarcosine-NCA
we looked at monomers that would be suitable for a redox-switchable polymerization. Our group
had previously demonstrated that the cationic, formally iron (lll) complex 1.49 was active for
epoxide polymerization,® which neutral, formally iron(Il) complex 1.48 is inactive towards.”> The
complementary reactivity observed between the 1.48 and 1.49 inspired the development of a

redox-switchable polymerization reaction between lactide and epoxides that led to the
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production of block copolymers either from sequential addition of monomers or from a pool of
both monomers.®* We believed that we could achieve a similar redox-switchable reaction for
NCAs and epoxides using 3.1 and 3.2. We had already demonstrated that 3.1 was inactive for
epoxide ROP similar to 1.48.72 Considering 3.2 and 1.49 were both cationic iron complexes, it was
expected that 3.2 would also be active for epoxide ROP. Validation of this expectation would then
make the redox-switchable copolymerization of epoxides with NCAs possible by leveraging the
redox-switchable activity of 3.1 for NCA ROP and epoxide ROP.

As anticipated, catalyst 3.2 was very active for cyclohexene oxide ROP. In the presence of
THF both THF and cyclohexene oxide were consumed so to simplify analysis we decided to
replace the solvent with bulkier 2-methyltetrahydrofuran (2-MeTHF) which was not consumed
during cyclohexene oxide ROP (Scheme 3.5). As was the case with 1.49, cyclohexene oxide
polymerization catalyzed by 3.2 did not demonstrate living characteristics, producing more
disperse polymers (Mw/M, = 1.73), but with molecular weights close to the theoretical molecular
weights (e.g., Mn(exp) = 10.0 kg/mol, My(theo) = 9.8 kg/mol, Mw/Mn=1.73 at 1% catalyst loading
and 98% conversion). While quantitative rate measurements were complicated by differences in
solvents for catalyst compatibility (CH2Cl, for 1.49 and 2-MeTHF for 3.2), 3.2 was less efficient as
a catalyst for cyclohexene oxide polymerization when qualitatively compared to 1.49,%* with

polymerizations reaching high conversions in hours with 3.2 as opposed to minutes with 1.49.

Scheme 3.6. Polymerization of cyclohexene oxide (CHO) by 3.2.

0
© 1 equiv. 3.2 >99 % conv.
> NpO M,(GPC)= 10.0 kDa
oo 2-MeTHF, rt, 4 h ot+H M, (theo)= 9.8 kDa
Mo /M= 1.73

(100 equiv.)
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Encouraged by the reactivity of 3.1 and 3.2 towards sarcosine-NCA and cyclohexene
oxide, respectively, copolymerization reactions were next attempted wherein the
chemoselectivity of the catalyst was altered through the addition of redox reagents in situ. When
a mixture of sarcosine-NCA and cyclohexene oxide was exposed to 3.1 and [CoCp2][BArf?4], clean
conversion of sarcosine-NCA was observed with no conversion of cyclohexene oxide. Addition of
FcBArf2# to the reaction led to the polymerization of cyclohexene oxide, which was consistent
with the redox switching experiments for cyclohexene oxide. However, precipitation of the
polymer in hexanes resulted in the isolation of separate homopolymers, specifically
poly(sarcosine) in the precipitate and soluble poly(cyclohexene oxide). We expected the
homopolymer formation was a product of the reaction of FcBArf24 and cyclohexene oxide as had
been observed by others during redox-switchable copolymerizations.®? To prevent this side
reaction we explored the sequential addition of monomers/reagents for copolymerization to
ensure the redox reagents were quenched before monomer addition. (Scheme 3.6a). The
polymerization of sarcosine-NCA proceeded when exposed to 3.1 and [CoCp2][BAr?4]. GPC
analysis of the poly(sarcosine) revealed a monomodal molecular weight distribution although
there was some low molecular weight tailing, which may be a side effect of the lower solubility
of sarcosine-NCA in 2-MeTHF compared to THF. When FcBAr2* was added to the reaction, a rapid
color change occurred, consistent with the oxidation of the iron complex. Cyclohexene oxide was
then added, and full conversion to polymer was observed.

Scheme 3.7. Attempted synthesis of polyether-polyamide diblock copolymers using a 3.1/3.2 catalyzed redox-
switchable polymerization in a solution of mixed monomers.

o) - i) 3.1 (1 equiv.) o o
® . N/>=O [CoCp,]BArF24] (1 equiv.) 'L ii) FCBAF24 (1 equiv.) ,L * NbO
- NpbO T s NpO H P
0)\0 2-MeTHF, rt, 10 min P i, 48 h \y——H

CHO (200 equiv.) Sar-NCA (100 equiv.)




Unlike the reaction initiated with both monomers initially present, the product obtained
from sequential addition of monomers and redox reagents lead to a copolymer with a
monomodal molecular weight distribution by GPC (Scheme 3.7a). Unfortunately separate GPCs
had to be used to measure the poly(sarcosine) copolymer and the subsequent poly(sarcosine-b-
cyclohexene oxide) copolymer due to solvent and column incompatibility so the two elution
times could not be directly compared. Regardless, *H and DOSY NMR spectroscopies were also
consistent with the formation of a poly(amide-b-ether) block copolymer. These results suggest
that the polyether product formed in the procedure starting from mixture of monomers likely
arises from competitive reaction of cyclohexene oxide with FcBArf?4 instead of electron transfer
between FcBArf?* and the iron-based complex. To complete the evaluation of 3.1-
[CoCp2][BAr24]/3.2 as a redox-switchable polymerization system for the production of block
copolymers that contain amides and ethers, the polymerization of cyclohexene oxide followed

by Sarcosine-NCA was pursued (Scheme 3.7b). As was the case with the switch between 3.1 and

3.2, sequential addition of CoCp2 to a cyclohexene oxide polymerization catalyzed by 3.2 followed

Scheme 3.8. Synthesis of polyether-polyamide diblock copolymers using a 3.1/3.2 catalyzed redox-switchable
polymerization a) Poly(sarcosine-b-cyclohexene oxide) and b) poly(cyclohexene oxide-b-sarcosine) synthesis
required the sequential addition of redox reagents and monomers.

O step ii

.

M,(GPC)= 16.7 kDa
M,(NMR)= 17.9 kDa
My/Mo=1.15

)\/>:O step i

Sar-NCA (100 equiv.)
(1 equiv.)

rt, 10 min

ii)

i) (1 equiv.) o
\N/>=o [CoCp,IBAIF24] (1 equiv.) ’L
O)\o 2-MeTHF, rt, 10min PO

Sar-NCA (100 equiv.) M,(GPC)= 6.1 kDa
Mn(NMR)= 7.0 kDa
My/M,=1.05

0 0
<f> i) 3.2 (1 equiv.) NpO [Fe™T"
_
2-MeTHF, rt, 4 h

CHO (200 equiv.)
FcBArF24 ( 1equ|v)

rt48h

CHO (200 equiv.) M,(GPC)= 18.1 kDa
A = 18.
MA(NMR)= 14.7 kDa
MyiM,= 1.79

et

M,(GPC)= 27.6 kDa
MA(NMR)= 22.1 kDa
My /Mo= 1.32

152



by sarcosine-NCA led to the production of a poly(ether-b-amide) block copolymer without
significant production of polyether or polyamide byproducts. Formation of the block copolymer
was confirmed by 'H and DOSY NMR spectroscopies and molecular weight analysis by GPC
revealed monomodal molecular weight distributions, but it does not appear that high molecular
weight polyether is retained in the copolymer NMR (Figure 3.10). Either chain extension is
incomplete or any polyether rich copolymers are lost as the polymer is isolated during the
purification step. Poly(cyclohexene oxide) could be easily precipitated into methanol, but the
copolymers were soluble in methanol, so instead they had to be purified through precipitation
into cold acetone.

Redox-switchable polymerization also allowed us to access triblock copolymers of
sarcosine-NCA and cyclohexene oxide. The poly(ether-b-amide-b-ether’) triblock copolymer was
synthesized by first polymerizing cyclohexene oxide using 3.2 as the catalyst (Scheme 3.7b).
Subsequent addition of CoCp; and sarcosine-NCA resulted in the formation of the diblock

copolymer poly(cyclohexene oxide-b-sarcosine). Finally, the addition of FcBArf?* to this reaction

25

Normalized LS Signal (mV)
o o o 3

o

0 50 100 150 200 250
Molecular weight (kDa)

Figure 3.10. GPC chromatogram from the copolymerization of CHO (blue, M, = 18.1 kDa, Mw/M» = 1.79) then
sarcosine-NCA (red, M, = 22.1 kDa, Mw/Mn = 1.32) from Scheme 3.7B.
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followed by additional cyclohexene oxide led to the triblock copolymer poly(cyclohexene oxide-
b-sarcosine-b-cyclohexene oxide’) (Scheme 3.8a).

The formation of both triblock copolymers was supported with *H and DOSY NMR. The
GPC spectra (Figure 3.11, top) remained monomodal throughout either copolymerization
reaction, but it is notable that the high molecular weight tail fraction of the pure
poly(cyclohexene oxide) was not retained in the diblock copolymer, which could be due to the
precipitation step not being efficient for collecting polyether-rich copolymers. Poly(cyclohexene
oxide) was collected by precipitation into methanol, but methanol made a poor solvent for
copolymer precipitation, each copolymer was instead precipitated into cold acetone because
both homopolymers are poorly soluble in cold acetone. The 'H NMR of the supernatant for all
copolymer precipitations contained both polyether and polyamide resonances, suggesting the
precipitation could be causing fractionation of the copolymer by order of relative solubility. If this
is occurring it could also be possible that any diol impurities in the cyclohexene oxide could be
producing high molecular weight, telechelic copolymer that are may be more soluble than the
copolymers produced in one direction and therefore any high molecular weight fraction of the
copolymer would not be carried on into the GPC chromatogram.

The complementary poly(amide-b-ether-b-amide’) A-B-A' triblock copolymer was formed
through sequential addition of monomers and oxidants/reductants. To synthesize this block
copolymer, 3 and [CoCp2][BArf?*] were used to polymerize Sarcosine-NCA (Scheme 3.7b). Upon
addition of FcBArf24, the metal complex containing a poly(sarcosine) chain was oxidized and the
addition of cyclohexene oxide led to formation of the diblock copolymer poly(sarcosine-b-

cyclohexene oxide). Addition of CoCp: followed by an additional Sarcosine-NCA resulted in the
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formation of the triblock copolymer poly(sarcosine-b-cyclohexene oxide-b-sarcosine’) (Scheme
3.7a). Analysis of the diblock and triblock copolymers by GPC revealed uniform chain extension
and monomodal molecular weight distributions (Figure 3.11, bottom). The molecular weight
determined by GPC increases significantly after the addition of sarcosine-NCA (32.2 kDa to 64.2
kDa) while the molecular weight determined by end group analysis using *H NMR increases less

significantly (40.0 kDa to 47.2 kDa) and better matches the theoretical molecular weight. The

Scheme 3.9. Synthesis of polyether-polyamide triblock copolymers using a 3.1/3.2 catalyzed redox-switchable
polymerization. (a) Poly(sarcosine-b-cyclohexene oxide-b-sarcosine) and (b) poly(cyclohexene oxide-b-
sarcosine-b-cyclohexene oxide’).
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a i T
0 i) 3.2 (1 equiv.) o
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2-MeTHF, rt, 4 h NpO rt, 10 min
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discrepancy in the molecular weights determined by NMR and GPC may be caused by some
aggregation of the poly(sarcosine)-rich copolymer in THF, leading to higher than expected
molecular weight measurements by GPC. The formation of the triblock copolymers was

supported with *H and DOSY NMR.
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Figure 3.11. (Top) GPC chromatogram of triblock copolymers of cyclohexene oxide (CHO) and sarcosine-NCA
(Sar-NCA). Poly(cyclohexene oxide) (Mn= 17.6 kDa, Mw/Mh = 2.16, blue), poly(cyclohexene oxide-b-sarcosine)
((Mn = 27.9 kDa, Mw/M: = 1.39, orange) and poly(cyclohexene oxide-b-sarcosine-b-cyclohexene oxide’) ((Mn =
48.4 kDa, Mw/Mn = 1.40, green) from Scheme 3.8A. (Bottom) GPC chromatogram of poly(sarcosine-b-
cyclohexene oxide) (Mn = 32.2 kDa, Mw/Mh = 1.38, blue) and poly(sarcosine-b-cyclohexene oxide-b-sarcosine’)
(Mn=62.2 kDa, Mw/Mhn = 1.15, red) from Scheme 3.8B.
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3.6 Conclusion

The low valent iron complex 3.1 was found to be an efficient catalysts for NCA ROP,
especially when used in combination with a mild Lewis acid, such as [CoCp2][BArf?4]. Unlike most
NCA polymerization reactions, the mechanism for NCA polymerization with 3.1 is likely a
coordination-insertion mechanism that benefits from cooperative interactions with a Lewis acid
cocatalyst. The similar intermediates that this mechanism shared with the proposed mechanism
for lactone polymerization catalyzed by 3.1** enabled these complexes to be used as catalysts for
the uncommonly reported, one-pot, copolymerization reactions between sarcosine-NCA and -
caprolactone. With the appropriate order of addition and choice of initiator, diblock and triblock
copolymers that incorporate sarcosine-NCA and g-caprolactone could be obtained.

Moreover, complex 3.1 could be reversibly oxidized during the polymerizations with one
electron redox reagents, which resulted in the first example of a redox-switchable polymerization
of NCAs. This reactivity was combined with orthogonal reactivity of the oxidized complex 3.2 for
cyclohexene oxide polymerization to produce poly(amide-b-ether) block copolymers, the
composition of which could be altered through in situ addition of chemical oxidants and
reductants. Future improvements to the system will include adoption of the electrochemical
redox switching system we recently reported to address redox reagent incompatibility, and
further monomer and catalyst engineering targeting a broader set of NCA monomers for
incorporation into copolymerization reactions. The success of these efforts is expected to lead to
the synthesis of new polymeric materials with useful and tunable properties that would benefit

a wide variety of applications from new thermoplastic materials to drug delivery devices.
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3.7 Experimental

General Considerations: Cyclohexene oxide and 2-methyltetrahydrofuran were dried over CaH;
and distilled prior to polymerization. Tetrahydrofuran was dried over 3 A° molecular sieves and
activated manganese oxide under an argon atmosphere. Complexes 1.48, 1.49 and 3.1 and 3.7
were synthesized as described previously.”%’2 Amino acids y-benzyl-L-glutamate-NCA and
sarcosine were purchased from Acros Organics and used as received. Triphosgene was purchased
from Chem-Impex International Inc. and wused as received. Tetrabutylammonium
hexafluorophosphate was purchased from Oakwood Chemicals and dried over P,Os in vacuo. y-
benzyl-L-glutamatic acid was obtained from Sigma Aldrich and used as obtained. Sarcosine was
obtained from Sigma Aldrich and dried over P,0s in vacuo. Monomers y-benzyl-L-glutamate N-
carboxyanhydride** and sarcosine N-carboxyanhydride®3, were synthesized according to
literature procedures. FcBArf2* was synthesized according to literature procedures.®® Unless
stated otherwise, all reactions were carried out in oven-dried glassware in a nitrogen-filled glove
box or with standard Schlenk line techniques.®* Solvents were used after passage through a
solvent purification system consisting of molecular sieves and activated manganese oxide under
a blanket of argon and then degassed briefly by exposure to vacuum.

Evan’s Method: Magnetic moments were determined by Evan’s method®2¢ in THF by means of
a procedure published by Gibson and coworkers.?’

SEC: Due to solubility concerns, polymers size-exclusion chromatography (SEC) by permeation
chromatography (GPC) was performed on two separate instruments. For polyesters, polyethers

and all copolymers an Agilent GPC220 in THF at 40 °C with three PL gel columns (10um) in series
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and recorded with both a refractive index detector and a multi-angle, light-scattering detector at
15 and 90 degrees. Instrument was calibrated against 7 narrow molecular weight, polystyrene
standards (GSK, 1,820,000- 3,180 g/mol). For polyamide homopolymers a Tosoh EcoSEC
instrument HLC-8320GPC with a refractive index (RI) detector and three Tosoh TSKgel Alpha M
columns (7.8mmID x 300 mm, resin type: methacrylate, particle size:13 um, pore size: mixed
bed). These columns were maintained at 50 °C for all analyses. All samples were eluted by DMF
+0.01% LiBr at a flow rate of 0.6 mL/min. Calibration was performed using polystyrene standards
(ReadycCal Kit, Sigma-Aldrich#81434). Samples were passed through 0.20 um nylon filters before
being injected into the SEC system. Unfortunately, this instrument was not equipped with a light-
scattering detector so we elected not to use the instrument for measuring the copolymers of
polyamides with polyesters or polyethers.

Mass Spectrometry: Matrix-assisted, laser desorption/ ionization time of flight (MALDI-TOF)
mass spectrometry was conducted on either a Bruker Autoflex LRF Speed or a Voyager DE STR
mass spectrometer. Poly(sarcosine) samples were prepared by either dissolving 1 mg /ml of
polymer in CHCl3 with a matrix consisting of 10 mg/ ml trans-2-[3-(4-tert-Butylphenyl)-2-methyl-
2-propenylidene]malononitrile as the matrix. Spectra were collected using a 1:10 ratio of
polymer solution to matrix solution. Poly(y-benzyl-L-glutamate) samples were prepared by
dissolving 1 mg/ ml in THF with a matrix consisting of a-Cyano-4-hydroxycinnamic acid and silver
iodide and potassium iodide as cation sources. Samples were run at a 1:10:1 ratio of polymer to
matrix to total cation source.

Nuclear Magnetic Resonance: (NMR) spectra were recorded at ambient temperature on

spectrometers operating at 500 or 600 MHz for 'H and DOSY NMR, 125 MHz for 13C, 128 MHZ for
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11, 470 MHz for '°F. Resonances for paramagnetic complexes are reported as chemical shift in
ppm (peak with at half height, Hz).

IR: Infrared (IR) spectra were recorded on a Bruker, attenuated total reflectance (ATR) infrared
spectrometer.

Synthesis of iron bis(2,6-dimethylphenyl)-2,6-bis(imino)pyridine neopentoxide][tetrakis[(3,5-

trifluoromethylphenyl)]borate], 3.2

In a nitrogen-filled glove box, complex 3.1 (50.0 mg, _|BArF24
X
97.6 pumol) was measured into a 20 ml glass vial. A solution of | ¥z
N
ferrocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate @LN_';: _Njé
(102.4 mg, 97.6 umol) in tetrahydrofuran (5 ml) was added to 7&

the vial and stirred at room temperature for 30 min turning the
solution dark blue. Volatiles were removed in vacuo to leave a blue, oily solid. Oil was washed
with pentane to remove ferrocene. Oil was dried to leave a blue solid. Yield (134 mg,
guantitative).
IH NMR (& in CD2Cl,, 600 MHz, ppm, broad singlets): 66.56, 63.37, 28.84, 0.86, -6.62, -16.24, -
42.07,-209.09 1B NMR (& in CD2Cly, 600 MHz, ppm): -5.95, °F NMR (& in CD,Cl>, 600 MHz, ppm):
5-62.38. IR (neat, cm™) 3012, 2966, 1588, 1468, 1349, 1275, 1121, 1044, 982, 951, 921, 885, 882,
774, 735 and 685.
Standard Procedure for the polymerization of N-carboxyanhydrides by iron bis(imino)pyridine
complexes

In a nitrogen-filled glove box, y-benzyl-L-glutamate N-carboxyanhydride (100 mg, 380.0

umol) was dissolved in tetrahydrofuran (0.85 ml) in a glass vial. Iron Complex 3.1 (2.0 mg, 3.8
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umol) was dissolved in 0.25 ml of THF. The two solutions were combined and stirred at room
temperature. Aliquots were removed periodically and terminated with benzoic acid. Solvent was
removed in vacuo and conversion was determined for y-benzyl-L-glutamate-NCA by *H NMR in
CDCl3 by comparing the benzyl methylene protons on the NCA and polymer to the methine
protons on the monomer. The poly(y-benzyl-L-glutamate) was then dissolved in chloroform and
precipitated into diethyl ether and dried to leave a light tan solid. Due to the overlap of monomer
and polymer signals for sarcosine-NCA by both *H NMR and IR in THF, conversion was determined
by dissolving the polymer in chloroform and precipitating the mixture in diethyl ether. Polymer
was dried in vacuo and the mass obtained was compared to the expected mass at 100 %
conversion. This was supported by the ratio of methyl groups on the neopentyl ester to the
methylene protons in the precipitated polymer.
Sample procedure for the redox-switchable polymerization of y-benzyl-L-glutamate-NCA

In a nitrogen-filled glove box, y-benzyl-L-glutamate N-carboxyanhydride (500 mg, 1.90
mmol) was dissolved in tetrahydrofuran (4.0 ml) in a glass vial. Complex 3.1 (9.7 mg, 18.9 umol)
was dissolved in THF (1.0 ml). The two solutions were combined at room temperature and
allowed to stir. Aliquots (0.36 ml) were taken at 0.25, 0.50, 1.0, 2.0 and 3.0 h and terminated with
benzoic acid. Ferrocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (12.8 mg, 12.2 umol)
was added to the remaining solution turning it blue. Aliquots (0.36 ml) were taken after an
additional 1.0, 2.0 and 4.0 h and terminated with benzoic acid. Cobaltocene (1.5 mg, 8.2 umol)
was added to the remaining solution turning it yellow-green. Aliquots (0.36 ml) were taken after
an additional 0.25, 0.50, 1.0, 2.0, 3.0 and 5.0 h and then quenched with benzoic acid. Solvent

was removed in vacuo and conversion was determined by *H NMR in CDCls3 by the benzyl peaks
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in the monomer and polymer against the methine protons of the monomer. Polymer was
collected by precipitating the polymer from dichloromethane into diethyl ether until all monomer
is removed. *H NMR= (6 in CDCls, 500 MHz, ppm) 6= 1.78-2.68 broad (2H x n (-CH2CH2C(0)0-)n),
3.85-4.05 broad (2H x n (-CH2CH2C(0)O-)n), 4.45-4.69 broad (2H x n (-NHCH(R)C(O)O-)»), 4.90-
5.27 broad (2H x n (-C(O)OCH2CsHs)n), 7.06- 7.43 (5H x n (-C(O)OCH2C¢Hs)n), and 8.15- 8.39 broad
(1H x n (-NHCH(R)C(O)-).

Sample procedure for the redox-switchable polymerization of y-benzyl-L-glutamate-NCA with
[CoCp:][BArf]

In a nitrogen-filled glove box, y-benzyl-L-glutamate N-carboxyanhydride (300 mg, 1.14
mmol) was dissolved in tetrahydrofuran (2.5 ml) in a glass vial. Complex 3.1 (5.8 mg, 11.4 umol)
was dissolved in THF (0.5 ml). The two solutions were combined at room temperature and
allowed to stir. Aliquots (0.25 ml) were taken at 0.25, 0.5, 1.0, and 2.0 h and terminated with
benzoic acid. Ferrocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (7.9 mg, 7.5 pumol) was
added to the remaining solution. Aliquots (0.25 ml) were taken after an additional 0.5, 1.0 and
1.5 h and terminated with benzoic acid. Cobaltocene (0.9 mg, 4.8 umol) was added to the
remaining solution. Aliquots (0.25 ml) were taken after an additional 0.25, 0.50, 1.0, 2.0 and 5.0
h and then quenched with benzoic acid. Solvent was removed in vacuo and conversion was
determined by 'H NMR in CDCls by the benzyl peaks in the monomer and polymer against the
methine protons of the monomer. Polymer was collected by precipitating the polymer from
dichloromethane into diethyl ether until all monomer is removed. *H NMR= (§ in CDClz, 500 MHz,

ppm) 6= 1.76-2.70 broad (2H x n (-CH2CH,C(0)0-)x), 3.83-4.07 broad (2H x n (-CH2CH2C(0)0-)n),
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4.47-4.72 broad (2H x n (-NHCH(R)C(0)O-)n), 4.85- 5.30 broad (2H x n (-C(O)OCH2CeHs)n), 7.04-
7.46 (5H x n (-C(O)OCH,CgHs)n), and 8.10- 8.50 broad (1H x n (-NHCH(R)C(O)-).
Standard Procedure for the polymerization of y-benzyl-L-glutamate-NCA by iron complexes
with various additives

In a nitrogen-filled glove box, y-benzyl-L-glutamate N-carboxyanhydride (100.0 mg, 380.0
umol) was dissolved in tetrahydrofuran (0.60 ml) in a glass vial. Complex 3.1 (2.0 mg, 3.8 umol)
and cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (4.0 mg, 3.8 umol) were
dissolved in THF (0.25 ml) and added to the monomer. The two solutions were combined and
stirred at room temperature for 8 hours. Aliquots were removed periodically and terminated
with benzoic acid. Solvent was removed in vacuo and conversion was determined for y-benzyl-L-
glutamate N-carboxyanhydride by *H NMR in CDCls by comparing the benzyl methylene protons
on the NCA and polymer to the methine protons on the monomer. The poly(y-benzyl-L-
glutamate) was then dissolved in chloroform and precipitated into diethyl ether and dried to
leave a light tan solid.
Procedure for the polymerization of e-caprolactone

In a nitrogen-filled glove box, e-c (100 mg, 876 umol) was dissolved in tetrahydrofuran
(1.5 ml) in a glass vial. Complex 3.1 (2.20 mg, 4.39 umol) was dissolved in tetrahydrofuran (1.0
ml) and allowed to stir for 5 min. The two solutions were then combined at room temperature
and allowed to stir for 10 min. Sample was quenched by moist air. Solvent was removed in vacuo
and conversion was determined by *H NMR in CDCls by integrating the methylene protons alpha

to the carbonyl on the polymer to the methylene protons alpha to the carbonyl on the monomer.
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Polymer was collected by precipitation into methanol. Polymer was further dried in vacuo to
leave a pale yellow solid (91 mg, 91 %). Conversion g-caprolactone >99 %

SEC (THF): Mn= 22.0 kDa, Mw/Mn= 1.20 'H NMR= (6 in CDCls, 500 MHz, ppm) 0.94 s (9H) 1.32-
1.43 bs (2H x 2n (-CH2CH2CH2-)n), 1.52-1.70 bs (4H x 4n (-CH2CH2CHa-)n), 2.23- 2.36 bs (2H x 2n (-
C(O)CH2CH»-)n) and 3.93- 4.15s (2H x 2n (-CH2CH20-)n).

Procedure for the sequential copolymerization of e-caprolactone and sarcosine-NCA

In a nitrogen-filled glove box, e-caprolactone (99.0 mg, 867 umol) and 1,3,5-
trimethoxybenzene (10.2 mg, 60.7 umol) were dissolved in tetrahydrofuran (1.5 ml) in a glass
vial. Complex 3 (9.9 mg, 8.69 umol) was dissolved in tetrahydrofuran (1.0 ml). The two solutions
were combined and stirred at room temperature. 1/5™ of the solution was taken as a sample
after 10 minutes. Sample was quenched by moist air. Volatiles were removed in vacuo and
conversion was determined by *H NMR in CDCl; by integrating the methylene protons on each
block of the polymer versus the methylene protons of the monomer. Polymer was precipitated
into methanol (44 mg, 89 %) Conversion e-caprolactone >99 % SEC (THF): M= 19.7 kDa, Mw/Mn=
1.22 *H NMR= (6 in CDCl3, 500 MHz, ppm)

For the next block, cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (4.10
mg, 3.90 umol) was added to the solution. Sarcosine N-carboxyanhydride (45 mg, 390 umol) was
then added to the solution and allowed to stir at room temperature. After 1 h, excess benzoic
acid was added to terminate the reaction. Solvent was removed in vacuo and conversion was
determined by *H NMR in CDCls by integrating the methylene protons alpha to the carbonyl for

poly(caprolactone) to the methylene protons on €-caprolactone and the methine protons on

poly(sarcosine) compared to the methine protons of sarcosine N-carboxyanhydride. Polymer was
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collected by precipitating the polymer into diethyl ether. Polymer was further dried in vacuo to
leave a yellowish-brown solid (53 mg, 82 %) NMR spectra compared to results in the
literature.*?*3 Conversion e-caprolactone >99 %, Conversion Sarcosine-NCA >99 % SEC (THF): M=
31.2 kDa, Mw/Mhn=1.02 *H NMR= (& in CDCls, 500 MHz, ppm) 0.77-0.99 s (9H, C(CH3)3CH,0-) 1.31-
1.41 (2H x 2n (-CH2CH2CH>-)n), 1.56-1.71 bs (4H x 4n (-CH2CH,CH2-)s), 2.23- 2.35 bs (2H x 2n (-
C(O)CH2CH2-)n), 2.85- 3.11 bs (3H x 3n (-C(O)CH2N(CHs)-)m), 3.85- 4.31 bs (2H x 2n (-
C(O)CH2zN(CH3)-)m), 3.95- 4.11 bs (2H x 2n (-CH2CH20-),), and 3.93-4.12 bs (2H x 2n (-CH.CH0-
)n).
Procedure for the telechelic polymerization of e-caprolactone

In a nitrogen-filled glove box, e-caprolactone (50.0 mg, 438 umol) was dissolved in
tetrahydrofuran (1.0 ml) in a glass vial. Complex 3.7 (2.25 mg, 4.39 umol) and 1,4-
benzenedimethanol (0.30 mg, 2.2 mmol) were dissolved in tetrahydrofuran (1.5 ml) and allowed
to stir for 5 min. The two solutions were then combined at room temperature and allowed to stir
for 10 min. The solution was quenched in moist air. Solvent was removed in vacuo and conversion
was determined by *H NMR in CDCl; by integrating the methylene protons alpha to the carbonyl
on the polymer to the methylene protons alpha to the carbonyl on the monomer. Polymer was
collected by precipitation into diethyl ether. Polymer was further dried in vacuo to leave a light,
tan solid (45 mg, 85 %). Conversion e-caprolactone >99 %. SEC (THF): M= 21.0 kDa, Mw/M;=
1.04. 'H NMR= (6 in CDCl3, 500 MHz, ppm) 1.32-1.42 bs (2H x 2n (-CH2CH2CH3-)2n), 1.52-1.70 bs
(4H x 4n (-CH2CH2CH2-)2n), 2.23- 2.36 bs (2H x 2n (-C(O)CH2CH3-)2n), 3.93- 4.15 bs (2H x 2n (-

CH2CH20-)2n), 5.10 s (4 H -OCH2CeH4CH20-) and 7.34 s (4 H -OCH,CsH4CH,0-).
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Procedure for the sequential, telechelic copolymerization of e-caprolactone and Sarcosine-NCA

In a nitrogen-filled glove box, e-caprolactone (100.0 mg, 876 umol) was dissolved in
tetrahydrofuran (1.5 ml) in a glass vial. Complex 3.7 (2.30 mg, 4.5 umol) and 1,4-
benzenedimethanol (0.30 mg, 2.2 umol) were dissolved in tetrahydrofuran (1.0 ml) and allowed
to stir for 5 min. The two solutions were then combined at room temperature and allowed to stir
for 10 min. 1/2 of the solution was taken as a sample after 10 minutes. Sample was quenched
by moist air. Volatiles were removed in vacuo and conversion was determined by *H NMR in CDCl3
by integrating the methylene protons alpha to the carbonyl for poly(caprolactone) to the

methylene protons on €g-caprolactone. Polymer was collected after precipitation in cold

methanol and drying in vacuo (40 mg, 87 %). Conversion e-caprolactone 95 %. SEC (THF): M=
58.8 kDa, Mw/Mn=1.17. *H NMR= (6 in CDCls, 500 MHz) 1.34-1.43 (2H x 2n (-CH2CH2CH>-)2n),
1.52-1.70 (4H x 4n (-CH2CH2CHa2-)2n), 2.28- 2.36 (2H x 2n (-C(O)CH2CH2-)2n), 4.03-4.09 (2H x 2n (-
CH2CH20-)2n), 5.10 (4 H -OCH2CsH4CH20-) and 7.34 (4 H -OCH2CeHaCH,0-).

For the next block, cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (2.3
mg, 2.2 umol) was added to the remaining solution. Sarcosine N-carboxyanhydride (25.2 mg, 219
umol) was then added to the solution and stirred at room temperature. After 30 min, excess
benzoic acid was added to terminate the reaction. Solvent was removed in vacuo and conversion
was determined by 'H NMR in CDCls by integrating the methylene protons alpha to the carbonyl

for poly(caprolactone) to the methylene protons on €-caprolactone and the methine protons on

poly(sarcosine) compared to the methine protons of sarcosine N-carboxyanhydride. Polymer was

collected by precipitating the polymer into diethyl ether. Polymer was further dried in vacuo to
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leave a yellowish-brown solid (41 mg, 63 %). NMR spectra compared to results in the
literature.*?*3 Conversion e-caprolactone 95 %, Conversion sarcosine-NCA >99 % SEC (THF): Mn=
75.9 kDa, Mw/M=1.16. *H NMR= (6 in CDCls, 600 MHz, ppm) 1.32-1.43 bs (2H x 2n (-CH,CH2CH>-
)2n), 1.57-1.70 bs (4H x 4n (-CH2CH2CH2-)2n), 2.25- 2.34 bs (2H x 2n (-C(O)CH2CH2-)2n), 2.83-3.10 bs
(3H x 2m (-N(CH3)-)2m), 3.85- 4.32 bs (2H x 2n (-N(CH3)CH2C(O)-)2m), 4.03- 4.08 bs (2H x 2n (-
CH2CH20-)2n), 3.85-4.32 bs (2H x 2n (-N(CH3)CH2C(0)-)2n), 5.10 s (4 H -OCH2CsH4CH20-) and 7.34
s (4 H -OCH2C¢H4CH20-).
Standard procedure for the polymerization of cyclohexene oxide

In a nitrogen-filled glove box, cyclohexene oxide (50.0 mg, 509 umol) was dissolved in 2-
methyltetrahydrofuran (1.00 ml). Complex 3.2 (7.0 mg, 5.1 pmol) was dissolved in 2-
methyltetrahydrofuran (0.45 ml). The two solutions were combined at room temperature and
stirred for 1 hour. Sample was quenched in air and conversion was determined by *H NMR in
CDCls by integrating the methine proton of the polymer versus the methine proton on the
monomer. Volatiles were removed in vacuo and conversion was further verified by the remaining
mass of the polymer. Polymer was precipitated into cold methanol to leave an oily solid. (46 mg,
92 %) SEC (THF): M= 10.0 kDa, Mw/M,= 1.73. *H NMR= (& in CDCls, 500 MHz, ppm) 0.88-0.94 s
(9H (-C(CHs)3CH20-)), 1.06-2.10 bs (8H x n (-CH(C4Hg)CHO-)s), and 3.01-3.72 bs (2H x n (-
CH(C4Hs)CHO-)n).
Procedure for the sequential copolymerization of cyclohexene oxide and sarcosine-NCA

In a nitrogen-filled glove box, cyclohexene oxide (85.2 mg, 869 umol) was dissolved in 2-
methyltetrahydrofuran (0.75 ml) in a glass vial. Complex 3.2 (6.0 mg, 4.4 umol) was dissolved in

2-methyltetrahydrofuran (0.5 ml). The two solutions were combined and stirred at room
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temperature. 1/2 of the solution was taken after 4 hours and quenched with benzoic acid.
Volatiles were removed in vacuo and conversion was determined by *H NMR in CDCls by
integrating the methine proton of the polymer versus the methine proton on the monomer.
Remaining monomer was removed in vacuo and polymer was precipitated into methanol (27 mg,
78 %). Cyclohexene oxide conversion 81 %. SEC (THF): Mn= 18.1 kDa, Mw/Mn= 1.79. 'H NMR= (6
in CDCl3, 500 MHz, ppm) 0.88-0.93 s (9H (-C(CHs)3CH20-)), 1.07-2.11bs (8H x n (-CH(C4Hg)CHO-)n),
and 3.04-3.66 bs (2H x n (-CH(C4Hg)CHO-)y).

For the next block, cobaltocene (0.41 mg, 2.1 umol) was added to the remaining solution.
Sarcosine-NCA (25 mg, 220 umol) was then added to the solution. The solution was allowed to
stir at room temperature for another 10 min before being quenched with benzoic acid. Volatiles
were removed in vacuo and conversion was determined by *H NMR in CDCls by integrating the
methine proton on each block of the polymer versus the methine protons on their respective
monomers. The copolymer was collected by precipitation into cold hexanes. Polymer was then
dried in vacuo to leave a yellowish-brown solid (37 mg, 72 %). Conversion cyclohexene oxide 81
%, Conversion Sarcosine-NCA >99 % SEC (THF): M= 17.5 kDa, Mw/Mn=2.16. *H NMR= (6 in CDCls,
600 MHz, ppm) 0.85-0.91 s (9H (-C(CHs)3zCH20-)), 0.98-2.45 bs (8H x n (-CH(CsHs)CHO-),), 2.76-
3.17 bs (3H x m (-C(O)CH2N(CH3)-)m), 2.76-3.70 bs (2H x n (-CH(CsHg)CHO-),) and 3.85-4.45 bs (2H
x m (-C(O)CH2N(CH3)-)m). 13C NMR= (6 in CDCl3, 100 MHz, ppm) 19.41- 21.31, 21.38- 24.34, 25.33-
27.13, 27.98- 32.00, 32.80- 34.58. 69.28- 70. 74, 72.88- 74.93 and 165.43- 170.33.

Procedure for the sequential copolymerization of sarcosine-NCA and cyclohexene oxide
In a nitrogen filled glove box, sarcosine N-carboxyanhydride (50 mg, 434 mmol) and were

dissolved in 2-methyltetrahydrofuran (2.0 ml) in a glass vial. Complex 3.1 (2.2 mg, 4.3 umol) was
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dissolved in 2-methyltetrahydrofuran (0.5 ml). The two solutions were combined. Cobaltocenium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (4.5 mg, 4.3 umol) was then added to the solution
and the solution was allowed to stir at room temperature for 10 min. 1/2 of the solution was
taken and quenched with benzoic acid. Volatiles were removed in vacuo and conversion was
determined by 'H NMR in CDCls; by integrating the methine proton on the polymer versus the
methine proton on the monomers. Polymer was precipitated in diethyl ether and dried in vacuo,
to leave a light brown solid (13 mg, 86 %). Conversion sarcosine-NCA >99 % SEC (DMF/LiBr): M=
6.1 kDa, Mw/Mn= 1.05. *H NMR= (& in CDCl3, 500 MHz, ppm) 0.85-0.96 s (9H (-C(CHs)3CH,0-)),
2.85-3.15 bs (3H x m (-C(O)CH2N(CHs)-)m), and 3.87-4.34 bs (2H x m (-C(O)CH2N(CH3)-)m).

For the next block ferrocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (2.3 mg,
2.2 umol) was added to the remaining solution followed by cyclohexene oxide (42.6 mg, 434
umol) and allowed to stir for an additional 48 h. The sample was then quenched with benzoic
acid. Volatiles were removed in vacuo and conversion was determined by *H NMR in CDCl; by
integrating the methine proton on each block of the polymer versus the methine proton on the
respective monomers. Polymer was collected by precipitation into cold hexanes and dried in
vacuo to leave a yellowish-brown solid (32 mg, 77 %). Conversion cyclohexene oxide 60 %,
Conversion sarcosine-NCA >99 % SEC (THF) M= 16.7 kDa, Mw/Mh,= 1.15. *H NMR= (8 in CDCls,
600 MHz, ppm) 0.91-0.95 s (9H (-C(CHs)3CH20-)), 1.03-2.08 bs (8H x n (-CH(CsHs)CHO-),), 2.78-
3.15 bs (3H x m (-C(O)CH2N(CHs)-)m), 2.80-3.70 bs (2H x n (-CH(C4Hs)CHO-)») and 3.79-4.39 bs (2H
x m (-C(O)CH2N(CH3)-)m). 13 NMR= (6 in CDCls, 125 MHz, ppm) 19.47-21.74, 21.89- 25.24, 25.56-

26.89, 28.60- 34.53, 34.58-34.96, 49.27- 52.13, 69.01- 70.57 and 167.68- 169.82.
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Procedure for the sequential copolymerization of cyclohexene oxide, Sarcosine-NCA then
cyclohexene oxide

In a nitrogen-filled glove box, 4 (59 mg, 12 umol) was dissolved in 2-
methyltetrahydrofuran (0.5 ml) in a glass vial. To this was added cyclohexene oxide (85.3 mg, 869
umol) was dissolved in 2-methyltetrahydrofuran (0.50 ml). The two solutions were combined and
stirred at room temperature for 4 h. 1/3 of the sample was taken and quenched in air. Volatiles
were removed in vacuo and conversion was determined by *H NMR in CDCls by integrating the
methine proton on the polymer versus the methine proton on the respective monomers. The
polymer sample was collected by precipitation into methanol (18 mg, 75 %). Conversion
cyclohexene oxide 84 %. SEC (THF): M= 23.5 kDa, Mw/M=1.58. *H NMR= (& in CDCl3, 500 MHz,
ppm) 0.86-0.92 s (9H (-OCH2(CH3)3), 1.05-2.06 bs (8H x m (-OCH(C4Hg)CH-)m) and 3.02-3.63 bs
(2H x m (-OCH(C4Hs)CH-)m).

For the next block, sarcosine N-carboxyanhydride (33.3 mg, 289 umol) was dissolved in
2-methyltetrahydrofuran (1.5 ml) and added to the solution. Cobaltocene (0.55 mg, 2.9 umol) in
2-methyltetrahydrofuran (0.1 ml) was added to the solution right afterward. The solution was
allowed to stir at room temperature for 15 min before another 1/3" of the solution was taken
and terminated with a slight excess of benzoic acid. Volatiles were removed in vacuo and
conversion was determined by 'H NMR in CDCls by integrating the methine proton on each block
of the polymer versus the methine proton on the respective monomers. The polymer sample was
collected by precipitation into cold acetone (29 mg, 84 %). Conversion Sarcosine-NCA >99 %

Conversion cyclohexene oxide 84 %. SEC (THF): Mn=32.2 kDa. Mw/M,=1.38.*H NMR= (6 in CDCls,
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500 MHz, ppm) 0.77-0.93 bs (9H (-OCH2(CH3)3), 1.02-2.13 bs (8H x m (-OCH(C4sHs)CH-)m), 2.84-
3.13 bs (3H x n (-N(CH3)CH2C(0)-)n), 3.14-3.70 bs (2H x m (-OCH(C4Hs)CH-)m) and 3.84-4.40 bs (2H
x n (-N(CHs)CH2C(O)-)n).

For the final block, ferrocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (1.5 mg,
1.4 umol) was added to the solution. Cyclohexene oxide (28.4 mg, 289 umol) was added to the
solution right afterwards and the solution stirred at room temperature for a final 24 h. The
sample was then quenched with a slight excess of benzoic acid. Volatiles were removed in vacuo
and conversion was determined by *H NMR in CDCl; by integrating the methine proton on each
block of the polymer versus the methine proton on the respective monomers. The polymer
sample was collected by precipitation into cold acetone. Polymer was further dried in vacuo to
leave a yellowish-brown solid (29 mg, 61 %). Conversion Sarcosine-NCA >99 % Conversion
cyclohexene oxide 65 %. SEC (THF): M= 48.4 kDa. Mw/Mx= 1.40. *H NMR= (6 in CDCls, 500 MHz,
ppm) 0.79-0.93 bs (9H (-OCH2(CH3)3), 1.01-2.08 bs (8H x m (-OCH(CsHg)CH-)m), 2.84-3.15 bs (3H
x n (-N(CH3)CH2C(0)-)n), 3.15-3.65 bs (2H x m (-OCH(C4Hs)CH-)m) and 3.84-4.40 bs (2H x n (-
N(CH3)CH2C(0)-)n). 3C NMR= (& in CDCls, 125 MHz, ppm) 19.7, 20.2- 20.9 m, 22.0- 23.0, 23.0-
23.9, 25.9- 26.2, 26.3- 27.0, 28.2- 31.6, 33.0- 33.5, 33.6- 34.2, 35.2- 36.3, 48.8- 51.5, 68.7, 69.4-
70.5,71.1,77.6- 82.0, 167.9.
Procedure for the sequential copolymerization of sarcosine-NCA, cyclohexene oxide then
sarcosine-NCA

In a nitrogen-filled glove box, sarcosine N-carboxyanhydride (50.0 mg, 435 umol) was
dissolved in 2-methyltetrahydrofuran (2.0 ml). Complex 3.1 (2.2 mg, 4.3 umol) was dissolved in

2-methyltetrahydrofuran (0.5 ml) in a glass vial and added to the monomer solution.
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Cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (4.5 mg, 4.3 umol) was then added
to the mixture and allowed to stir at room temperature for 10 min. 1/4% of the sample was taken
and quenched with a slight excess of benzoic acid. Volatiles were removed in vacuo and
conversion was determined by *H NMR in CDCl; by integrating the methine proton on the
polymer versus the methine proton on the monomers. Polymer was precipitated into diethyl
ether (9.4 mg, 91 %). Conversion Sarcosine-NCA >99 % SEC (DMF/LiBr): Mn= 6.7 kDa, Mw/Mn=
1.06. *H NMR= (& in CDClz, 500 MHz, ppm) 0.89-0.97 s (9H (-OCH2(CH3)3), 2.85-3.16 bs (3H x n (-
N(CH3)CH>C(O)-)n) and 3.90-4.32 bs (2H x n (-N(CH3)CH2C(O)-)n).

For the next block, ferrocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (3.4 mg,
3.2 umol) was added to the solution. Cyclohexene oxide (127.9 mg, 1.300 mmol) was added to
the solution immediately afterwards and the solution stirred at room temperature for a 48 h.
Another 1/3™ of the solution was taken for sampling and quenched with a slight excess of benzoic
acid. Volatiles were removed in vacuo and conversion was determined by H NMR in CDCl; by
integrating the methine proton on each block of the polymer versus the methine proton on the
respective monomers. The polymer sample was collected by precipitation into cold acetone (30
mg, 48 %). Conversion cyclohexene oxide 92 %, Conversion sarcosine-NCA >99 %. SEC (THF): M=
46.3 kDa, Mw/Mn= 1.36. *H NMR= (6 in CDCl3, 500 MHz, ppm) 0.78-0.94 bs (9H (-OCH2(CH3)3),
1.02-2.11 bs (8H x m (-OCH(C4Hs)CH-)m), 2.88-3.15 bs (3H x n (-N(CH3)CH2C(O)-)n), 3.15-3.66 bs
(2H x m (-OCH(C4Hs)CH-)m) and 3.70-4.41 bs (2H x n (-N(CH3)CH2C(0)-)n).

For the final block, sarcosine N-carboxyanhydride (25.0 mg, 217 umol) was dissolved in 2-
methyltetrahydrofuran (0.9 ml) and added to the solution. Cobaltocene (0.41 mg, 2.1 umol) was

added to the solution immediately afterwards. The solution was allowed to stir at room
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temperature for 10 min before being quenched with a slight excess of benzoic acid. Volatiles
were removed in vacuo and conversion was determined by *H NMR in CDCls by integrating the
methine proton on each block of the polymer versus the methine proton on the respective
monomers. The polymer sample was collected by precipitation into diethyl ether. The polymer
sample was collected by precipitation into cold acetone. Polymer was further dried in vacuo to
leave a yellowish-brown solid (54 mg, 73 %). Conversion cyclohexene oxide 92 %, Conversion
Sarcosine-NCA >99 % SEC (THF): M,= 64.2 kDa, Mw/Mn= 1.15. *H NMR= (6 in CDCl3, 500 MHz,
ppm) 0.79-0.94 bs (9H (-OCH2(CH3)3), 1.05-2.22 bs (8H x m (-OCH(CsHg)CH-)m), 2.89-3.13 bs (3H
x n (-N(CH3)CH2C(0O)-)n), 3.09-3.65 bs (2H x m (-OCH(CsHs)CH-)m) and 3.84-4.38 bs (2H x n (-
N(CH3)CH2C(0)-)n). 13C NMR= (6 in CDCl3, 125 MHz, ppm) 22.4, 22.7- 23.7, 24.7- 25.6, 25.6- 26.5,
28.6, 28.9- 29.6, 30.3- 34.3, 36.4, 37.3- 39.2,51.2- 54.0, 71.7- 73.0, 73.7, 75.2- 85.0, 137.4, 169.7-

172.6.
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4.0 Chapter 4: Redox-switchable, N-carboxyanhydride Polymerization from Surface-

anchored Catalysts

4.1 Introduction

Solid surfaces are routinely modified with polymers to change a wide-range of
properties including corrosion resistance,>? antifouling,3* wettability,® substrate affinity,®’
environmental protection®® among many other changes that are valuable for coatings or
sensors. While conventional coatings rely on the deposition of polymers onto fibrous,
particulate or flat substrates, these coatings are prone to damage, cracking and dissolution.® A
wide range of polymers from polyolefins,*> to polyesters'®~!8 to polyethers'®! have been
chemically bonded to surfaces to form protective coatings that are more robust than their
deposited counterparts.? Polyamides derived from amino acids are particularly appealing due
to the wide variety of accessible functional groups, higher-order structures and
biocompatibility.?°

Polyamides are commonly bound to surfaces using either grafting to?! or grafting from
strategies.?>23 With the grafting to approach, a premade polymer with a reactive functional
group is chemically bound to the surface. A grafting from approach uses an anchored initiator
to grow the polymer directly from the surface. The former strategy has the benefit of being
useful for making well-defined polymer surfaces, but this approach tends to have low grafting
densities?! and often requires intermediate purification steps. The grafting from approach in

contrast leads to less well-defined polymers and is more vulnerable to trace impurities,?® but
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very high grafting densities have been reported.!! Both strategies have been demonstrated for
polyamides?* with the latter being well represented in the literature?%2>-22 due to the ease of
amino acid-derived, N-carboxyanhydride (NCA) polymerization from amine-initiators on
surfaces. Polyamide surfaces have been grown on silica,?>3° magnetic nanoparticles?” and
polymeric surfaces33? using NCAs. It is relatively facile to synthesize polyamide films on
surfaces containing one or two NCA blocks, but there are no examples of complex structures
with three or more polymer blocks that have been made using this method. The inability to
access these complex morphologies is a consequence of the difficulties controlling or
determining the structures of surface initiated polymers.

As mentioned in earlier chapters, redox-switchable polymerization3? is an effective
method for controlling catalyst activity in-situ through either chemical®** or
electrochemical'®442 means. In the previous chapter | demonstrated redox-switchable
polymerization of NCAs with catalyst 3.1 so here we are investigating methods to anchor
analogous catalysts to surfaces for NCA polymerization. We expect that a redox-switchable
surface bound catalyst that would allow for the synthesis of well-defined multi-block
copolymers. Here we demonstrate the synthesis of iron complexes anchored onto 25 nm
powder (P25) TiO2 nanoparticle surfaces and investigate how the redox properties of these
Fe(1)-TiOz and Fe(ll)*-TiO2 exhibit the same on/off behavior as the homogenous counterparts.
With this fine control over catalyst activity, this system could prove to be valuable in designing
highly tunable and customizable surfaces through surface patterning as well as designing

methods for producing and cleaving sequence specific-block copolymers.
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4.2 Synthesis of Iron on Titania Nanoparticles and their Activity for NCA Polymerization

In the previous chapter, iron(l) bis(imino)pyridine alkoxide catalyst 3.1 was shown to be
a suitable, redox-switchable catalyst for N-carboxyanhydride polymerization. To synthesize an
analogous surface bound species, onto electrochemically accessible surfaces we turned to
previous successes in our group for immobilizing iron bis(imino)pyridine dialkyl complexes 1.58
to UV treated P25 TiO2 nanoparticles (Scheme 4.1).%6 This strategy relied on reacting the
abundant, acidic hydroxyl groups on the titania surface*?® with the basic, iron bis(imino)pyridine
alkyl 1.58 to generate iron(ll) oxide groups on the semiconductor surface 1.59. Surface-bound
Iron(ll) oxide species on TiOz nanoparticles 1.59 could still be chemically oxidized to formally
Iron(lll) oxide 1.60 while remaining anchored to the solid surface. The Mdéssbauer spectrum of
spectrum of 1.59 had revealed that only 81 % of the surface bound catalyst is consistent with a
neutral iron(ll) species similar to an iron(ll) species with the remaining 19% corresponding to a
formally iron (Ill) species. The formally iron (Ill) species was theorized to arise from electron
transfer from the TiO; to the iron. Similarly, 1.60 was not predominantly a formally iron(lll)

complex, but also exhibited features of a neutral iron(ll) species. Regardless the reactivates of

Scheme 4.1. The anchoring of redox-active, iron(II) bis(imino)pyridine alkyl complex 1.58 onto TiO2
nanoparticles and the oxidation of these solid-supported iron complexes.

N—Fe”—N

g ﬁ N—Fe”—N N—Fe/—N
Sic /
HO, 1 o
158 —
Et,0, t, 16 h CH,Cly, tt, 30 min

1.59 1.60
2.1 wt% Fe
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1.59 and 1.60 were sufficiently different in reactivity to allow for some control over the growth
of polymers on the surface.

It was expected that iron(l) bis(imino)pyridine alkyl complex 3.7 would behave similarly
to 1.58 and efficiently form an anchored iron complex on TiO,. However, because TiO; is known
to be a photocatalyst** we were concerned that the more electron rich iron(l)
bis(imino)pyridine complexes would be even more prone to TiO induced oxidation.
Additionally, previous protonolysis reactions between 3.7 and aliphatic alcohols were most
successful at low temperatures due to the low thermal stability of 3.7.3° In an abundance of
caution, the anchoring of 3.7 onto TiOz nanoparticles was first attempted at -35 °Cin the dark
for 1 hour (entry 1, Table 4.1). The formerly white TiO2 nanoparticles became dark in color
similar to previously synthesized iron(l) bis(imino)pyridine alkoxides,3%*> suggesting that the
anchored iron(l) complex 4.1 was present. The iron loading was measured to be only 0.25 wt %
by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES). This was much lower
than what had been measured previously for 1.59 (2.1 %) which is surprising as each iron(l)
complex only requires one hydroxyl group on the surface, but each iron(ll) complex requires 2
nearby hydroxyl group for anchoring, so the maximum loading of iron(l) complexes should be
higher. To increase iron loading we increased the anchoring time from 1 to 4 hours which only
led to a small increasing iron loading to 0.29 wt. %. (entry 2, Table 4.1). Performing the
anchoring at room temperature (entry 3, Table 4.1) or in light (entry 4, Table 4.1) to better
resemble the conditions for iron(ll) anchoring (Scheme 4.1), but neither factor had any

influence on the overall iron loading.
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Despite the consistency of the iron loading between each batch of nanoparticles, there
were significant differences when each batch of nanoparticles were tested for sarcosine-NCA
ROP. The most reactive catalyst was anchored at low temperatures for 1 h in the dark (Table
4.1, entry 1). It must also be noted that the 56 % conversion only refers to polymer on the
surface, as there was also a large amount of polymer in the supernatant, likely from back-biting
reactions, that has a broad peak that overlaps with the monomer by 'H NMR. The free
polyamide in the supernatant was collected by precipitation into diethyl ether. The sample with
the longest anchoring time only reached 29 % conversion in 48 h, despite having the highest
iron loading. (Table 4.1, entry 2, Table 4.1). The disparity in activity is indicative that not all of
the iron deposited on the surface is active for polymerization. Even more striking was the
inactivity for the samples anchored at room temperature (Table 4.1, entry 3) or in light (Table
4.1, entry 4) that were much less efficient at sarcosine-NCA ROP (0 % conversion and 5 %
conversion, respectively in 48 h) The low reactivity could be caused by catalyst decomposition
or oxidation during the anchoring step. We attempted to determine if these differences were
could be identified through Md&ssbauer spectroscopy, but the iron loading was too low to

obtain a strong signal.
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To examine the polymer on the surface we utilized a procedure developed to by our
group to cleave polymer bound to the surface by either titanium carboxylates or titanium
alkoxides (Scheme 4.2).1® Surface bound poly(lactic acid) 1.61 and surface bound
poly(cyclohexene oxide) 1.62 had previously been cleaved after treatment with methyl iodide.
The resulting polymers were both capped with methyl end groups evidence of nucleophilic
attack of methyl iodide titanium carboxylates/ alkoxides. Sarcosine-NCA initiated by iron(l)
oxide complex 4.1 should also have a titanium carboxylate end group so we believed methyl

iodide would be able to cleave the polyamide from the surface. First, iron polyamide complex

Table 4.1. Parameters tested for anchoring iron bis(imino)pyridine complexes onto TiO2
nanoparticles and the subsequent activity during NCA polymerization.

P ® 0 el
N Pz =N
T N oA
N—Fe—N 1 o) o
) N—Fe—N
OH — I .
| /SI o 400 equiv. O o)

|

\
3.7 1,3,5-trimethyoxybenzene [
Et,0, temperature, time, illumination THF, rt, 24 h, dark

4.1 4.2
Entry? Time (h) Temp. (°C)  llluminated® Iron Loading wt (%)° NCA Conv. (%)%
1 1 -35to 25 No 0.25 56f
2 4 -35to0 25 No 0.29 29
3 1 25 No 0.25 0
4 1 -35t0 25 Yes 0.25 5

aAnchoring was conducted with 0.48 mM of 3.E in Et20 while stirring at 1000 rpm. 2Ambient, white
fluorescent lights. “Measured by ICP-OES after dissolving iron on TiO2 particles in dilute nitric acid.
4polymerization allowed to take place with 0.18 mM sarcosine-NCA and 0.45 pM [CoCp2][BAr"?*] at
25 °C in THF for 48 h. ¢Conversion was measured by 'H NMR from the ratio of internal standard to

NCA-monomer. fPoly(sarcosine) is observed in the supernatant by *H NMR
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Scheme 4.2. Polymerization of rac-lactide or cyclohexene oxide off of titanium nanoparticles by surface
anchored iron complexes.

o]
A
O
Ao
N—Fe”—N 55 equiv. [Fe“]""/
1,3,5- trlmethoxybenzene \ o) CHsl
O, o} —_—
CHClz 1, 16 h, CH,Cly, 1t, 16 h,
M, (theo) = 5.3 kDa

1.59 1.61 M,(GPC) = 6.0 kDa
MM, = 1.47

67 % conversion

FcPFg | CH,Cly, tt, 10 min

| x o) [Feu]“.-<'0
P
! @ \ &
N—Fhl—nN 170 equiv. o o o
/ "'._ 1,3,5-trimethoxybenzene CHal ~
d o > - O H
CH,Cly, rt, 16 h, CH,Cly, rt, 16 h,

@ 1.62

M, (theo) = 5.3 kDa

1.60 33 % conversion M, (GPC) = 11.6 kDa
M,/M,, =3.08

4.2 was first quenched with benzoic acid to prevent side reactions with the reactive amine end
group forming polyamide coated TiO 4.3 (Scheme 4.2). 4.3 was then treated with methyl
iodide to cleave the polymer and the polymer was precipitated from dichloromethane into
diethyl ether.

The poly(sarcosine) collected the supernatant and the poly(sarcosine) cleaved from the
surface (entry 1, Table 4.1) were both measured by GPC chromatography (Figure 4.1). The two
chromatograms overlap very closely, with both spectra primarily consisting of oligomers
although the polymer in the supernatant (M, = 2.5 kDa, Mw/M, = 1.58) has less low molecular
weight tailing than the cleave polymer (M, = 2.2 kDa, Mw/Mn = 1.78). Both polymers are
significantly smaller than the theoretical molecular weight (M, = 15.9 kDa) which could be
indicative of chain transfer to free hydroxide groups on the TiO; surface. Chain transfer to

alcohol initiators has not been observed for the molecular iron(l) complex 3.1 during sarcosine-
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Scheme 4.3. Cleavage of poly(sarcosine) from TiOz nanoparticles by treatment with methyl iodide.
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NCA polymerization, however the homogenous polymerization of sarcosine-NCA is extremely
rapid reaching full conversion in 10 min (Scheme 4.4a). while the same reaction is considerably
slower on the TiO; nanoparticle (Scheme 4.4b) which may make chain transfer more favorable
than propagation.

The homogenous polymerization displays living characteristics with a narrow dispersity
(Mw/M, = 1.06) in comparison to the broad dispersity observed from polymer cleaved off of the
TiO2 (Mw/Mn = 1.78). The difference in dispersity between rac-lactide polymerization initiated
by molecular iron(ll) catalyst 1.48 (Mw/M, = 1.16) (Scheme 4.4c) and heterogeneous iron(ll)
catalyst 1.59 (Mw/M\ = 1.47) (Scheme 4.4d) is less stark in comparison. The turnover frequency

(TOF) of the heterogeneous polymerization of rac-lactide (TOF = 32/ h) and sarcosine-NCA

(TOF=4.7/h) are both significantly slower than their homogenous counterparts (TOF = 2.3/h
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Scheme 4.4. Comparison of molecular and surface bound catalysts for ROP a) Polymerization of
sarcosine-NCA by molecular catalyst 3.1. b) polymerization of sarcosine-NCA by surface-bound catalyst
4.1. c) Polymerization of rac-lactide by molecular catalyst 1.48. d) polymerization of rac-lactide by
surface-bound catalyst 1.59.
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and TOF = 560/h, respectively). Sarcosine-NCA polymerization is affected more negatively with
the heterogeneous catalyst 4.1 only 0.84 % the TOF as its homogenous counterpart 3.1.
Further comparison of relative reaction rates with identical monomers would be valuable for
determining whether the monomer or the catalyst binding mode has a greater influence on the

difference in TOF between homogenous and surface-bound catalysts.

196



4.5

4.0

3.5
S
§3.0
=25
c
220
1.5
1.0
0.5

0.0
30 35 40 45
Elution time (min)
Figure 4.1. GPC chromatograms of poly(sarcosine) (Mn = 2.5 kDa, Mw/Mn = 1.58) in the supernatant (blue)
and poly(sarcosine) (Mn = 2.2 kDa, Mw/Mn = 1.78) cleaved from TiOz nanoparticles (orange) for entry 1,
Table 4.1.

a

RI Si

4.3 Anchoring Iron Complexes onto Electrode Surfaces and Their Activity for Sarcosine-

NCA Polymerization

While catalysts on TiO; nanoparticles are useful for testing the reactivity of a surface
bound catalyst due to their high surface area, for electrochemically-switchable polymerization
we needed to anchor our complex onto an electrode. Our group had previously anchored
iron(ll) bis(iminopyridine) complexes onto P25 TiO, nanoparticles as the active material and

fluorine-doped tin oxide as the conductive substrate. (Scheme 4.5).1® The iron(ll) oxide species
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Scheme 4.5. The anchoring of redox-active, iron(II) bis(imino)pyridine alkyl complex 1.58 onto 1.63
layered surfaces consisting of TiOz nanoparticles on a layer of FTO on glass slides. Complex was

active for separate polymerizations in each redox-state.
b)

A
| P
)
N—Fe!'—N
L7
/Sl'\ /sl'\
1.58 TBAPFg
Et,0, 1t, 16 h,
350 rpm X HoClo, rt, 1 h
L TIOTE | —FTO
MGl |
MGlass | -
Elass 1,3,5-trimethoxybenzene 1.63 1.64
1,3,5-trimethoxybenzene
o CH,Cly, 1t, 16 h,
CHJCly, rt, 16 h, 350 rpm

350 rpm

could be oxidized to the formally iron(lll) oxide species 1.64. 1.63 was active for lactide ROP
while the oxidized species 1.64 was active for cyclohexene oxide ROP, which is consistent with
the reactivity of the corresponding iron complexes 1.59 and 1.60 on TiO; nanoparticles. The
Cyclic Voltammetry (CV) traces of 1.63 displayed a consistent peak separation of 200 mV even
as scan rate was altered from 20 mV/s to 400 mV/s. The constant peak separation indicated
the complex was not diffusing away from the surface, while the 200 mV peak separation was
attributed to the mesoporous TiO; layer behaving as a capacitor.

We decided to screen a variety of electrodes for anchored iron(l) complexes to
determine how structure related to polymerization activity. P25 TiO,—FTO electrodes were one
of the electrodes we chose because of our group’s experience with anchoring iron complexes

on these surfaces.® In order to determine how the thickness of the electrode surface influences
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both iron loading and the peak separation, we decided to synthesize P25 TiO,—FTO electrodes
using two methods, doctor blade and spin-coating.*® For the doctor blade method a 0.3 mg/ ml
slurry of the P25 TiO; in ethanol/ acetic acid was pasted onto the FTO-glass electrode and made
uniform using a doctor blade to wipe off the excess slurry. The electrodes were annealed at
450 °C for 30 min and then exposed to UV irradiation for 30 min to increase the hydroxyl
content on the surface.*’ The assembly of the spin-coated electrodes also began with a 0.3 mg/
ml slurry of the P25 TiO; in ethanol/ acetic acid that is pasted onto the FTO-glass slides. The
electrodes were placed in a spin coater and spun at 500 rpm for 10 s and then 2000 rpm for 45
s. This electrode was also annealed at 450 °C for 30 min followed by 30 min of UV irradiation.
The two electrodes were compated by optical profilometry and the average thickness of the
doctor blade electrodes 17.8 um while the spin-coated electrode was thinner measuring only
1.5 um. P25 TiO,-FTO electrodes were exposed to 3.7 in diethyl ether in the dark at -35 °C for
ten minutes (Scheme 4.6a). After ten minutes both the doctor blade and the spin-coated TiO;
electrodes turned dark blue. After ten minutes excess 3.6 was washed with THF to leave behind
to cthe TiOz-anchored iron(l) electrode 4.4. Each electrode was measured by ICP-OES to
quantify the iron loading. The doctor blade electrode contained 0.129 umol/ cm? (entry 1, Table
4.2) while the spin-coated electrode had an even lower loading of 0.020 umol/ cm? (entry 3,
Table 4.2). The catalyst loading at these short anchoring times is roughly proportional to the

difference in surface thickness between the two electrode.
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Besides these heterogenous hydroxy initiators, we also wanted to investigate surfaces
with well-defined inititators and for this reason we synthesized two types of hydroxyl-
functionalized self-assembled monolayers. A silyl SAM was grown on a spin-coated P25 TiO,-
FTO electrode by refluxing the the electrode and 3-bromopropyl trimethoxysilane in toluene for
3 days to synthesize a bromine-containing SAM on TiO; 4.6 (Scheme 4.6b). Excess silane was
removed by rinsing the electrode with toluene, methanol and isopropanol. The bromo-
functionalized SAM was dried under vacuum at 80 °C. 4.6 was then soaked in 1,4-doxane and
water at 80 °C for 4 days to make the hydroxyl-functionalized SAM on TiO; 4.7. 4.7 was dried at
80 °C under vacuum overnight before the anchoring experiment. 3.7 was anchored to 4.7
diethyl ether in the dark at -35 °C for ten minutes. The SAM on TiO;- anchored iron (I) electrode
4.8 was washed with THF and the iron loading was measured as 0.037 umol/ cm? which is

almost double the loading on the spin-coated TiO; electrode 4.6. The maximum loading of the

Scheme 4.6. Synthesis of electrode and anchoring of iron bis(imino)pyridine alkyl complexes onto
electrode surfaces. a) Anchoring iron bis(imino)pyridine complexes onto P25 TiO2-FTO electrodes.

b) Synthesis of hydroxyl functionalized self-assembled monolayers (SAM) onto P25 TiO2-FTO electrodes.
Anchoring iron complexes onto the TiO2 SAM.
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SAM should be lower than the spin-coated electrode because 3 hydroxyl groups on the TiO;
surface are needed to form the SAM layer. This experiment reveals that iron(l) alky 3.7 is not
reacting with every hydroxyl group on the surface during the anchoring step.

We compared all iron(l)-anchored electrodes for sarcosine-NCA polymerization in
presence of the cocatalyst [CoCp2][BArf?*] (Table 4.2) All surfaces tested were active for
polymerization, but there were noticeable difference in polymerization activity. The anchored
doctor blade P25 TiO; electrode 4.4 reached 11 % conversion in 24 h which is a turnover
number of 180 relatives to iron. Another doctor blade P25 TiO; electrode was prepared by
anchoring 3.7 for 1 h instead of 10 min which lead to a higher iron loading (0.210 umol/ cm?)
(entry 2, Table 4.2). When this electrode was tested for sarcosine-NCA polymerization 29 % of
the monomer was consumed, and the TON (290) was slightly higher. When the doctor blade
electrodes were compared to the spin-coated electrode P25 TiO; 4.4, the latter had much
higher TON (3200) (entry 3, Table 4.2). The disparity in TON could be caused by more iron on
the thicker, doctor blade electrode being inactive or inaccessible to the monomer. We decided
to test an even thinner spin-coated electrode containing the iron(l) catalyst and this electrode
had a very high TON of 10,400 (entry 4, Table 4.1). Unfortunately, this high reactivity comes at
the cost of a very low iron content on the surface (0.005 pumol Fe/ cm?) that would be
challenging for further catalyst characterization. We were pleased to note that the iron(l)

complex on the SAMs on P25 TiO, 4.8 reached a TON of 4100 (entry 5, Table 4.2).
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We observed free polyamide in the supernatant for entries 1, 4 and 5, Table 4.2) which
could be occurring from poly(sarcosine) back-biting. The cause of this polymer in the
supernatant is currently unknown and answering that question is an objective for future
investigations. Unfortunately, by 'H NMR, poly(sarcosine) overlaps with the sarcosine-NCA

making it difficult to determine overall conversion of the NCA. Due to this limitation, it is

Table 4.2. Sarcosine-NCA polymerization activity of iron(I)-based complexes anchored on
electrodes.

Entry Electrode Coating  Electrode Iron Loading  Sar-NCA Sar-NCA

Method Surface Area (umol Fe/ Conv. on TON on
(cm? cm?)a surface? (%) surface?

1 Doctor blade 2.1 0.129 11f 180
P25 TiO2

2 Doctor Blade P25 2.1 0.210 29 290
TiO2d

3 Spin-coated P25 3.0 0.020 44 3,200
TiO2

4 Spin-coated P25 3.0 0.005 36f 10,400
Ti02¢

5 SAM on P25 Ti02 2.1 0.037 35f 4,100

aElectrodes were anchored for 10 min in [0.35 M] 3.7 in Et20 at -35 °C in the dark. For
polymerizations, anchored electrodes were added to 434 pmol of sarcosine-NCA with 4.3 pmol
of [CoCpz][BArF?4] in 10 ml of THF at room temperature in the dark with a stir rate of 1000
rpm. 1,3,5-trimethoxybenzene was added as an internal standard to measure conversion.
bMeasured by 'H NMR relative to internal standard.

cSar-NCA TON = (ConV.sarcosine-Nca * mol sarcosine-NCA)/ (Electrode surface areas * Iron
loading)

dElectrode was anchored for 1 hour.

eSpin-coated electrode was synthesized with 0.1 mg TiOz/ml EtOH/AcOH

fPoly(sarcosine) present in the supernatant.
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difficult to assess which electrode surfaces are the most active, but the spin-coated electrodes

and the SAMs on TiO; appear to be promising candidate for surface polymerizations of NCAs.

4.4 Redox Behavior of Anchored Iron Complexes on Electrode Surfaces

To enable future redox-switchable polymerizations, we investigated the redox behavior
of the surface bound catalysts and compared them to those of 3.1 in solution. When we
examined 3.1 by cyclic voltammetry the oxidation and reduction events were not reversible
indicating catalyst decomposition (Figure 4.2). However, redox events became quasi or even
fully reversible when short chains of e-caprolactone or y-benzyl-L-glutamate-NCA were grown

off of the iron catalyst (Scheme 4.4). The addition of e-caprolactone lead to a significant change

— 3.1 +BLG-NCA
3.1+CL
- 3.1

e o o
N o o

Current (mA)

o
(¥

o
o

-1.0 -0.5 0.0 0.5
Electrochemical potential relative to Fc (mV)

=
()]

Figure 4.2. CV of [24.4 mM]: [0.49 mM] 3.1: monomer in 0.1 M TBAPFs in THF, scan rate = 20 mV/s.
Electrochemical potential is measured relative to ferrocene. The iron (I) complex 3.1 without any monomer

(red) is not redox-reversible. The addition of €-caprolactone (CL) (yellow) is quasi-reversible electrochemically.
The mixture of 3.1 and y-benzyl-L-glutamate-NCA (BLG-NCA) is fully reversible.
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in the reduction potential of the complex (-0.85 mV to -0.10 mV) and the redox event becomes
guasi-reversible. The addition of an y-benzyl-L-glutamate-NCA led to a smaller shift in redox
potential (-0.85 mV to -0.68 mV), but the complex is now fully reversible for oxidation and
reduction. We believe this shift is due to coordination from the ester or amide groups on the
respective polymers, stabilizing the low-valent iron catalyst during the redox reactions (Scheme
4.7).

During catalyst oxidation a low-valent iron cation is produced which could be stabilized
by Lewis basic donors. For the polyester, while it is unlikely for an intramolecular nine-member
ring chelate between the iron center and the poly(e-caprolactone) chain, intermolecular ester
groups on nearby metal catalysts could coordinate to the iron center 4.11. For the polyamide,
we envisioned a stable five-coordinate chelate complex 4.13 could form. 4.13 would then be

Scheme 4.7. Stability of iron(I)-based complex 3.1 (a) before polymerization (b) after €-caprolactone
polymerization (c) after y-benzyl-L-glutamate-NCA polymerization.
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more reversible because the coordination of Lewis basic groups to the iron catalyst is more

favorable.

We observed similar behavior with P25 TiO; anchored, iron complex 4.4 in response to

electrochemical stimulus. 4.4 can be oxidized to 4.14 (Scheme 4.8a), but without a polymer

chain on the complex the anchored complexes will decompose during catalyst reduction (Figure

4.3). 4.4 can be stabilized by allowing sarcosine-NCA to first polymerize for 0.5- 4 hours forming

4.15 (Scheme 4.8b). After the polymerization, the CV of the anchored iron(l) complex is

reversible, presumably due to the formation of a stable-5 member-ring chelate 4.16 (Scheme

4.8b). The redox potential for the anchored complex is slightly more reducing than the

homogenous complex (-0.85 mV vs. -0.75 mV) and it is sufficiently separated from the oxidation

-1.75 -1.25 -0.75
Electrochemical potential relative to Fc (mV)

Figure 4.3. CVs of anchored complex 4.4 (ref) and complex 4.4 after polymerizing sarcosine-NCA 4.15
(blue) in 0.1 M TBAPFs in THF, scan rate = 50 mV/s. The large feature from (1.35-1.15 mv) is the
reduction of the TiO2 substrate.
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Scheme 4.8. (a) Stability of iron(I)-based complex 4.4 under cyclic voltammetry (b) Stability of iron(I)-
based complex 4.4 under cyclic voltammetry after polymerizing sarcosine-NCA.

[Fe']

[Fe'

peak for the TIOz peak to be distinguishable. A notable feature in the CV is the broad reduction
peak from P25-TiO2 at 1.15-1.35 mV which is rather close to the redox potential of the

anchored iron complex, which may explain why these species are particularly sensitive to light.

4.5 Conclusion

We were able to synthesize surface bound iron catalysts on a variety of surfaces that
exhibited similar behavior to their homogenous counterpart for redox-switchable-NCA
polymerization. These surface bound catalysts for NCA polymerization are less active than their
homogenous counterpart as has been observed due to mass transport limitations which was
observed with our group’s previous surface bound iron catalysts.'® While increasing stir rate is
one method to decrease the effects of mass transport, we believe further improvements could

be seen if the catalysts are integrated into flow cells. Additionally, the monomer scope must be
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expanded beyond poly(sarcosine) in order to access NCAs derived from conventional amino
acids. This challenge can be tackled through catalyst design to decrease the favorability of
monomer deprotonation. When these limitations are overcome, there will be many directions
to pursue in the creation of complex, polyamide-coated surfaces that may prove to be valuable

as sensors, anti-fouling agents or protective layers.

4.6 Experimental

General Considerations: Unless stated otherwise, all reactions were carried out in oven-dried
glassware in a nitrogen-filled glove box or with standard Schlenk line techniques.*® Solvents
were used after passage through a solvent purification system consisting of two columns, one
of activated manganese oxide and 3 A molecular sieves, respectively under a blanket of argon.
Solvents were then degassed briefly by exposure to vacuum and stored over 3 A molecular
sieves under a nitrogen atmosphere. Complexes 3.1 and 3.2 were synthesized as described
previously.**>° Amino acids y-benzyl-L-glutamate and sarcosine were purchased from Acros
Organics and used as received. Triphosgene was purchased from Chem-Impex International Inc.
and used as received. Tetrabutylammonium hexafluorophosphate was purchased from
Oakwood Chemicals and dried over P,Os in vacuo. FTO-coated glass slides (300 mm x 300 mm x
2.2 mm, surface resistivity ~7Q/sq) were obtained from Sigma Aldrich and used as received. P25
TiO, powder was dried at 130 °C in vacuo before use. Monomers y-benzyl-L-glutamate-N-
carboxyanhydride®! and sarcosine-N-carboxyanhydride,*> were synthesized according to

F24

literature procedures. FcBArf2* was synthesized according to literature procedures.>?
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ICP-OES: Inductively coupled plasma optical emission spectrometry was recorded on an Agilent
5100 instrument that was calibrated using known concentrations of standard solutions to
guantify iron. 1000 ppm Fe standard solution was purchased from Sigma Aldrich. To digest iron-
complex from Fe(l)-TiO2, the powder/electrode was soaked in 20 mL 1% nitric acid solution
overnight before. Then the solution was subjected to centrifugation and used for ICP-OES test.
SEC: Size-exclusion chromatography (SEC) by permeation chromatography (GPC) was
performed on a Tosoh EcoSEC instrument HLC-8320GPC with a refractive index (RI) detector
and three Tosoh TSKgel Alpha M columns (7.8mmlID x 300 mm, resin type: methacrylate,
particle size:13 um, pore size: mixed bed). These columns were maintained at 50 °C for all
analyses. All samples were eluted by DMF + 0.01% LiBr at a flow rate of 0.6 mL/min. Calibration
was performed using polystyrene standards (ReadyCal Kit, Sigma-Aldrich #81434). Samples
were passed through 0.20 um nylon filters before being injected into the SEC system.

Nuclear Magnetic Resonance: (NMR) spectra were recorded at ambient temperature on
spectrometers at 500 and 600 MHz for *H NMR.

Cyclic Voltammetry for molecular catalysts: Cyclic voltammetry and bulk electrolysis were
carried out on a potentiostat (Biologic VMP3). Cyclic voltammetry in solution was conducted
using a 3- electrode configuration, where glassy carbon was used as the working electrode and
the counter electrode while a platinum disc was used as the reference electrode. Potentials
were recorded relative to ferrocene/ ferrocenium.

Cyclic Voltammetry for surface bound catalysts. Electrodes were suspended in 0.1 M "BusPFs

solution in THF. The scan rate was 20 mV/s. Cyclic voltammetry on electrodes was conducted
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using a 3- electrode configuration, where the anchored iron on titania electrode was used as
working electrode, while the reference and counter electrodes were strips of lithium metal.
Representative procedure for anchoring iron complex to P25 TiO, powder

P25 TiO, powder (200 mg) was heated at 10 torr at 130 °C to remove water on the
surface. In a nitrogen-filled glove box, iron bis(imino)pyridine alkyl 3.7 (25.0 mg, 97.6 umol) was
dissolved in diethyl ether (10 ml) at -35 °C. The solution was added to P25 TiO; (200 mg) in the
dark and allowed to stir at room temperature for 1 hour. The suspension was centrifuged and
washed with diethyl ether (2 ml x 3) and then tetrahydrofuran (2 ml) until the supernatant was
colorless. The final powder was light blue to purple in color. Yield = 174 mg, 87 %. ICP-OES =
0.25 weight % iron.

Representative procedure for the surface initiated polymerization of sarcosine-NCA with P25
Fe(l)-TiO2 powder 4.1.

In a nitrogen-filled glove box, sarcosine-N-carboxyanhydride (50.0 mg, 434 umol),
cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (4.6 mg, 4.4 umol) and 1,3,5-
trimethoxybenzene (20.0 mg, 119 umol)) were dissolved in tetrahydrofuran (10.0 ml) in a glass
vial. The solution was added to Fe(l)-TiO2 powder 4.1 (25 mg, 0.25 wt % Fe, 0.11 mmol Fe). An
aliqguot was taken for a t= 0, time point. A stir bar was added and the suspension which was
allowed to stir at 1000 rpm for 24 h. Aliquots were taken periodically for sampling, quenched
with a small amount of benzoic acid, filtered over celite to remove the nanoparticles and the
solvent was removed in vacuo. Conversion was determined by comparing the ratio of methine

signal of 1,3,5-trimethoxybenzene to the methine polymer and monomer signals for sarcosine-
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NCA by both *H NMR. The powder was washed with dichloromethane and centrifuged to
remove any residual monomer or free polymer. Sarcosine-NCA conversion (56 %).
Representative procedure for the preparation of doctor-blade P25 TiO, electrodes
Commercial P25 TiO2 powder (1.5 g) was mixed with ethanol (5.0 mL), acetic acid (75
uL) and Triton X-100 (2 drops) to make a uniform slurry. The slurry was then uniformly coated
onto the FTO substrate (3.0 cm x 0.7 cm) by the doctor blade method. Next, the electrode was
annealed at 450°C in air for 0.5 h. The electrode was then treated under UV irradiation for 30
minutes.
Representative procedure for the preparation of spin-coated P25 TiO: electrodes
Commercial P25 TiO2 nanopowder (1.5 g) was mixed with ethanol (5.0 mL), acetylacetone (75
pL) and Triton X-100 (2 drops) to make a uniform slurry. The slurry was then uniformly coated
onto the FTO substrate (3 cm x 1 cm)) and then the electrode was spin-coated at 500 rpm for
10 s and then 2000 rpm for 45 s. Next, the electrode was annealed at 450°C in air for 0.5 h. The

electrode was then treated under UV irradiation for 30 minutes.

Representative procedure for the synthesis of SAM on P25 TiO2

Spin-coated P25 TiO; electrode obtained by spin-coating method were treated by UV
irradiation for 30 min to increase -OH density and then immediately immersed in a solution of 3-
bromopropyl trimethoxysilane (0.5 mL) in anhydrous toluene (10 mL) at 80 °C for 3 days. After
that, the electrodes were washed with toluene (25 ml). to remove excess silane followed by being
rinsed with methanol (3 x 25 ml) and isopropanol (3 x 25 ml). The electrodes were stored in

vacuum oven at 80°C overnight. The Br-terminated electrodes were soaked in a 3:7 dioxane/H,0
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(9 ml/ 21ml) solution at 80°C for 4 days. The electrodes were washed by ultrapure millipore water
(10 ml x 3) and dried in vacuum oven at 80°C overnight.
Representative procedure for anchoring iron complex onto electrode surfaces

P25 TiO; electrodes were heated at 10 torr at 130 °C to remove water on the surface.
In a nitrogen-filled glove box, iron bis(imino)pyridine alkyl 3.7 (25.0 mg, 97.6 umol) was
dissolved in 10 ml of diethyl ether at -35 °C. P25 TiO; electrodes were added to the solution in
the dark and allowed to stir at room temperature for 10 min. The late was washed with diethyl
ether (2 x 2 ml) and tetrahydrofuran (2 ml) until supernatant was colorless. The resulting
electrodes were pale to dark blue in color. ICP-OES = 0.020 pumol iron/ cm?.
Representative procedure for surface initiated polymerization of Sarcosine-NCAs with iron
complex on electrode surfaces

In a nitrogen-filled glove box, sarcosine-N-carboxyanhydride (50.0 mg, 434 umol),
cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (4.6 mg, 4.4 umol) and 1,3,5-
trimethoxybenzene (20 .0 mg, 119 umol) were dissolved in tetrahydrofuran (10.0 ml) in a glass
vial. The solution was added to spin-coated Fe(l)- P25 TiO; electrode 4.4 (3 cm?, 0.020 pmol
iron/ cm?2.). An aliquot was taken for a t = 0 h, time point. A stir bar was added and the
suspension which was allowed to stir at 1000 rpm for 24 h. Aliquots were taken periodically for
sampling, quenched with a small amount of benzoic acid and solvent was removed in vacuo.
Conversion was determined by comparing the ratio of methine signal of 1,3,5-
trimethoxybenzene to the methine polymer and monomer signals for sarcosine-N-
carboxyanhydride by 'H NMR. Electrode was washed with dichloromethane to remove any

residual monomer or free polymer. Sarcosine-NCA conversion = 44 %.
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Standard procedure for the electrochemical redox-switching of homogenous iron complex 3.1
in the presence of various monomers.

In a nitrogen-filled glove box, a 0.1 M solution of electrolyte, tetrabutylammonium
hexafluorophosphate was prepared. Reagents were prepared from the same stock electrolyte
and made as followed so that each solution contained complex 3.1 (0.49 mM) and monomer &-
caprolactone (24.4 mM) or y-benzyl-L-glutamate (24.4 mM). Measurements were taken with a
scan rate of 20 mV/s. Electrochemical potential was recorded relative to a ferrocene standard.
Standard procedure for the electrochemical redox-switching of anchored iron complex Fe(l)-
TiO; electrode, in the presence of sarcosine-NCA.

In a nitrogen-filled glove box, a 0.1 M solution of electrolyte, tetrabutylammonium
hexafluorophosphate was prepared. Reagents were prepared from the same stock electrolyte
and made as followed so that each solution contained 43.4 mM of sarcosine-N-
carboxyanhydride and 4.4 mM of cobaltocenium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate.
Solution stirred at room temperature for 0.5 hours. The electrode was washed with
tetrahydrofuran (5 ml) and added to fresh electrolyte. Measurements were taken with a scan
rate of 50 mV/s. Electrochemical potential was recorded relative to a lithium standard. To

compare values to ferrocene, -3.67 mV was added to the voltage recorded.
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5.0 Appendix A. NMR Spectra for All Complexes and Polymers
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Figure A.1. 500 MHz, *H NMR spectrum for complex 2.9 in CDCls.
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Figure A.2. 470 MHz, °F NMR spectrum for complex 2.9 in CDCls.
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Figure A.3. 500 MHz, 'H NMR spectrum for poly(L-lactic acid-b-propylene carbonate) from

Scheme 2.12a in CDCls.
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Figure A.4. 500 MHz, 'H NMR spectrum for poly(propylene carbonate-b-L-lactic acid) from

Scheme 2.12b in CDCls.
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Figure A.5. 500 MHz, *H NMR spectrum for poly(L-lactic acid-b-propylene carbonate-b-L-lactic

acid’) from Scheme 2.13a in CDCls.
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Figure A.6. 500 MHz, *H NMR spectrum for poly(propylene carbonate-b-L-lactic acid-b-propylene

carbonate’) from Scheme 2.13b in CDCls.
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Figure A.7. 500 MHz, 'H NMR spectrum for telechelic poly(L-lactic acid-b-propylene carbonate-

b-L-lactic acid) from Scheme 2.14 in CDCls.
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Figure A.8. 500 MHz, 'H NMR spectrum for poly(L-lactic acid-s-propylene carbonate) from

Scheme 2.16a in CDCls.
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Figure A.9. 125 MHz, 3C NMR spectrum for poly(L-lactic acid-s-propylene carbonate) from

Scheme 2.16a in CDCls.
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Figure A.10. 500 MHz, *H NMR spectrum for poly(L-lactic acid-b-(L-lactic acid-s-propylene

carbonate)-b-L-lactic acid’) from Scheme 2.17a in CDCls.
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Figure A.11. 125 MHz, 113 NMR spectrum for poly(L-lactic acid-b-(L-lactic acid-s-propylene

carbonate)-b-L-lactic acid’) from Scheme 2.17a in CDCls.
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Figure A.12. 500 MHz, 'H NMR spectrum for poly(propylene carbonate-b-(L-lactic acid-s-

propylene carbonate)-b-L-lactic acid) from Scheme 2.17b in CDCls.
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Figure A.13. 125 MHz, 13 NMR spectrum for poly(propylene carbonate-b-(L-lactic acid-s-

propylene carbonate)-b-L-lactic acid) from Scheme 2.17b in CDCls.
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Figure A.14. 500 MHz, *H NMR spectrum for complex 3.2 in CD,Cls.
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Figure A.15. 470 MHz, °F NMR spectrum for complex 3.2 in CD2Cl>.
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Figure A.16. 128 MHz, !B NMR spectrum for complex 3.2 in CD,Cl..
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Figure A.17. 500 MHz, 'H NMR spectrum of precipitated poly(y-benzyl-L-glutamate) in CDCL3 and
5 % trifluoroacetic acid from entry 6, Table 3.1.
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Figure A.18. 500 MHz, *H NMR spectrum of poly(sarcosine) from entry 1, Table 3.3 in CDCls.
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Figure A.18. 500 MHz, 'H NMR spectrum of poly(e-caprolactone) from Scheme 3.5a in CDCls.
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Figure A.20. 600 MHz, 'H NMR spectrum of poly(e-caprolactone-b-sarcosine) from Scheme 3.5a
in CDCls.
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Figure A.21. 500 MHz, 'H NMR spectrum of poly(e-caprolactone) from Scheme 3.5c in CDCls.
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Figure A.22. 600 MHz, *H NMR spectra of telechelic poly(sarcosine-b-e-caprolactone-b-sarcosine)
from Scheme 3.5c in CDCls.
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Figure A.23. 600 MHz, 'H DOSY NMR spectra of poly(sarcosine-b-e-caprolactone-b-sarcosine)
from Scheme 3.5c in CDCls.
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Figure A.24. 500 MHz, 'H NMR spectrum of poly(sarcosine-b-cyclohexene oxide) from
Scheme 3.8a in CDCls.
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Figure A.25. 500 MHz, 3C NMR spectrum of poly(sarcosine-b-cyclohexene oxide) from

Scheme 3.8a in CDCls.
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Figure A.26. 500 MHz, 'H DOSY NMR spectrum of poly(sarcosine-b-cyclohexene oxide)
from entry Scheme. 3.8a in CDCls.
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Figure A.27. 600 MHz, 'H NMR spectrum of poly(cyclohexene oxide-b-sarcosine) from
Scheme 3.8b in CDCls.
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Figure A.28. 125 MHz, 3C NMR spectrum of poly(cyclohexene oxide-b-sarcosine) from
Scheme 3.8b in CDCls.
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Figure A.29. 600 MHz, 'H DOSY NMR spectrum of poly(cyclohexene oxide-b-sarcosine)
from Scheme 3.8b in CDCls.
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Figure A.30. 500 MHz, 'H NMR spectrum of poly(cyclohexene oxide-b-sarcosine-b-
cyclohexene oxide’) from Scheme 3.9a in CDCls.
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Figure A.31. 125 MHz, 3C NMR spectrum of poly(cyclohexene oxide-b-sarcosine-b-
cyclohexene oxide’) from Scheme 3.9a in CDCls.
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Figure A.32. 500 MHz, 'H DOSY NMR spectrum of (top) poly(cyclohexene oxide-b-
sarcosine) and (bottom) poly(cyclohexene oxide-b-sarcosine-b-cyclohexene oxide’) from
Scheme 3.9a in CDCls.
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Figure A.33. 500 MHz, 'H NMR spectrum of poly(sarcosine-b-cyclohexene oxide-b-
sarcosine’) from Scheme 3.9b CDCls.
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Figure A.34. 125 MHz, 3C NMR spectrum of poly(sarcosine-b-cyclohexene oxide-b-
sarcosine’) from Scheme 3.9b in CDCls.
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Figure A.35. 500 MHz, *H DOSY NMR spectrum of (top) poly(sarcosine-b-cyclohexene
oxide) and (bottom) poly(sarcosine-b-cyclohexene oxide-b-sarcosine’) from Scheme 3.9b

in CDCls.
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6.0 Appendix B. GPC Chromatograms for All Polymers
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Figure B.1. GPC chromatogram of poly(y-benzyl-L-glutamate) polymerized by complexes
1.48 (green), 3.1 (red) and 1.49 (blue) from entries 3 (green) ,6 (red) and 7 (blue), Table
3.1in DMF at 50 °C recorded by a Rl detector.
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Figure B.2. GPC chromatogram of poly(y-benzyl-L-glutamate) from entry 2, Table 3.2 in
DMEF at 50 °C recorded by a Rl detector.
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Figure B.3. GPC chromatogram of poly(y-benzyl-L-glutamate) polymerized by 3.1 with
different additives from entries 1,2, 4 and 5, Table 3.2. Polymers were measured in DMF
at 50 °C recorded by a Rl detector.
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Figure B.4. GPC chromatogram of poly(BLG) from entry 19, Table 3.2 in DMF at 50 °C
recorded by a Rl detector.
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Figure B.5. GPC chromatogram of poly(sarcosine) at various loadings of complex 3.1 to
Sar-NCA from entries 1 (1:100 3.1:[Sar-NCA], red), 4 (1:50 3.1:[Sar-NCA], green) and 5
(1:200 3.1:[Sar-NCA], blue), from Table 3.3. Polymers were measured in DMF at 50 °C and
recorded by an Rl detector.

[

3
25
2
1.5
1
0.5
0

Normlaized RI Response

39 41 43
Time (min
Figure B.6. GPC chromatogram of poly(sarcosine) from entry 6, Table 3.3 in DMF at 50 °C
recorded by an Rl detector.
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Figure B.7. GPC chromatogram of poly(e-caprolactone) from Scheme 3.4A in THF at 40 °C
recorded by a LS detector.
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Figure B.8. GPC chromatogram of telechelic poly(e-caprolactone) sequential
poly(sarcosine—b-g-caprolactone-b-sarcosine) from Scheme 3.4c in THF at 40 °C recorded
by a LS detector.

260



25

L5

RI Response (mv)

0.5

35 37 39 41 43 45 47 49
Elution Time (min)

LS intensity (mv)
(o] [F5] += n (=) |

—

0
20 21 22 23 24 25 26

Elution Time (min)

Figure B.9. GPC chromatogram of poly(sarcosine) (top) and poly(sarcosine-b-cyclohexene
oxide) (bottom) from Scheme 3.8a. Top spectra was recorded using Rl detector in DMF at
50 °C. Bottom spectra was recorded using a LS detector in THF at 40 °C.
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Figure B.10. GPC chromatogram of poly(cyclohexene oxide) and poly(cyclohexene oxide-
b-sarcosine) from Scheme 3.8b in THF at 40 °C recorded by LS detector.
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Figure B.11. GPC chromatogram of poly(cyclohexene oxide) (blue), poly(cyclohexene
oxide-b-sarcosine) (red) and poly(cyclohexene oxide-b-sarcosine-b-cyclohexene oxide’)
(green) from Scheme 3.9a.
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Figure B.12. GPC chromatogram of poly(sarcosine) (top) and poly(sarcosine-b-
cyclohexene oxide) and poly(sarcosine-b-cyclohexene oxide-b-sarcosine’) (bottom) from
Scheme 3.9b. Top spectrum was recorded by Rl detector in DMF at 50 °C. Bottom spectra
were recorded by a LS detector in THF at 40 °C.
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7.0 Appendix C. MALDI Mass Spectrums and Control Reactions from Chapter 3
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Figure C.1. MALDI spectrum of sarcosine-NCA polymerized by 1 mol % complex 3 for 10
min in THF. Sample was prepared in CHClz at a 1:10 ratio of polymer to trans-2-[3-(4-tert-
Butylphenyl)-2-methyl-2-propenylidene]malononitrile with no added cationizing agent.

Potentially, excess benzoic acid from quenching of polymerization is acting as the cation

source.
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Table C.1. Polymerization of cyclohexene oxide by complex 3.2 in various solvents.?

Solvent Catalyst loading Time Conv.¢ Mn(theo)®  Mn(exp)® Muw/M:f
(mol %) (min) (%) (kDa (kDa)

2-MeTHF 1 60 99 9.8 10.0 1.73

2-MeTHF 0.5 1440 98 19.2 9.1 1.83

PhF 1 60 68 6.7 8.4 1.71

PhCI 1 10 99 9.8 6.3 2.49

PhCI 0.2 10 97 47.6 52.0 2.59

Reactions were carried out in solvent at using the iron precatalyst at [0.35 M] CHO. *
Conversion, determined by *H NMR. ‘Conversion, determined by both the *H NMR and mass
of precipitated polymer. Theoretical molecular weight was calculated by Mn(theo) =
conv.*MWchHo*200. “Experimental molecular weight and molecular weight distributions

were determined by GPC.
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