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Abstract of the Dissertation

Ring Opening Metathesis Polymerization of
1-Substituted Cyclobutene Derivatives and Its Application to Antimicrobials:

From Homopolymers to Alternating Copolymers

By
Airong Song
In
Chemistry
Stony Brook University

2010

Ring opening metathesis polymerization (ROMP) is a chain-growth
polymerization based on the ring opening of strained cyclic olefins providing a range of
polymeric materials. Living ROMP of highly strained norbornene derivatives generates
linear polymers with accurate molecular weight control and low polydispersities (PDIs).
However, internally heterogeneous mixtures are obtained because the polymerization
reactions lack complete stereochemical and regiochemical control. 1-Substituted
cyclobutene amides undergo ruthenium-catalyzed ROMP to provide polymers with
translationally invariant backbones (E-configuration) and excellent PDIs. To better
understand the structural factors that control the regio- and stereochemistry of the ROMP
reactions of 1-substituted cyclobutenes, several 1-subsituted cyclobutenes with varied

electron densities or steric interactions in the olefin bonds were prepared. 1-Cyclobutene
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esters, 1-cyclobutene secondary amides, 1-cyclobutene tertiary amides or 1-
cyclobutenylmethyl acetates, were subjected to ROMP. The stereo- and regiochemistry of
the ROMP polymers were studied by 1D and 2D-NMR spectroscopy. NBO charge and
energy difference calculations for intermediates and products were undertaken to explain
the experimental results. Electrostatic interactions during formation of the initial -
complexes and steric interactions during metallocyclobutane formation determine the
regio- and stereoisomers formed

ROM of 1-substituted cyclobutene ester by ruthenium catalysts generates
kinetically trapped enoic ruthenium carbene that cannot undergo additional metathesis
with 1-cyclobutene esters. However, the enoic ruthenium carbene can ring-open
cyclohexene to generate a ruthenium alkylidene that will in turn react with a highly
strained 1-cyclobutene ester to regenerate the enoic ruthenium carbene. As a result,
alternating cyclobutene and cyclohexene units are incorporated into the propagating
polymer chain. The precisely alternating pattern was confirmed by 'H-NMR
spectroscopy and stable isotope-labeling experiments. The alternating ring opening
metathesis polymerization (AROMP) is tolerant to 4-substitution on the cyclohexene and
various types of esters on the cyclobutene.

The amphipathic nature of antimicrobial peptides (AMPs) facilitates their
disruption of bacterial membranes and bacterial death. A series of alternating amphiphilic
copolymers (AMP mimics) containing different cationic groups and varying
hydrophobicity were synthesized through AROMP of I-cyclobutene ester and
cyclohexene derivatives. Their antimicrobial activities were assayed and their
selectivities were compared with random copolymers or homopolymers of similar charge.
Their mechanisms of action were studied by cross-section transmission electron
microscopy (TEM), dye leakage vesicle assays, membrane depolarization assays, and
potassium release assays. It is concluded that mimics with a 8-10 A spacing between
cationic residues and ~ 4 repeating units exhibited the best antimicrobial activities and
selectivities.

The amphiphilic polymers form vesicles in aqueous solution as demonstrated by
TEM and dynamic light scattering (DLS). The pH and ionic strength dependence of

vesicle formation was characterized by DLS. Polymer vesicles containing quarternary
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ammonium groups are insensitive to changes in pH, whereas, for polymers containing
primary ammonium groups, size change upon increasing pH change is a result of

protonation and deprotonation of primary amine groups.
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I. Ring-Opening Metathesis Polymerization (ROMP)

Olefin metathesis reactions have been developed for almost 50 years since the
discovery of Ziegler-Natta type olefin addition polymerization.'? They include ring
closing metathesis (RCM),** cross metathesis (CM)® or ring-opening metathesis
polymerization (ROMP).”® Recently, ROMP has received a lot of attention in either
polymer chemistry or chemical biology for its controllable polymerization, functional
group tolerance, and compatibility with other polymerization methods such as ATRP or
RAFT.>"

The development of the most popular ruthenium and molybdenum metathesis
catalysts greatly facilitate the fast expansion of ROMP in different research fields.’
Theoretically, the most perfect catalysts must exhibit the best reactivity in either
hydrophobic or hydrophilic solvents to provide linear polymers with controllable
molecular weights and narrow polydispersity indexes (PDIs). The catalysts must be very
stable when handled under air or moisture, and must be tolerant with most of the
functional groups in ROMP monomers such as amides, esters, aldehydes and carboxylic
acids.

Besides the great success in the catalyst design, the application of ROMP in either
material sciences or chemical biology has received a lot of attention. Multiple
functional group loading by ROMP provides an entry to study the protein receptor
binding or cell imaging in biological systems, and to make drug delivery systems.
Polymers with different morphologies such as linear, brush-type, star-shape and cross-
linked polymers can be synthesized by ROMP alone or in combination with other

polymerization methods.

1.1 Mechanism of ROMP

ROMP is a chain-growth polymerization based on the ring opening of strained
cyclic olefins. Generally speaking, there are three steps in ROMP using Mo- or Ru-based
catalysts: initiation, propagation and termination (Scheme 1-1).” First the coordination of

a cyclic olefin to an electron deficient metal alkylidene forms a metallacyclobutane



intermediate through [2+2] cycloaddition. This mechanism was proposed by Chauvin et
al. in 1971."%"? The subsequent cycloreversion generates a ring-opened metal alkylidene,
and this metal alkylidene is active enough to ring open additional cyclic olefins to
propagate the chain. In the chain propagation process, theoretically, the metal alkylidene
containing the propagating polymer chain should have a similar activity as the original
metallacarbene initiator so that the propagation rate constant (k,) stays the same during
polymer chain growth.” Depending on the coordination environment and the reaction
conditions, the propagating metal center exists either in the metallocyclobutane form or
in the metal alkylidene form.” The chain propagation does not cease until all of the
monomer is depleted, until thermodynamic equilibrium is reached (the ring-opening of

cyclic olefins is reversible) or until a terminating reagent is added.’
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Scheme 1-1. General mechanism for a typical ROMP reaction using Mo- or Ru-based
catalysts.’



The driving force for ROMP is the release of cycloalkene ring strain (AH,in

5.6.13 Coe . eqer
*” To minimize the equilibrium

Equation 1-1) that accompanies the ring-opening.
monomer concentration (/M].), high ring-strain energy, high initial monomer
concentration, and low reaction temperature are ideally required.”> However, to run the
ROMP at low temperatures, the catalyst must have high activity and efficient initiation.
The ring strain energy should be greater than 5 kcal/mol for ROMP to occur. This
requirement suggests that ROMP is thermodynamically controlled.”*"* Therefore highly
ring-strained cyclopropene, norbornene, cyclobutene and cyclooctene are common

ROMP monomers (Figure 1-1)."

AH,  AS®
ln[M]e = R_'I? - T (Equation 1-1)"

“Living Polymerization”, defined by Swarzc in 1956, has become a valuable
criterion to characterize the polymerization quality.'® Living ROMP must exhibit three
features: 1) the initiation must be much faster than the chain propagation (k; >> k) and
it must be complete; 2) there is a linear relationship between the number-averaged
molecular weight of the polymer (M,) and monomer conversion; 3) low PDIs (< 1.5).>"
PDI is calculated according to the equation: PDI = M,,/M, (M,, is the weight-averaged
molecular weight and M, is the number-averaged molecular weight). To meet the first
feature of the living ROMP, metal initiators with high activity and stability are strongly
required. To get the better control of polymer molecular weights and lower PDIs,
secondary metathesis reactions (chain transfer reactions) must be minimized (k, >> k, k;

is the secondary metathesis reaction rate constant).
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Figure 1-1. Relative ring strain for select cyclic olefins (kcal/mol)."*



Secondary metathesis reactions include both intermolecular chain transfer and
intramolecular chain transfer reactions (backbiting) (Scheme 1-2). The intermolecular
chain transfer reaction represents the cross metathesis reaction between an active metal
alkylidene containing the polymer chain and the olefin bond in another polymer chain. As
a result, the PDI of the final polymer is increased due to the formation of multiple cross
metathesis products, while M, stays the same. Intramolecular chain transfer reaction
means that an active metal alkylidene containing a polymer chain reacts with its own
olefin bond along the polymer backbone to generate a cyclic species, and polymers with

broad PDIs and lower M, than the expected value are generated.

Intermolecular Chain Transfer R
+ L Mé %ﬁ M— JL
/ _ML n+m+1
multiple

products
TRﬁ? N AR O

+1

Intramolecular Chain Transfer

backbiting =ML,
—————» polymer chain 'W/_ +

polymer chain

Scheme 1-2. Illustration of typical secondary metathesis reactions in ROMP.’

The most common reason for chain transfer in ROMP reactions is that the metal
alkylidene is too active. Even though completely blocking the chain transfer reactions is
challenging, there are several ways to minimize chain transfer by increasing the rate
constant ratio k,/k,. First, choosing appropriate ROMP solvents may help to limit the
secondary metathesis reaction. The addition of a small amount of tetrahydrofuran (THF)
into the reaction or using THF as the only ROMP solvent limits secondary metathesis in
the ROMP of monocyclic unhindered olefins. This suppression may be due to the
coordination of THF to the active metal alkylidene.'”" Second, the addition of external

coordination reagents, such as PPh; or PPh,H, limits secondary metathesis through



coordination to the metal alkylidene.'”%!

Third, using hindered cyclic olefins, such as
norbornene or 1-substituted cyclic olefins, limits chain transfer by sterically blocking the
approach of a polymer chain to the polymer backbone.'” The reaction time can also affect
chain transfer.'” Generally speaking, longer reaction times generate more chain transfer
reaction products. Monomer concentration is also very important to control secondary
metathesis. The critical monomer concentration /M]. has been defined as the initial
monomer concentration threshold. Below this concentration, only linear and cyclic
oligomers with low molecular weight are formed.'”” Ring closing metathesis
(intramolecular chain transfer in ROMP) is largely preferred in dilute solution. On the
other hand, there is always a polymer solubility issue when high monomer concentrations
are employed in ROMP. High molecular weight polymer chains become too viscous to be

dissolved in organic solvents. Therefore, it is very hard to make ultrahigh molecular

weight polymers at high monomer concentrations.

1.2 Development of ROMP Catalysts

In 2005, both Robert H. Grubbs and Richard R. Schrock were awarded the Nobel
Prize in Chemistry for their advanced success in developing a series of Grubbs’ catalysts

and Schrock’s catalysts for metathesis reactions.>>**

However, it took almost 35 years to
produce the first well-defined efficient metal alkylidene metathesis initiator” after the
discovery of Ziegler-Natta type olefin addition polymerizations in the 1950’s. In this
section, the history of metathesis catalyst development is reviewed. This review will
illustrate how basic science can be applied to benefit the human world, and we also

provide insight into the challenges in the design of the future catalysts and monomers.

1.2.1 From ill-defined to well-defined catalysts

From 1955 to the early 1980s, only ill-defined or heterogeneous catalyst systems
were known. These catalysts were composed of transition metal salts, organic alkylating
agents or solid depositing matrices (Figure 1-2).” In 1955, Ziegler found that Ni salts, the

contaminants in the oligomerization of ethylene, catalyzed the metathesis of ethylene to



generate butene instead of oligomers.*® Later on, Ziegler and Natta produced a series of
titanium salts in combination with trialkyl aluminum to successfully polymerize ethylene
or propylene.”’? The polymer structure of poly(propylene) catalyzed by Ziegler-Natta
catalyst was highly isotactic (Scheme 1-3). Their pioneering work brought in multibillion
dollars’ benefit to the industry, and also made them the Nobel Prize Laureates in

Chemistry in 1963.

AlMe,, TiCl, CH; CH; CH; CHs
v

isotactic, highly crystalline

Scheme 1-3. Ziegler-Natta polymerization.
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Figure 1-2. Timeline of milestones in the development of olefin metathesis catalysts.

Since then, a large amount of research has been undertaken to discover the
mechanism of the olefin metathesis reaction and more efficient metathesis catalysts. A lot

of mechanisms were proposed and studied based on the experimental results, and the



mechanism proposed by Chauvin was accepted by most chemists and was consistent with
most of the experimental data.'® Lots of heterogeneous catalysts containing Ti, W, Mo
and Re halides or oxides and some Lewis acids such as SiO,, EtAICI, or BusSn, were
used in commercial applications of olefin metathesis due to their low cost and easy
preparation.®>”*

The first successful ROMP was achieved by Truetta and Natta independently at
almost the same time in 1960.>*** They found that norbornene could be polymerized by
heterogeneous mixtures of Ti, W or Mo halides accompanied by strong Lewis acids to
generate a polymer backbone containing repeating 1,3-dimethylidenecyclopentane units.
This first demonstration of the ring-opening polymerization of norbornene was followed
up with much work on the ring-opening polymerization of cyclic olefins catalyzed by the
homogeneous or heterogeneous catalyst systems. However, the big problems with these
poorly-defined catalyst mixtures were the harsh reaction conditions required, and their
poor functional group tolerance due to the use of strong Lewis acids (Table 1-1).° After
Chauvin proposed the metal alkylidene mechanism, special attention was paid to the
analysis and application of well-defined metal-carbene compounds in ROMP. A series of

3944 79559 or W-based ¢ catalysts were developed

single-component, well defined Ti-,
for ROMP of cyclic olefins (Table 1-1). A group of W-based imido alkylidene catalysts
with the general formula (NAr)(OR’), W=CHR were introduced by Schrock and became
widely used.””™ Even though their living ROMP succeeded with better initiation and
higher activities under milder conditions than ever before, their further application was

limited by the extremely poor functional group tolerance of the catalysts (Figure 1-3).

Ti/Ta W Mo Ru
« I
Acids Acids Acids ' Olefins !

Alcohols, Water Alcohols, Water Alcohols, Water Acids

Aldehydes Aldehydes ) Aldehydes Alcohols, Water Increasing
Ketones Ketones _Olefins , Aldehydes Reactivity
Esters, Amides ) bleflns ) Ketones Ketones

E_ ) 6|é1;i;1—8_ ) _E Esters, Amides Esters, Amides Esters, Amides

Figure 1-3. Functional group tolerance of various metal-based metathesis catalysts.”®



1.2.2 Mo-based metathesis catalysts

In 1988, the first single component, well-defined Mo catalysts able to mediate the

living ROMP reaction were introduced by Schrock (Figure 1-4).>

These Mo catalysts
exhibited much better functional group tolerance than previous catalysts. The high
tolerance made them much easier to synthesize and purify, and more stable in storage or
in reactions. It was discovered that Mo-a was compatible with ester, carbonate, ether,
imide, cyano and halo functional groups in the living ROMP of norbornene derivatives,

and it provided polymers with low PDIs (~ 1.1)."%

Mo-a: R = tBu
Mo-b: R = C(CHj3)>(CF3)
N Mo-c: R = C(CH3)(CF3),

RS R' = CHjz or Ph

Figure 1-4. Structures of Mo-based imido alkylidene catalysts.

Notably, the Mo catalysts (Mo-a to Mo-c) showed much higher reactivities than
other catalysts, and their high activity was due to the high oxidation state of Mo (four-
coordinate 14-electron core). Another remarkable feature of these Mo catalysts is their
tunable coordination environment around Mo, and that environment is closely related to
their activity and stereoselectivity. The first living ROMP of 3,3-disubstituted
cyclopentenes using Schrock’s catalysts generated high molecular weight polymers with
very low PDIs (<1.05).°° Stereospecific ROMP of 3-methyl-3-phenylcyclopropene
catalyzed by the biphenolate or binaphtholate coordinated Mo catalysts was also reported
by Schrock (Figure 1-5). More than 99% tacticity could be achieved with high PDIs (>1.8)
(Figure 1-5) using these catalysts.®’

The development of the well-defined, activity-tunable Mo-based metathesis

catalysts stands as a very important milestone in the development of ROMP catalysts.



However, they are still more reactive with acids, alcohols or aldehydes than with olefins
(Figure 1-5). This reactivity suggested that more functional group tolerant catalysts were

needed for the further applications.

Mo-d: R = 2,6-diisopropylphenyl
Mo-e: R = 2,6-dimethylphenyl
Mo-f: R = 1-adamantyl

Ph, Me

Ph. Me
> .

AN =

“ P trans, isotactic
7 Mo-d, Mo-e or Mo-f Me Ph Me Ph
> or
Me Ph CH2C|2 or THF Ph Me Ph Me

) ) trans, syndiotactic
Ph Me Ph Me "
PDI >1.8

Figure 1-5. Stereospecific ROMP of 3-methyl-3-phenylcyclopropene.

1.2.3 Ru-based metathesis catalysts

Progress with the ruthenium-based catalysts was slow for almost 20 years at the
beginning of metathesis catalyst development. Even though they were considered
excellent candidates for ROMP due to their high oxidation state and low oxophilicity,®
the ROMP initiation time of some ruthenium salts, such as RuCl; (hydrate) was too long.
However, there was growing evidence that the ROMP reactions were catalyzed by the
ruthenium alkylidene species. This insight provided a clear direction for the design of
active Ru catalysts.®*”°

The first well-defined, single component Ru-based catalyst
(PPh3),Cl,Ru=CHCH=CPh; 1 was successfully synthesized by Grubbs through the ring
opening of 3,3-diphenylcyclopropene by RuCly(PPhs), in 1992 (Figure 1-6). This catalyst
exhibited efficient activity for ROMP of norbornene or cyclobutene and high tolerance of

water or ethanol.”””® The catalyst (PCy3),Cl,Ru=CHCH=CPh, 2,” containing a better
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electron-donating ligand tricyclohexylphosphine (PCys), had much better ROMP activity
and broader functional group tolerance than catalyst 1 (Table 1-2).”” However, both

catalyst 1 and 2 provided polymers with poor PDI (PDI > 2) in the ROMP of

norbornene.”’

Metal Pros Cons
Mll-defined T, W, low cost, simple preparation lflarrlf:}tli(c)gzldltrlgn& o
catalysts Mo, Re W » SUPIC Prep u group
tolerance
high reaction
single-component, livin temperature, low
Ti & P ’ & activities and poor
ROMP .
functional group
tolerance
. . bad control of PDIs, poor
Ta single-component, living functional erou
ROMP group
tolerance
Well-defined W single-component, living hiti ;%3;?2;2’1 rou
catalysts ROMP, high activities, p group
tolerance
single-component, living
ROMP, high activities,
Mo tunable catalyst structures, hard to handle
good functional group
tolerance
single-component, living o
ROMP, high activities, slower kinetics than Mo
catalysts, hard to get
Ru tunable catalyst structures, .
: ultra-high molecular
best functional group .
weight polymers
tolerance

Table 1-1. Summary of different metathesis catalyst systems.

The development of Grubbs’ catalyst 3 (Figure 1-6) launched a huge amount of
fascinating activities in metathesis reactions (RCM, CM or ROMP) due to its broad
functional group tolerance.**®* Although catalyst 3 (half-life > 1 week at 55 °C) is more
thermally stable than most of the previous catalysts,”® strictly inert conditions are

required for storage and handling due to its easy decomposition. Mechanistic studies
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suggested that chain propagation is catalyzed by the ruthenium carbene species
containing only one phosphine ligand bound to Ru.***>*° However, catalyst 3 exhibited

poor molecular weight control and high PDIs in polymerization of norbornene derivatives.

Catalyst Ease. ofa . I'{e'lte.of , Ratg of . Higher functionacl
handling initiation polymerization group tolerance
1 44+ ++ + ++
2 44+ ++ ++ +++
3 ++ 44+ +++ +++
4 +++ +++ B B e
5 4+ 41+ B 4+t

Table 1-2. Comparison of different homogeneous well-defined Ru-based catalysts. “
Less “+” represent more inert condition required. ” More “+” represent faster initiation
or polymerization rates. ¢ More “+” represent better functional group tolerance. ¢ More
“+” represent better PDI control.

Ph Ph
PPh3 lIDCyg
ACl ACl
JRU= Ph  2PCy; JRU= Ph
RUCI(PPhs); ————3= CI7 |+ \— " sl F|)C¥<
3 Y3
h Ph
N 1 2 [\
=
Ph —~N_ N~
B Mes Mes
r =~ ' Cl
PPh PCy; Mes—N N~Mes ~ | / N—RU—
R 2PCy; Gl NHC \|/ —/cr? |
\Cl U, T el N c'y Ph
ar UR c|” | h 'Ru“ e =
ppn. Ph PCys . Ph Br |
3 ) PCy3 =
4 Br

N-Heterocyclic Carbene (NHC)
Figure 1-6. Synthesis of well-defined Ru alkylidene initiators 1-5.
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Grubbs’ catalyst 4 was synthesized by replacing one PCy; group with the N-
heterocyclic carbene (NHC).''”> NHC can form a stronger bond with Ru and donate
more electron density to the ruthenium alkylidene double bond.'® As a result catalyst 4
had much better thermostability, ROMP activity, and functional group tolerance than
catalyst 3. However, the slower initiation rate and the competing secondary metathesis
reactions limit the molecular weight control and raise the PDI of polymers in some cases.

Replacing the phosphine ligand in catalyst 4 with a weaker binding pyridine
ligand to form Grubbs’ catalyst 5 greatly improves the thermostability, ROMP activity,
and initiation rate of the catalyst while keeping its excellent functional group tolerance
intact.'"% A lot of living ROMP reactions catalyzed by 5 generated linear polymers
with accurate molecular weight control and low PDIs, and those polymers have been

applied in a broad range of applications.>®!"-!1-11!

1.2.4 Challenges in the future development of Ru-based catalysts

One big challenge for the development of improved ruthenium catalysts is living
ROMP in aqueous solution.’” Water-soluble polymers are especially required for
biomedical applications. However, most of the common Ru catalysts are not soluble in
water. Therefore, there is a high need for the development of water-soluble Ru catalysts
that allow precise control of molecular weight and PDI. Several typical water-soluble Ru
catalysts are illustrated in Figure 1-7."'%''® Although all these water-soluble Ru catalysts
are metathesis active, living ROMP in water is very difficult to succeed without the
presence of a strong acid (e.g. HCl) or a copper salt (e.g. CuSO4) due to the rapid
decomposition of the propagating species. There is still a long way to go to develop Ru
catalysts with faster kinetics and better PDI control for aqueous ROMP reactions.’

Another challenge is the synthesis of polymer materials with special topologies.’

Bielawski and Grubbs developed a new class of catalysts (Figure 1-8)''7""®

to polymerize
cyclooctene or 1,5-cyclooctadiene generating cyclic polymers with high molecular
weights (> 200 kDa) through the intramolecular backbiting. They also found that cyclic
polymers exhibited higher melting and crystallization temperatures, and lower viscosities

than linear polymers containing the same repeating units and molecular weights.''”'®
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Figure 1-7. Typical structures of water-soluble Ru catalysts.

The challenge in the ROMP of trisubstituted or tetrasubstituted cyclic olefins is
the steric hindrance that affects the binding of cyclic olefins to the ruthenium alkylidene.
Sampson’s group has developed the living ROMP of trisubstituted cyclobutene
amides.'"! One of my projects was focused on further understanding the ROMP of other

trisubstituted cyclobutene derivatives.

Mes—

Yo

o Ru —
PCy3 3

Figure 1-8. Synthesis of cyclic polymers by ROMP.

1.3 Application of ROMP in Chemical Biology

ROMP reactions catalyzed by the well-defined Ru-based initiators of cyclic
olefins containing bioactive functional groups provide unsaturated linear polymer

scaffolds with very low PDIs (Figure 1-9). These scaffolds have been applied in

14



biological and medicinal research with a fast-growing speed. Norbornene (NBE),
oxanorbornene (ONBE) and oxanorbornene-dicarboximide (ONBEDCI) derivatives are
the most popular ROMP monomers that have been applied in chemical biology (Figure 1-
9).

ROMP

= bioactive functional group

0 0 o)
ib;x mx M N-R
Norbornene (NBE) Oxanorbornene (ONBE) Oxanor?oowglr%%-gllc):arbommlde

Figure 1-9. Synthesis of linear polymers containing the bioactive functional groups by
ROMP and structures of some common monomers.

1.3.1 Multivalent binding in biological systems

A multivalent interaction represents the non-covalent association between
multiple ligands and multiple receptors, and can exhibit much stronger binding than the

monovalent interaction (Figure 1-10).!"'%

The cooperativity coefficient (a), defined in
Figure 1-10, represents the degree of cooperativity in the multivalent interaction. Positive
cooperativity (synergistic effect) is defined as a > 1, while the noncooperative or additive
multivalent interaction comes with a = 1. Multivalent binding can include chelation,
subsite binding, clustering and statistical rebinding (Figure 1-11). **

Kiessling and her coworkers pioneered making linear polymers containing
multiple bioactive functional groups, e.g., carbohydrates, using Ru-catalyzed ROMP.
These polymers were applied in the studies of the cell signal transduction and the in vivo

immune response.”'?'"** Grubbs’ group synthesized ROMP polymers containing the

multiple GRGD or SRN peptides, and they found these polymers bound with cell surface

15



123128 The binding mechanisms, receptor colocalization and

integrins synergistically.
interreceptor communication were analyzed through the ligand-receptor binding avidity
assay by changing the polymer length or ligand density. These binding interactions are
closely related to cell differentiation, cellular processes affecting migration or cell

. 19122
survival.”

Monovalent interaction

g N ( f Kmono Lé
AG1mono = -RTIn (KmonO)

Multivalent interaction

i

3

LLTE

|
|
=

AGN™ = -RTIn (K™!), N = n+2

a = degree of cooperativity = AG\™!'/ (NAG;M°"°)
Figure 1-10. Thermodynamics of monovalent and multivalent interactions.

Sampson’s group made a series of poly(NBE) homopolymers and triblock
copolymers containing the ECD tripeptide motif to target the receptors in the mammalian

H0.123.129-130 By comparing the binding affinities of polymers

egg membrane (Table 1-3).
with varied polymer lengths and ECD densities, the bivalent binding mechanism was

concluded and the existence of co-receptors in the egg membrane was suggested.
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Figure 1-11. Representative binding mechanisms for multivalent ligands at an
interface.

1.3.2 Polymeric drug delivery

ROMP has been applied in polymer drug delivery systems to make linear polymer
carriers that bind the drug molecule through a covalent bond or noncovalent interaction
such as hydrogen bonds, hydrophobic interactions or electrostatic interactions.® It has
been suggested that the polymeric drug delivery may overcome problems with small-
molecule drugs, such as bad solubility in water, side effects, fast degradation or
elimination in vivo or poor site-specificity.®!*!

There are several requirements for polymeric drug delivery systems: increased
water solubility, biocompatibility or biodegradability, bioresponsive polymer-drug linker,
adequate drug carrying capacity, and the ability to target.® ROMP reactions catalyzed by
the well-defined Ru initiators 3-5 provide homopolymers (drug motifs are connected with
the side chains or with the main chains through the covalent bonds) and amphiphilic
block copolymers (drug motifs are connected with the polymer carrier covalently or
noncovalently during the micelle formation) with low PDIs and controllable polymer
lengths (Table 1-4). Drug release is achieved through the enzymatic hydrolysis of ester
bonds or the permeation of drug molecules out of the micelle wall."**'*?

Site-targeting drug delivery can be easily accessed in the ROMP reactions
through the incorporation of targeting motifs such as oligosaccharides, monoclonal
antibodies or cell-penetrating peptides on the surface of the micelle, in one block of the
block copolymers or in the terminus of the linear scaffold.”**'*” However, the big
challenges for ROMP-based polymer therapeutics are their broad mass distribution in the

whole body and their slow degradation in vivo."** '’
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ECD = Glu-Cys-Asp tripeptide
ESA = Glu-Ser-Ala tripeptide

Table 1-3. Multivalent interactions at interfaces.
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Drug delivery Polymer carrier Examples
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Table 1-4. Polymeric drug delivery systems.

I1. Antimicrobial Peptides (AMPs)

The fight against bacterial infection is one of the hottest fields in modern

medicinal discovery. Since the 1940s, antibiotics terminate bacterial infections incredibly

effectively, and in the process, a huge amount of human lives have been saved. Classic

antibiotics work through several ways to inhibit bacterial infections, such as inhibiting

bacterial cell wall formation or bacterial metabolism, interrupting protein synthesis, or

interfering with DNA synthesis and/or cell membrane permeability. However, antibiotic

resistance has become a very serious problem, because of widespread and inappropriate

use of antibiotics, and is even challenging our most powerful antibiotics.

153-154
Therefore,

it is urgent to discover new classes of antibiotics to overcome bacterial drug resistance.
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I1.1 Introduction of Antimicrobial Peptides and Cell Penetrating Peptides

Arginine or lysine — rich antimicrobial peptides (AMPs) that are secreted from
some microorganisms or mammalian animals have been studied a lot, since they exhibit
excellent antibacterial activity against a broad spectrum of microbes and have very low
host cytotoxicity.'>>"*® It was also discovered that these AMPs may not only act as

159-160 62

e . .. . 161 . 1
antibiotics, but also as antivirals immunomodulators ®° and antitumor drugs.

These AMPs fold into different 3D structures, such as a-helix (Figure 1-12), f-sheet or a

154,163-164
d.

looped structure through the disulfide bon The amino acid sequences of a

series of common AMPs are listed in Table 1-5."7163-1°

There are several common features for these AMPs. First they are short peptides
(<10 kDa).'”® Second, they bear cationic charges along the peptide chain (Figure 1-12),
no matter what 3D structures they have, and the net positive charges range from +2 to
+9.' Third, the amphipathicity of a-helical peptides is presented through the alignment
of hydrophilic amino acid residues along one side and hydrophobic residues along the
opposite face (Figure 1-12), while the other AMP peptides show an unorganized polar
and hydrophobic residue distribution.'”” Recently, several AMP databases have been
established to further identify the structural features of both the discovered and potential
AMPs to facilitate the peptide design for the structure-function relationship analysis

(http://aps.unmc.edu/AP/main.html; www.bbcm.units.it/~tossi/pagl.htm). 163,166

I1.2 Mechanism of AMPs to Inhibit Bacterial Growth

The cell wall of Gram-positive bacteria is composed of a cross-linked
peptidoglycan polymer layer containing lipoteichoic acids (LTA) and an inner
cytoplasmic membrane containing the phospholipid bilayers and some proteins (Figure 1-
13).!% The cell wall of Gram-negative bacteria consists of two membranes (outer
membrane and inner membrane) and a central peptidoglycan layer between the above two

163

membranes (Figure 1-13).”° The outer membrane is rich in acidic lipids such as

lipopolysaccharides (LPS).'® In general, the microbial cell wall surface is highly
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surrounded by the negative charges. Most bacterial plasma membranes contain a large
amount of anionic phospholipids, such as phosphatidylglycerol (PG), phosphatidylserine
(PS) and cardiolipin (CL).'®®

AMP Amino acid sequences Mechanism

Cecropin A KWKLFKKIEKVGQNIRDGIIKAGPAVAVVGQATQIAKamide | Transmembrane pore
formation: Carpet'®"1°®

Magainin II GIGKFLHSAKKFGKAFVGEIMNS Transmembrane pore

formation: Toroidal pore'®

Penetratin RQIKWFQNRRMKWKK Endocytosis,'” endosomal
escape mediated by pH
gradient or transmembrane
potential'7!7

Buforin II TRSSRAGLQFPVGRVHRLLRK Transmembrane pore
formation, Bind nucleic
acids'”

Pep-1 AcKETWWETWWTEWSQPKKKRKV-cysteamine Transmembrane pore
formation,'’* transmembrane
potential w/o pores'”
LAH4 KKALLALALHHLAHLALHLALALKKA-CONH, Transmembrane pore
formation'’®

Table 1-5. Amino acid sequences of some natural AMPs. Ac: N-terminal acetyl,;
CONH;: C-terminal carboxyamine.

Figure 1-12. Facially amphiphilic helical AMP magainin II, side view (left), top view
(right). Hydrophilic side chains are shown in red, and hydrophobic side chains in
blue."

The facial lysines or arginines facilitate the attraction of AMPs to the bacterial

cell wall through electrostatic interactions. No specific receptors were identified in the
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bacterial cell walls or plasma membranes for the binding of AMPs,'®

and that suggests
that the bacteria may only become resistant to AMPs through the whole lipid membrane
deformation.

After the initial attachment of AMPs to the bacterial membranes, a lot of peptides
accumulate on the bacterial membranes. As a result, the peptide concentration (C;) on the
bacterial membranes is much higher than that (C,,) in the aqueous phase.”>"*"'% It has
been suggested that the ratio between C; and C,, is probably more than 10,000."° It was
found that once C; reached a specific value, referred to as the “threshold concentration”,

the subsequent membrane disruption actions proceeded in a dramatically rapid way. This

threshold concentration is described as the minimum inhibitory concentration (MIC).

Gramyositive Cell Wall
LTA

Peptidoglycan

i } Plasma membrane

? = Phospholipid
Gram-negative Cell Wall

Tt
T —

Figure 1-13. Cell wall compositions of Gram-positive and Gram-negative bacteria.

Lipoprotein ———
Peptidoglycan —»

The regular amphiphilic structure of AMPs help them assemble on the lipid
membrane, insert into the lipid layer and finally cause the bacterial membrane damage,
such as forming pores or channels (Figure 1-15). '*>!*"1®* Several mechanisms have been

proposed to explain how AMPs could disrupt the bacterial membranes, including the
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barrel-stave model, the carpet mode, the toroidal model and the distorted toroidal
model.””>"” Different types of techniques have been applied to study the mechanisms of

AMP activity, such as scanning and transmission electron microscopy (SEM and

177-178 . 169,179-183 . . oo 184-186
TEM), fluorescence labeling, ™ ion channel formation monitoring,

187-188 176,189-191

circular dichroism, and neutron

192-195

solid-state  NMR  spectroscopy

diffraction.

S0 S
S
O- P OCHZCHCOO O- P OCHZCHCHZOH

NH; OH
®

Phosphatidylserine (PS) Phosphatidylglycerol (PG)

R2—< { } >—R3 R2—< N /
o- P OCHZCHCHZO P O {

OPO
OH

Cardiolipin (CL) Phosphatldylchollne (PC)

Figure 1-14. General structures of some common phospholipids.

The AMPs exhibit minimal toxicity towards mammalian cells. The low toxicity
may be due to the different membrane composition of mammalian cells (Figure 1-
15).1>15718 Mammalian cell membranes are rich in the neutral phospholipids (such as
PC, 45-55%) and cholesterol (10-20%),"” so that they are more hydrophobic than the
bacterial cell membranes. As a result, the electrostatic interaction between AMPs and
mammalian cell membranes is much weaker than that between AMPs and bacterial cell
membranes.

It was also discovered that some AMPs could penetrate through the bacterial
plasma membrane and bind to intracellular targets, such as autolysins, phospholipases,
DNA, and RNA molecules."”>"""*72% The intracellular binding leads to cellular
dysfunction or lysis, and finally cell death. These intracellular killing AMPs are rich in
arginine rather than lysine, and they are also called cell penetrating peptides (CPPs).
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Generally speaking, it is very hard for the bacteria to evolve AMP-resistance.">’ They
would need to alter the net surface charges by changing the phospholipid bilayer
composition or to change the membrane proteins. Regardless, some novel bacterial

. . 204-205
resistance to AMPs has been discovered.

Therefore, a lot of research investigations
are focused on the AMP studies for their potential application in the development of new
antibiotics. In addition, the poor in vivo activity and the structural complexity of AMPs

have led to the development of synthetic mimics of AMPs (SMAMPs),'>%2%
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Zwitterionic phospholipids

?99 ? 999999 W‘gg QQQQQQQQ ore Ullnllk)ll
358888 &W?@éwsa& & L3382LEY rorerorma

Figure 1-15. General mechanism of killing bacteria by AMPs.

I1I. Specific Aims
ITI.1 Scope of the ROMP Reaction of 1-Substituted Cyclobutenes

Linear polymers containing syndiotactic or isotactic functional groups are highly
required in chemical biology applications to study structure-activity relationships (SAR).
ROMP of NBE or OXNBE derivatives provides polymers containing lots of stereo- or
regio- isomer centers, and these stereo- and regio-ambiguities may impair the analysis of
their activity. Previously, Sampson’s group reported 1-substituted cyclobutene amide
underwent ruthenium-catalyzed ROMP to provide polymers with translationally invariant

111

backbones (E-configuration) and excellent PDIs.” " However, the source of the regio- and

stereospecificity was not elucidated.
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To better understand the regio- and stereochemistry of the ROMP reactions of 1-
substituted cyclobutenes, several 1-subsituted cyclobutenes with varied electron densities
or steric interactions in the olefin bonds, such as 1-cyclobutene esters, 1-cyclobutene
secondary amides, 1-cyclobutene tertiary amides or 1-cyclobutenylmethyl acetates, were
synthesized and tested in ROMP. The stereo- and regiochemistry of the ROMP polymers
were studied by 1D and 2D-NMR spectroscopy. NBO charge and energy difference
calculations of intermediates and products were undertaken to explain the experimental

results.
IT1.2 Alternating ROMP (AROMP) of Cyclobutenes and Cyclohexenes

Copolymers are employed in applications ranging from the biomedical to the
electronic.’?*® Among the most commonly used are block copolymers that require

209-211

phase separation of the two blocks for their function, e.g., drug delivery, or random

copolymers that incorporate two functional moieties that communicate, e.g., organic light

emitting diodes.”"?

Regularly alternating polymers allow optimal positioning of
functional substituents. However, they are harder to access synthetically.

In the studies of 1-substituted cyclobutenes, it was found that ring-opening
metathesis of 1-cyclobutenecarboxylate ester catalyzed by ruthenium catalyst 5 to
generate the enoic ruthenium carbene occurred without polymerization. Grubbs® group”'*
1% had demonstrated that the enoic ruthenium carbene can ring-open unstrained
cycloalkenes such as cyclohexene, cyclopentene®” and cycloheptene.”'> These results
suggested that alternating polymers of 1-cyclobutene ester and cyclohexene could be
produced.

AROMP of 1-cyclobutene ester and cyclohexene was observed and confirmed by
'H-NMR spectroscopy. The alternating structure of the polymers was characterized by

NMR spectroscopy and stable isotope-labeling experiments. Lastly, the functional group
tolerance of the AROMP methodology was tested.

II1.3 Antimicrobial Studies of Cyclobutene Polymers: from ROMP to AROMP
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Synthetic mimics of AMP (SMAMP) have been applied in the development of

antibiotics and in the mechanism studies of AMPs. A variety of SMAMPs including -

216-221 222 223-226

peptides, peptoids, arylamide oligomers,

229-233

phenylene  ethynylene

227228 234-238 :
and polynorbornenes, have been synthesized

oligomers, polyacrylates
and tested as antibiotics.

In our group, a series of alternating amphiphilic copolymers containing different
amine groups and amphiphilicity were synthesized through AROMP of 1-cyclobutene
ester and cyclohexene. Their antimicrobial activities were assayed and their selectivities
were compared with random copolymers or homopolymers. Their mechanisms in
inhibiting the bacterial growth were studied by thin-section transmission electron
microscopy (TEM), dye leakage vesicle assays, membrane depolarization assays and

potassium release assays.
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Chapter 2

Scope of the ROMP Reaction of 1-Substituted Cyclobutenes

I. Introduction

II. Results

III. Discussion

IV. Summary

V. Future Perspectives
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1. Introduction

A variety of strained monomers undergo ring opening metathesis polymerization

(ROMP) to provide a range of polymer materials.”*’***

Development of N-heterocyclic
carbene-substituted ruthenium catalysts with pyridyl ligands (3" generation Grubbs’
catalysts), e.g., 5, provided entry into living ROMP reactions. The fast initiation rate (k;
>> k) (Scheme 1), high thermal stability, and excellent functional group tolerance of 5

5-6,105-106,108-109,125,245
d.™ ’ e Norbornene

enabled a multitude of applications to be pursue
(NBE), oxanorbornene (ONBE), and oxanorbornene-dicarboximide (ONBEDCI)
derivatives are the most popular ROMP monomers due to their high ring strain, easy
preparation, and the facility with which functional groups are attached.® Living ROMP of
these monomers generates linear polymers with accurate molecular weight control and
low polydispersities (PDIs). However, internally heterogeneous mixtures are obtained
because the polymerization reactions lack complete stereochemical and regiochemical
control (Scheme 2-1).'%*%¢ The synthesis of linear polymers with stereoregular
backbones by ROMP should allow the development of improved “structure-property”

relationships for the optimization of electrical, physical and biomedical properties.®>**"

249

X

Aj,R ROMP X
7

racemic mixture
X=CH, or O

Y
=]

Scheme 2-1. Stereocenters of poly(NBE)s or poly(ONBE)s. (Red stars represent the
stereocenters)

To overcome the stereochemical ambiguities, the Sampson group developed the
living ROMP reaction of 1-substituted cyclobutene monomer 6a catalyzed by the Ru
initiator 5 (Scheme 2-2). As a result, a polymer backbone with both high regio- and

stereoregularity is produced.''' The synthesized polymer length ranged from 10-mers to
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50-mers with low PDIs (1.3-1.5) and accurate molecular weight control.''' This regio-
and stereoselective ROMP provides an entry to synthesize linear polymers containing

tactic bioactive functional groups that can be applied in the biomedical studies.

Mes—N N—NMes
72N\ C'>(_ Ph
N—Ru—"
— | Cl
N
Br = ‘
NN
Br
5
o— o—

Ph
O 1) 5, CH20|2,
— N SN rtor40C
H 2) Ethylvinyl ether> O
0]
6a (0] _4 @) _4
o— Oo—
n=10-50

Scheme 2-2. Ring Opening Metathesis Polymerization of 6a.

The stereo- and regiochemistry of ROMP of 1-substituted cyclobutenes is
summarized in Scheme 2-2. When 1-substituted cyclobutene coordinates to the
ruthenium center of the catalyst, there are two Ru-cyclobutane intermediates that may be
formed (cis or trans-IM-1 and cis or trans-IM-2, Scheme 2-2). In Pathway I, the Ru-
cyclobutane ring is formed with a 1,3-relationship between two substituents. Whereas in
Pathway II, there is a 1,2-relationship between the two substituents. As a result, four
different ring-opened ruthenium carbenes (Cis or trans-RP-1 and cis or trans-RP-2,
Scheme 2-2) can be generated. The selectivity for the intermediate and the product
carbenes determines the regiochemistry and stereochemistry of polymer formation.
Carbene RP-1 can be clearly distinguished from RP-2 by different ruthenium carbene
proton peaks in their "H-NMR spectra.
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Scheme 2-3. Two possible reaction pathways and their corresponding intermediates
and products in the ruthenium-catalyzed ring-opening reactions of 1-cyclobutene
derivatives. Rj; is the substituent at the 1 position of the cyclobutene catalyzed by the
ruthenium catalyst.

In the ROMP reactions of monomer 6a, only Pathway I and the formation of RP-1

were observed, and a polymer backbone containing translationally invariant amino acid
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side chains is generated. However, the sources of the regio- and stereocontrol were not

" Herein, we investigate the scope of ROMP of 1-substituted

elucidated clearly.
cyclobutenes that are readily synthesized in two steps. We determined the kinetic and
thermodynamic influence of secondary amide substitution, esters, tertiary amides and
carbinol esters (Figure 1). We found that ROMP of a variety of secondary amides of
cyclobutene-1-carboxylic acid (Group ) provides polymers with translationally invariant
backbones (E-configuration) and excellent PDIs whereas ROMP of the 1-cyclobutene-1-
methanol esters (Group IV) is neither regio- nor stereoselective. In contrast, both 1-
cyclobutenecarboxylic acid esters (Group III) and 1- cyclobutenecarboxylic acid tertiary
amides (Group II) undergo only a single ring-opening metathesis cycle (ROM) without
polymerization. We present the kinetic data for these polymerizations, the computed

energies of key reaction intermediates and products, and the correlation between these

energies and the observed reactivities.

Group | o-»
(@]

(@] OMe (@] OMe O OMe (0] OMe (@]
N X N N N N/\/\©\
H (0] H (0] H H o} H
6a 6b 6¢c 6d 6e

Group Il Group Il Group IV
(@] (@]

O OMe (@] (0] (0] OMe )X\

N/\« N% o’ o 0 o»\é
\ O o)
7a 7a 8a 8b 9a 9b

Figure 2-1. Cyclobutene monomers subjected to ROMP (Group I, secondary amides;
Groun I1. tertiarv amides: Groun I11. esters: Groun I'V. carbinol esters.).

II. Results

I1.1 Synthesis of 1-Substituted Cyclobutenes
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Four groups of 1-substituted cyclobutene derivatives were synthesized (Scheme
2-4). The elimination and hydrolysis of commercially available ethyl-1-
bromocyclobutane carboxylate 10 generated 1-cyclobutenecarboxylic acid 11. The
synthesis of Group I monomer 6a-6e was performed in dichloromethane (CH,Cl,) with 1-
(3-dimethylaimopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCIl), and N.,N,-
diisopropylethylamine (DIEA) at room temperature (rt). The coupling reagents for the
synthesis of monomer 7a and 7b are EDC-HCl/4-dimethylaminopyridine (DMAP)/DIEA/
CH,Cl, and bis(2-oxo0-3-oxazolidinyl)phosphinic chloride (BOP-Cl)/piperidine/DIEA/
CH,Cl,, respectively. (Methoxycarbonyl)methyl 1-cyclobutenecarboxylate 8b was
synthesized through the coupling of 11 and BrCH,CO,;Me in the presence of KI and
DIEA in CH)Cl,. Methy I-cyclobutenecarboxylate 8a was prepared using N,N'-
diisopropyl-O-methylisourea as the coupling reagent in diethylether (Et,0) at rt. 2%
The reduction of 8a with diisobutylaluminium hydride (DIBAL-H) provided 1-
cyclobutenemethanol 12. 1-Cyclobutenemethanol 12 was coupled with acetyl chloride or
pivaloyl chloride in CH,Cl; in the presence of DMAP/DIEA to generate monomers 9a
and 9b, respectively. Synthesized compounds were purified by silica flash column

chromatography and characterized by 'H- and *C-NMR spectroscopy and ESI mass

spectroscopy.
I1.2 ROMP/ROM of Group I-IV Monomers

ROMP of Group I-IV monomers was monitored by "H-NMR spectroscopy (Table
2-1). Monomer (10 equiv.) and catalyst 5 (1 equiv.) were mixed in CD,Cl; at rt with [S] =
0.01 M. Changes in the NMR spectra as a function of reaction time were recorded to
monitor the regio- and stereochemistry of the polymer formed. The corresponding molar
ratios between the monomer proton peaks and the polymer proton peaks were used to
calculate the percentage of consumed monomer.

The kinetic curves for ROMP of Group I-IV monomers are plotted in Figures 2-2,
2-3 and 2-4. The reaction time 59 for 50% consumption of monomer was calculated from
the kinetic curves (Table 2-1). ROMP of Group IV monomers exhibits the fastest kinetics

(Figure 2-4), while only 10% monomer consumption could be achieved at equilibrium for
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Group II/IIT monomers (Figure 2-3). Group I monomers show intermediate ROMP rates

(Figure 2-2).

(@)
Ri
N
Ro
7a-7b
i
o o)
Br O KOH, Toluene, .
reflux OH iii OrR WV OH
10 1 8a-8b 12

| K

6a-6e

Scheme 2-4. Synthesis of 1-substituted cyclobutenes. (i) 7a: EDC-HCl, DMAP,
DIEA, CH,Cl,, rt; 7b: BOP-CI, piperidine, DIEA, CH,Cl,, rt. (ii)) EDC-HCI, DIEA,
CH,Cl,, rt. (i11) 8a: N,N'-diisopropyl-O-methylisourea, Et,0O, rt; 8b: BrCH,CO,CH3,
KI, DIEA, rt. (iv) DIBAL-H, Et,0, -78 °C. (v) Pivaloyl chloride or acetyl chloride,
DIEA, DMAP, CH,Cl,, 0 °C to Tt.

For ROMP of Group I monomers, it took 3-6 h to consume 90% of the monomer.
For ROMP of Group IV monomers, it took 1.5 h to consume 98% of the monomer.
However, for ROMP of Group II and III monomers, it took 2-3 h to reach
thermodynamic equilibrium with only 10% of the monomer consumed, and the 10%
conversion yield suggests that only ROM reactions took place for these monomers
without further ring-opening polymerization.

To further confirm the ROM reactions of Group II monomers, both monomer 7a
and 7b were allowed to react with catalyst 5 ([5] = 0.1 M) in CD,Cl; in a 1:1 molar ratio.
The ROM reactions were monitored by "H-NMR spectroscopy (Table 2-1). It took 20-30
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h to reach thermodynamic equilibrium with 72-78% of the monomer consumed. The

kinetics of the ROM reactions are quite slow.

R 1)10 mol% of 5, CD,Cl,, R R Fh
25 °C, [5] = 0.01 M

2) ethylvinyl ether
6a-9b R n-3R

Group Monomer n % Conv.“ Rxn ts50 M, M M, PDI
Time /min’ (theo)

/h
I 6a 10 93 3 3 1796 1835 2220 1.21
I 6b 10 97 6 3 1936 1820 2522 1.39
I 6¢c 10 85 3 4 1656 1349 1653 1.23
I 6d 10 94 4 3 3077 3483 4796 1.38
I 6e 10 96 6 3 2397 2222 3047 1.37
II 7a 10 10 2 o0 n/a na n/a n/a
II 7b 10 10 2 00 n/a na n/a nla
I 8a 10 10 3 oo n/a nfa n/a n/a
111 8a“ 1 78 21 87 n/a na n/a n/a
I 8b 10 10 3 0 n/a na n/a n/a
I 8b* 1 72 31 333 n/a na n/a n/a
v 9a 10 98 1.5 <2 1366 2057 2740 1.33
v 9b 10 99 1.5 <2 1786 2067 2726 1.33

Table 2-1. ROMP results for Group I-IV monomers. General reaction conditions:
CD,Clp, 25 °C, [monomer] = 0.1 M, [5] = 0.01 M. “Determined by 'H-NMR
spectroscopy. “Reaction time for 50% consumption of monomer. [5] = 0.1 M.
dNumber-average molecular weight by GPC using polystyrene standards. “Weight-
average molecular weight by GPC using polystyrene standards. /The reaction stops
after 10% consumption of monomer.

ROM of monomer 8a was also performed on a larger scale in CH,Cl, at rt with [5]

= 0.067 M. The final one-mer products 13a and 14b were purified by flash column
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chromatography, and were characterized by 'H-NMR (Figure 2-5), BC.NMR
spectroscopy and LC-MS (APCI) spectroscopy.

0
E)J\ 110 mol% of 5 CD,Cl,,
N~ 25°C,[5]=0.01M
H '
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Figure 2-2. Comparison of the ROMP rates of Group I monomers 6a-6e. Conversion
yield represents the percent of monomer consumed. All the data were collected by
comparing the integration of the monomer proton peaks and the proton peaks in the
propagating polymer chains.

The molecular weights and PDIs of polymers 6a;9, 6b1g, 6¢19, 6d19, 6€10, 9219 and
9byp were characterized by gel permeation chromatography (GPC) with polystyrene
standards (Table 1). The polymer traces were monitored by UV spectroscopy with

tetrahydrofuran (THF) as the running effluent. The number-average molecular weight M,,
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weight-averaged molecular weight M, and PDI are calculated with the following

equations:

_ XiNiM; _ XiNiMiM;, _
M, = SN, M, = BT PDI =M, /M,.

M; is the molecular weight of an individual macromolecule, and N; represents the number
of molecules of molecular weight M;. All the measured M, values are very close to the

theoretical values, and the PDIs are around 1.2-1.3.

o)
El)}\ 1) 10 mol% of 5, CD,Cl,
R 25°C, [5]=0.01 M
’ o
2) ethylvinyl ether
7a, 7b, 8a, 8b
30
o - ® ROM of 8b (monomer/catalyst=10/1)
® ROM of 8a (monomer/catalyst=10/1)
N ROM of 7a (monomer/catalyst=10/1)
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Figure 2-3. ROM of Group IIVIII monomers 7a, 7b, 8a, 8b. Conversion yield
represents the percent of monomer consumed. All the data were collected by

comparing the integration of the monomer proton peaks and the proton peaks in the
propagating polymer chains.
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Figure 2-4. ROMP of 9a and 9b. Conversion yield represents the percent of monomer
consumed. All the data were collected by comparing the integration of the monomer
proton peaks and the proton peaks in the propagating polymer chains.

I1. 3 NBO Charge Calculation and Geometry Optimization of ROMP Intermediates
and Products

Based on our observations that group I amides polymerize, whereas the group III
enoic carbenes do not undergo further reaction with cyclobutene esters, we hypothesized
that electronic effects play an important role in determining the reactivity of the
ruthenium carbene center. In addition, to the rate of reaction, we reasoned that the

regiochemistry of 1-substituted cyclobutene addition to the ruthenium carbene would
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depend on the distribution of charge in both the ruthenium alkene and the cyclobutene
olefin. Therefore we calculated the natural bond orbital charge populations for the

cyclobutene monomers and their respective propagating carbenes.

h+H

7.5 7.2 6.9 6.6 6.3 6.0 5.7 5.4 3.8 3.5 2.6
NMR chemical shift (ppm)

Figure 2-5. The structure of the 1-mer reaction products 13a and 14a of 8a and analysis
of the '"H-NMR spectrum.

To optimize the geometries of the cyclobutene monomers (6a, 7a, 8a and 9b), we
used B3LYP/6-31G* which is frequently employed for simple organic compounds™*>>°
because it provides accurate structural predictions with economical calculations. The

corresponding ring-opened ruthenium carbenes and ruthenium benzylidenes were
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optimized with B3SLYP/LANL2DZ. We modeled the substituents on the Group I and IV
ruthenium carbenes as single ring-opened monomers (CH,CH,CH=CHPh) to limit the
number of atoms included in the calculations and thereby facilitate the calculations. The
B3LYP/LANL2DZ method was chosen because it has been used extensively for the
geometry optimization of ruthenium carbenes. The LANL2DZ basis set has superior
properties with respect to effective core potentials (ECPs) and polarization functions on

97,256-268

the ruthenium, and calculated results agreed very well with the experimental

data, e.g., X-ray crystal structures,”®?® IR and NMR spectra,”™® thermal

258262268 1 metathesis reactivities. The natural bond orbital (NBO) charge

parameters,
populations for the olefins were calculated by Hartree-Fock with the 6-31G++* basis set
(for cyclobutene monomers) and the LANL2DZ basis set (for ruthenium carbenes) in
Gaussian 03W (Figure 2-6a). The AIM (atoms in molecule) electron density analysis was
performed using the AIMPAC package (Figure 2-6b).

ROMP of all Group I monomers is stereospecific providing E-trisubstituted
olefinic bonds. However, ROMP of Group IV monomers generates stereoirregular
polymers. Therefore, we compared the thermodynamic stabilities of the four possible
metallocyclobutane intermediates (I) and four possible ring-opened ruthenium carbene
products (RP) in the ROMP of 1-cyclobutene derivatives (Scheme 2-3) using ab initio
calculations. To simplify the computation, the polymer chain and the 1-carbonyl amide
group, were modeled as a methyl group and a CONHCH; substituent, respectively
(Figure 2-7). The geometry optimizations were performed with B3LYP/LANL2DZ
using Gaussian 03W. To prevent ring opening and to find the local minimum of the
intermediate structures only one bond in the metallocyclobutane ring was optimized
while the other three bond lengths were kept constant, and the partial optimization was
rotated to optimize the other three bonds, until the optimized structure changed little in
energy (AE < 6.3x10™* kcal/mol). Vibrational frequency calculations using
B3LYP/LANL2DZ were performed for all model compounds, and there were no
imaginary vibrational frequencies indicating that local minima had been found for each
structure. Free energies computed for structures (Figure 2-8) in solvent (CH,Cl,) include

the electronic energy plus the solvation free energy from the conductor-like polarizable
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continuum model (CPCM) based on the United Atom Kohn-Sham (UAKS) radii to build

cavities using Gaussian 03W.
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Figure 2-6. (a) NBO charge populations of 1-substituted cyclobutene derivatives 6a,
7a, 8a and 9b, the corresponding ring-opened ruthenium carbenes of 6a and 9b, and
ruthenium benzylidene. Hartree-Fock calculations were performed with the 6-
311G++* basis set (for cyclobutene monomers) and the LANL2DZ basis set (for
ruthenium carbenes) using Gaussian 03W. (b) AIM electron densities (atomic units) of
olefin bonds in 1-substituted cyclobutene derivatives 6a and 8a calculated using
AIMPAC package.

II1. Discussion
II1.1 ROMP of Group I Monomers

The ROMP kinetics of monomers 6a-6e were measured by monitoring the ROMP
reactions in CD,Cl, at 25 ‘C by 'H-NMR (Figure 2-2). We postulated that coordination

of y-ester or y-ether oxygens to the ruthenium center might enhance the rate of
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polymerization by stabilizing the metathesis transition states.”®  Therefore, we
investigated the rates of polymerization of 6a, 6b, and 6d which contain y-esters, as well
as 6¢ which has a y-ether substituent. We compared their rates of polymerization to the
rate of monomer 6e, in which a phenyl group is in substituted for the oxygen coordinating
moieties. The rates of consumption of monomers 6a-6e are very similar (¢5) entries,
Table 2-1, Figure 2-2). We concluded that coordination of an oxo y-substituent is not
required for efficient polymerization. However, we note that the polymerization rates of
6 are approximately 4 times slower than ROMP of 3-substituted cyclobutenes, which are

less sterically hindered at the face of the alkene.*”
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Figure 2-7. Structures of possible intermediates and ring opened products for ROMP
of Group I and IV monomers. To simplify the computation, the polymer chain and the
I-carbonyl amide group, were modeled as a methyl group and a CONHCH;
substituent, respectively.
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Figure 2-8. Relative free energy profiles of four possible different intermediates and
four possible ring-opened products in the ROMP reactions of Group I monomer (a)
and Group IV monomer (b). Structures were optimized with B3ALYP/LANL2DZ in the
Gaussian 03W program. Free energies computed for structures in solvent (CH,Cl,)
include the electronic energy plus the solvation free energy from the CPCM solvation
model based on the UAKS radii using Gaussian 03W.

The 'H-NMR spectra of the ROMP reaction of monomer 6b illustrate the kinetics
of the reaction and the assignment of stereochemistry (Figure 2-9). As a function of time,
the integration of the proton peaks a, b and ¢ in monomer 6b decreased as the integration

of the proton peaks d and e (attributed to protons on the chain of the ring-opened
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ruthenium carbene) increased. In the 'H-NMR spectra, a single broad proton peak at 6.2
ppm appeared during the course of the reaction indicating the formation of an internal
trisubstituted olefin with E-configuration. There was no peak at 18.0-19.1 ppm indicating
that the ruthenium alkylidene ([Ru]=CHPh or [Ru]=CH-CH;R) proton signal is absent,
and that an enamide ruthenium carbene is formed. These spectroscopic results are
consistent with polymerization through ruthenium carbene RP-1 in Pathway I (Scheme 2-
3). The "H-NMR spectra of the polymers show that the 10-mers are formed with high
regioselectivity and stereoselectivity. The trisubstituted olefins have only the E-

configuration.

II1.2 ROM of Group II Monomers

Next we tested the reactivity of tertiary amides 7a and 7b. Reaction of Group II
monomers 7a and 7b with 10 mol% catalyst 5 results in the ring-opening metathesis
(ROM) of approximately 10 mol% of the monomer. However, no polymerization was
observed; only ring-opened monomer was formed (Table 2-1, Figure 2-10). The ring-
opening reaction took 2 hours to reach completion.

ROM of 7a and 7b exhibits the same regioselectivity as Group I monomers, and
only resonances consistent with Pathway I were observed in the "H-NMR spectra (Figure
2-10). Although Group I amides with y-branching (i.e., 6b and 6d) undergo ROMP, we
observed that Group III monomers with (-branches only yield ring-opened monomer.
We hypothesize that the increased steric bulk around the ruthenium resulting from
formation of ruthenium carbene RP-1 hinders the binding of subsequent monomers to the

enamide carbene.

I11.23 ROM of Group III Monomers

Attempts to effect ROMP of Group III monomers 8a and 8b with 10 mol% of
catalyst 5 resulted in the ring opening metathesis (ROM) of approximately 10 mol% of
the monomer with no polymerization (Table 2-1, Figure 2-3). The reaction of monomer

8a is shown in Figure 2-11. The peak at 19.1 ppm corresponding to the carbene proton on
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the catalyst 5 disappears over time and no new carbene proton peak appears. At the same
time, the styrenyl peaks from the ring-opened monomer appear (peak b-e, Figure 2-11).
Therefore, RP-1 is formed preferentially to RP-2. The remaining 9 equiv. of monomer do
not react. We concluded that enoic ruthenium carbene RP-1 is sufficiently deactivated

that it cannot undergo metathesis with an unsaturated ester.
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Figure 2-9. '"H-NMR spectra of the ROMP of monomer 6b in CD,Cl,. ([6b] =0.1 M,
[5]=0.01 M, 25 °C) Reaction times are 2 min, 57 min and 380 min, respectively.
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Figure 2-10. 'H-NMR spectra of ROM of monomer 7b in CD,Cl,. [7b] =0.1 M, [5] =
0.01 M, 25 °C.

Next, we examined the reaction of 8a and 8b using a 1:1 molar ratio of monomer
and catalyst to determine the kinetics of reaction and to analyze the structures of the
products in greater detail (Figure 2-12 and 2-13). Again, the NMR spectra were
monitored as a function of time. The ring-opening rates of 8a and 8b were so slow that
the reaction took more than 20 h to reach 75% consumption of monomer. The slow
reaction rates suggested that an ester further reduces the reactivity of the cyclobutene

olefin relative to the amide-substituted cyclobutenes. In contrast to the Group II
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secondary amides, these esters have no (- or y-branching and are more analogous in
structure to Group I amides. These comparisons suggested that the failure of ester

monomers 8a and 8b to polymerize is the result of an electronic factor rather than steric
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Figure 2-11. '"H-NMR spectra of the ROM of monomer 8a in CD,Cl, ([8a] = 0.1 M,
[5] = 0.01 M, 25 C). Reaction times are 3 min, 6 min and 12 min, respectively.
Resonance corresponding to H (d) and H (d’) are predicted to occur at 18.5 ppm.
These resonances are not observed.
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There are four possible ROM products that may be formed from monomer 8a or
8b (Figure 2-11 and 2-12). As described above, ROM of 1-subsituted esters was
regioregular. The primary products [Ru]-13a and [Ru]-14a are formed as a 1/2 mixture
of Z/E stryrenyl olefins (Figure 2-12a) through Pathway I (Scheme 2-3). At 75%
consumption of monomer, the combined yield of [Ru]-15a and [Ru]-16a (via Pathway
IT) was no more than 3% (based on integration of the ruthenium alkylidene proton at 18.5
ppm in the "H-NMR spectrum, Figure 2-13). It is reasonable to assume that [Ru]-15a
and [Ru]-16a initiate ROM with monomer 8a; the resulting carbenes would be enoic and
stable to further reaction prior to quenching. The quenched reaction products were
purified and characterized by 'H-NMR spectroscopy (Figure 2-5) and LC-MS (APCI)
spectroscopy to establish their structures. The time course (Figure 2-12) revealed that
these species are formed in the initial reaction and are not secondary products from cross
metatheses.

High ROM regiospecificity was observed with monomer 8b. The ROM products
of 8b formed by the formation of the enoic carbene (Pathway I, Scheme 2-3) are a
mixture of Z and E styrene olefins ([Ru]-13b and [Ru]-14b) with a Z/FE ratio around 2/3
(Figure 2-12b). At 75% conversion of monomer, the combined yield of [Ru]-15b and
[Ru]-16b generated through formation of the alkylidene carbene (Pathway II, Scheme 2-
3) is less than 4%. Thus, Pathway I (Scheme 2-3) to form the enoic carbene is the

energetically favorable pathway.
I11.4 ROMP and ROM of Group IV Monomers

Metathesis reactions with 1 equivalent of catalyst 5 and 10 equivalents of
monomer 9a or 9b were monitored by 'H-NMR spectroscopy at room temperature for 1.5
hours (Table 2-1, Figure 2-4). Greater than 98% of the monomers was consumed in 1
hour and the #5 values are at least 5 times smaller than the ¢5y values for Group I, II or III
monomers. That is, the Group IV monomers undergo metathesis much faster than Group
I monomers. Moreover, the ruthenium carbene formed upon initial ring opening is

sufficiently reactive that it polymerizes with remaining monomer.
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Figure 2-12. ROM regio- and stereochemistry of 8a and 8b. [8a] or [8b] = 0.1 M, [5]
=0.1 M, 25 °C.
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Figure 2-13. 'H-NMR spectra of ROM of monomer 8a in CD,CL. [8a] =0.1 M, [5] =
0.1 M, 25 °C.

In the "H-NMR spectrum of the [Ru]-18a polymer, the methylene protons
adjacent to the ester oxygen are observed as three broad signals centered at 4.64, 4.57 and
4.46 ppm of approximately equal intensity (Figure 2-14, peak d and Figure 2-15, peaks f,
g and h). The assignment of the resonances was corroborated by >C-NMR, *C-APT,
gCOSY and gHMQC spectroscopy of the purified 10-mer products 18a and 18b.*"" If
the polymerization were regioselective, the polymer backbone would only contain

configurations I and II that result from head-to-tail polymerization, or configurations
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HI/IV and V/VI, that result from tail-to-tail and head-to-head polymerization,
respectively (Figure 2-16). The presence of three major methylene resonances in the 4.4-
4.7 ppm region of the spectra indicates that both head-to-tail and head-to-head dyads are

present. Therefore, the polymerization is not regioselective.
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Figure 2-14. "H-NMR spectra of the ROMP of monomer 9a in CD,CL. [9a] = 0.1 M,
[5]=0.01 M, 25 °C.

Moreover, the formation of three methylene resonances separated by
approximately 0.1 ppm indicates that the polymerization is not stereoselective. The
calculated chemical shifts for the cis and trans isomers differ by 0.1 ppm in both the
trisubstituted (I/IT) and tetrasubstituted (V/VI) olefins. The observed chemical shifts are
consistent with the presence of at least one cis/trans pair, although the absolute values of
the chemical shifts are not precisely the same as the calculated values and it is not

possible without synthesis of model compounds to assign which stereoisomers are
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obtained. Furthermore, the 'H-NMR spectrum of the [Ru]-18a polymer exhibits multiple
broad resonances for the olefinic protons in the polymer backbone at 5.35-5.62 ppm
(Figure 2-14, peak c), indicating that the polymer backbone is composed of different
types of olefins (Figure 2-16). The presence of at least two olefin resonances indicates

that the structure of the polymer is not translationally invariant.
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Figure 2-15. The structure of the 10-mer reaction product 18a for 9a and the analysis

of the "H-NMR spectrum. The numbers indicate the protons in the structure. E, Z: E-
configuration and Z-configuration in the olefins of the structure.
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Figure 2-16. Six possible alkene configurations in the polymer backbone upon ROMP
of Group IV monomers and their predicted proton chemical shifts. Calculated with
B3LYP/6-31G(d) using Gaussian 03W.

ITLI.5 NBO Charge Calculations

We calculated the natural bond orbital charge populations for the cyclobutene
monomers and their respective propagating carbenes. For the ester and amide
cyclobutene monomers, the calculations showed that the electron density is higher on C-1
than on C-2 as expected for olefins bearing conjugated electron withdrawing groups. In
contrast to the carbonyl substituents, the C-1 carbinol substituent (monomer 9b) is
electron donating, making C-1 more electropositive than C-2. In the ruthenium carbenes,

the metal atom is more electropositive than the adjacent carbon atom.

III.6 ROMP Regioselectivity and Stereoselectivity Analysis by Metallocyclobutane

Intermediate and Ring-opened Product Computation

The rate of formation of the 14-electron ruthenium complex upon dissociation of
bromopyridine from 5 is the same regardless of cyclobutene structure and will not
contribute to the regio or stereoselectivities. —Therefore, two kinetic steps after

dissociation were considered: (a) formation of the metallocyclobutane intermediate, and
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(b) formation of ring-opened product. We calculated the natural bond orbital charge
populations for the cyclobutene monomers and their respective propagating carbenes, as
well as the activation energies of the reaction products (RP) to understand the
regioselectivity of m-complex (n-SM) formation (Figure 2-17). We calculated the
energies of the reaction intermediates (IM) and products (RP) to predict the relative

activation energies for metallocyclobutane formation and subsequent ring opening.

I\

| _ - _ / \ 1 / \
Mes NYN Mes Ry Mes—N__N-Mes Ry Mes—N__N-Mes R; Mes—N__N-Mes Ry
CI/.Ru:(_/_<R2 C"‘Ru%_/_<R2 cl. TR CMY TR
. R P Ru= Ru
ca’ + Re a’: Re TR crr
: . c’i IR — Ra
R, — >  Ry—_= Rp—i—! Ry
™ O O
SM T-SM TSa M
+
' -N_N-
— Mes—N. N-Mes _ Ry Mes NYN Mes _ Ry
Mes—NYN—Mes R, Ry CI/,Y (\/_/_<R2 ((3:|I'.Ru-- R2
o, — — ‘Ruu,, [PR < T R
Ru%_/_sz - Cl)‘\_/; 2 Ry |__I 2
a’ R Rs
RP T-RP TSb

Figure 2-17. Cyclobutene ROMP reaction scheme. SM: starting material; n-SM: 7-
complex of starting material; TS: transition state; IM: intermediate; w-RP: t-complex
of reaction product; RP: reaction product.

The relative energies of the cyclobutene n-complexes depend on the energies of
the 14 electron carbene species. Because the active carbene species of the cyclobutene -
complex is the same as the reaction product carbene (RP), these energies were used to
order the relative free energies of the four regio- and stereo-isomers. In addition, we
assumed that additional contributions to the relative energies of the cyclobutene m-
complexes would primarily be determined by the charge distribution of the cyclobutenes
rather than steric effects between the coordinating cyclobutene and the carbene due to the
long distance between the cyclobutene and Ru in the n-complex. Lastly, we assumed that
the stabilization energy between free 14-electron ruthenium carbene and n-stabilized 16-
electron ruthenium carbene to be about 14 kcal/mol less than the 18 kcal/mol calculated

by Zhao and coworkers for ethylene®’?

273

and measured by Chen and coworkers for

norbornene.””” In the case of Group I monomers, alignment of the cyclobutene and the
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electron-deficient Ru to pair C-1 and the Ru to form the n-complex (n-SM) is favored by
both the carbene stability (Figure 2-17) and the electronic factors (Figure 2-6a). In the
case of Group IV monomers, both electronic factors (Figure 2-6a) and the relative
stability of the carbenes (Figure 2-17) favor a cycloaddition in which C-2 becomes
bonded to the ruthenium.

We estimated the strain energy of 1-substituted cyclobutene to be ~26 kcal/mol

based on the calculations of Goddard and coworkers.?”*

In addition, using the differences
in energies calculated for the metallocyclobutane reaction intermediates and the 14-
electron ruthenium carbene reaction products, we constructed approximate
thermodynamic profiles along the reaction coordinates of Group I and Group IV
monomer (Figure 2-18).

In the case of 1-substituted cyclobutene amides, the cis-pathway I starting (SM),
intermediate (IM) and product (RP) complexes are always the lowest energy isomers.
By extension, the transition states are expected to be the lowest energy transition states
and the corresponding activation energies for their formation the most favorable.
Therefore, cis-RP-1 is obtained with high selectivity (>99%) for Group I and by
extension Group II and III monomers.'"!

In the case of Group IV monomers, the relative starting complex (a-SM) and
intermediate (IM) energies are similar to those observed by Chen for norbornene.*”
Likewise by the Hammond postulate, we surmise that TSb is not rate limiting. If we
consider the partitioning of metallocyclobutane intermediate forward to ring-opened
product versus backward to the coordinated cyclobutene, the forward reaction is favored
due to the release of ring strain upon formation of #-RP and n-SM is not in equilibrium
with IM. Thus, the activation energies for formation of TSa from n-SM determine the
regio and stereoselectivies. NBO charge calculations suggest that trans-n-SM-2 and cis-
n-SM-2 are lower in energy than the n-SM-1 regioisomers. However, upon formation of
the metallocyclobutane intermediate steric interactions destabilize IM-2 relative to IM-1
counteracting electronic effects. As these steric interactions develop in the transition
state, the difference in TSa energies is much smaller than in either ground state. The
consequence is that the activation energies for formation of trans and cis-TSa-1 are

smaller than for formation of trans and cis-TSa-2. Despite the higher ground state
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energies of trans and cis-n-SM-1, they react at a faster rate. Thus, poor regio- and
stereoselectivity are observed. Overall, the estimated activation energies for Group IV
monomers are smaller than for Group I monomers, consistent with the increased rates of

propagation observed for Group IV monomers (Table 2-1).

I11.7 Geometry of Group II ROM Intermediate

Kinetic studies with Group II monomers 7a and 7b revealed that only ROM
reactions occurred. We hypothesized that the second N-substituent may block the
approach and binding of an incoming monomer at the ruthenium carbene center. To test
our hypothesis, geometry optimization of the N,N-disubstituted carbonyl ruthenium
carbene formed from monomer 7a was performed with B3LYP/LANL2DZ using
Gaussian 03W (Figure 2-19). In the optimized structure of the ruthenium carbene (Figure
2-19), the N-methyl group blocks the face of the metal carbene to which the incoming
cyclobutene must bind. Therefore, we conclude that severe steric crowding is responsible

for a lack of propagation after the initial ring opening occurs.
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Figure 2-18. Relative free energy profiles for the ROMP reactions of Group |
monomers (@) and Group IV monomers (b).
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I11.8 Inability of Group III monomers to form homopolymer

Our initial hypothesis for the lack of polymerization of enoic carbene was that the
electron withdrawing nature of the ester deactivated the cyclobutene olefin to further
metathesis reaction. However, the NBO calculations followed by AIM electron density
analysis reveal that the charge density on the ester-substituted cyclobutene is not
significantly different than the charge density on the amide-substituted cyclobutene,
which does undergo ROMP (Figure 2-6a and 2-6b). Ab initio calculations for the enoic
carbene reaction product of 8a revealed that the ester oxygen forms a chelate at the open
coordination site of the 14-electron ruthenium center. This chelation stabilizes the ester
approximately 7 kcal/mol relative to the enamide carbene. This type of ester
coordination was previously observed in the calculations of Fomine and coworkers that
investigated the reactivity of the enoic carbene.*® In our system, the chelated enoic
carbene is kinetically trapped from further reaction with the sterically hindered 1-

substituted cyclobutene ester, 8. However, ring-opening metathesis with the relatively

5

more electron-rich olefin of cyclohexene®” is still feasible due to the lower activation

energy of this reaction (Figure 2-20).

S

CI'M.,

Figure 2-19. (a) Schematic presentation of how a second N-substituent blocks access
of an incoming monomer to the ruthenium carbene; (b) Optimized structure of the new
N,N-disubstituted carbonyl ruthenium carbene for monomer 7a. Color Key: Ru
(cyan), ClI (pink), C (green), N (blue), O (red), H (white). (Optimization method:
B3LYP/LANL2DZ with Gaussian 03W)
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Figure 2-20. Proposed relative free energy profiles for the coordination of 1-
cyclobutene ester 8a (red curve) and cyclohexene (blue curve) to the enoic ruthenium
carbene and the ROMP reactions of 1-cyclobutene amides 6a-6e (green curve).

IV. Summary

In summary, we have found that cyclobutenes undergo stereco- and regioregular

ring opening metathesis when substituted with an electron withdrawing carbonyl at the 1-

position. Regioregular addition to the catalyst carbene is consistent with both the

calculated charge distribution for the carbene and the cyclobutene, and the minimum
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number of steric interactions. In the case of more electron-rich 1-substituents, the inverse
rank order of energies between the intermediates and the m-complexed starting materials
strongly suggests that the corresponding activation energies to reach the transition states
may be close enough in magnitude to make ROMP of Group IV monomers neither regio-
nor stereoselective.

When an enoic carbene is formed from Group II monomers, the formation of a
ruthenium chelate with the ester oxygen traps the enoic carbene in a stabilized state that
reduces the reactivity of these esters with 1-substituted cyclobutene esters, e.g., in
homopolymerizations. = However, the stabilized enoic carbene can still undergo
metathesis with an electron rich alkene, e.g., cyclohexene. This reactivity opens an
avenue for preparing alternating polymers with unique functionality.””” Steric crowding
also prevents propagation as was observed for tertiary amide substituents (Figure 2-19).
In conclusion, secondary amide substituted cyclobutenes comprise the optimal level of

reactivity and stereo- and regio- control to provide translationally invariant polymers.
V. Future Perspectives

In the future, ROMP of some other 1-secondary amide substituted cycloalkenes,
e.g., l-cyclopropene amides or 1-cyclooctene amides, can be employed to provide
translationally invariant polymers (Figure 2-21). Cyclopropene has the highest ring strain
(54.5 kcal/mol) among all the cyclic olefins.'® As a result, 1-cyclopropene amides can
exhibit much higher ROMP activity than 1-cyclobutene amides. However, it is very hard
to synthesize stable cyclopropene derivatives. Cyclooctene has much smaller ring strain
(8.4 kcal/mol)."® Therefore, it is proposed that the ROMP activity of 1-cyclooctene

amides may be lower than that of 1-cyclobutene amides.

@
0o NHR

NHR

Figure 2-21. Proposed 1-secondary amide substituted cycloalkene monomers.
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Chapter 3

Alternating Ring Opening Metathesis Polymerization*
I. Introduction

II. Results

II1. Discussion

IV. Summary

V. Future Perspectives

"Much of the work described in this chapter has been described in J. Am. Chem. Soc.,
2009, 131, 3444-3445.
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1. Introduction

Copolymers are employed in applications ranging from the biomedical to the

. 151,207-208,276-277
electronic. ’

There are several types of copolymers: block copolymers,
random copolymers, alternating copolymers and graft copolymers (Scheme 3-1). Among
the most commonly used are block copolymers that require phase separation of the two

209-211

blocks for their function, e.g., drug delivery, and random copolymers in which two

functional moieties communicate, e.g., organic light emitting diodes.*"

Regularly
alternating polymers allow optimal positioning of functional substituents and are useful

in a variety of applications.

Block copolymer

0000009

Random copolymer

- QO0-00000

Alternating copolymer

-0 090009

Graft copolymer

000 oo

Scheme 3-1. Representative structures of copolymers.

Alternating polymers are generally synthesized by radical polymerization
reactions such as atom transfer radical polymerization (ATRP) or reversible addition-
fragmentation chain transfer polymerization (RAFT) with kinetic control of the order of
monomer incorporation.””®** Alternating copolymers of isobutene with methyl acrylate
(MA), butyl acrylate (BA), and acetonitrile (AN) have been synthesized by ATRP using
CuBr(bpy); as the catalyst and 1-phenylethyl bromide as the initiator at 50 °C (Scheme 3-
2). These alternating copolymerization reactions exhibited accurate molecular weight

control and relatively high PDIs (~ 1.5).2*'
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— L=
ATRP or RAFT n

O = electron-withdrawing group O = electron-donating group

R R
N |
(0] (0]
o=N_o0
n n
MeO™ ~O CN n n
COQMG

Scheme 3-2. Alternating copolymerization by ATRP or RAFT and some representative
alternating copolymers.

However, there are isolated examples of the synthesis of alternating copolymers
by ring opening metathesis polymerization (ROMP). Early on, it was reported that the
ROMP of racemic 1-methylbicyclo[2.2.1]hept-2-ene with ReCls gave polymer in which

. 282
the two enantiomers alternate.

More recently, several reports of alternating polymers as
the products of ROMP have appeared. Grubbs’ group developed a ring opening insertion
metathesis (ROIMP) approach to copolymerize cycloalkenes and diacrylates using
ruthenium catalyst 4 (Scheme 3-3).”* The linear polymers containing more than 90%
alternation were generated based on the 'H-NMR spectroscopic analysis, and the
alternation is controlled by equilibration. However, ROIMP exhibited relatively high
PDIs (1.4-2.1) and poor molecular weight control. Some groups copolymerize
norbornenes with cyclooctenes or cyclopentenes using ruthenium-based catalysts
(Scheme 3-4), and the alternation relies on the pairing of a bulky but strained monomer
(norbornene) with an unhindered and only slightly strained monomer (cyclooctene or
cyclopentene). In all cases except one,”® a significant excess of one of the monomers is
required for high levels of alternation (> 90%).”*>**° F. Sanda et al. copolymerized
norbornenes carrying nonprotected carboxy and amino groups to generate alternating

copolymers based on acid-base interactions (Scheme 3-5).%"
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Scheme 3-3. Proposed mechanism for ROIMP.

Our laboratory recently developed cyclobutene 1-carboxamides as monomers that
undergo ruthenium-catalyzed ring-opening metathesis to yield translationally invariant
polymers.'"" During the course of extending the ROMP to cyclobutenecarboxylic acid

derivatives, we observed that cyclobutene methyl ester 8a underwent ring-opening

O Ra X
Lb; + O " ROMP

X=CHyorO

>

Scheme 3-4. AROMP of norbornene and cyclooctene.

metathesis without polymerization to afford, with 10 mole % of catalyst, approximately
10% of the a-methylene ester 13a & 14a. As in the ring-opening metathesis of 1-
substituted cyclobutene amides,'' this reaction is regiospecific. However with ester 8a,
the key enoic ruthenium carbene [Ru]-13a and [Ru]-14a does not react with additional
substrate; rather, it survives to react with the quenching agent, providing ester 13a & 14a.

Cyclohexene is a ring-opening metathesis inactive substrate with ruthenium
catalysts due to its low ring strain energy.*® However, it undergoes ring opening cross

213-214

metathesis with acrylates. It was suggested from ab initio transition state calculation

that the coordination of the carbonyl group to the ruthenium center can greatly stabilize
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COH CO,H

Scheme 3-5. AROMP of norbornenes carrying nonprotected carboxy and amino

groups.

the transition state in the ring opening of cyclohexene.”®® On the basis of this result and
the observation noted above, we postulated that ester 8a and cyclohexene, subjected

together to an active ruthenium catalyst, would undergo AROMP (Scheme 3-6).

X o

OR
(@]

OR  [Ru]=CHPh R 2o
——— [Ry] EE—— Ph
Initiation CO,R Termination — "
Q CO,R
ERLOR
Propagation
[Ru]WPh@
— —_—
X

CO,R
R1= Ph (for the first cycle)

=; M_\:(_\%Ph(for the following cycle)

CO,R /m-1

Scheme 3-6. Proposed AROMP mechanism of 1-cyclobutene esters and cyclohexenes.

ROM of 1-substituted cyclobutene ester by ruthenium catalysts generates a
kinetically trapped enoic ruthenium carbene, and that carbene cannot ring-open additional
I-cyclobutene esters. Instead the enoic ruthenium carbene can ring-open cyclohexene to
generate an electron-rich ruthenium alkylidene, and that ruthenium alkylidene can only

react with a 1-cyclobutene ester monomer due to the high ring strain of cyclobutene to
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make the enoic ruthenium carbene again. As a result, alternating cyclobutene and

cyclohexene units can be present in the propagating polymer chain.
II. Results
I1.1 Synthesis of Cyclobutene and Cyclohexene Monomers

Two 1-substituted cyclobutene ester monomers were synthesized through their
respective acyl chlorides (Scheme 3-7). 1-Cyclobutene carbonyl chloride 19 was
prepared by reaction of 1-cyclobutenecarboxylic acid with oxalyl dichloride. The

coupling of 19 with phenol or pentafluorophenol (PFP) in the presence of trimethylamine

(TEA) generated esters 8c or 8d, respectively.

0]

OH Ph
© EﬁLo
0 Q / 8c
TEA, CH,Cl,
ERL OH " Oxalyl dichloride ERL Cl Fooc
CH,Cl,, 0°Ctort F
212 19 TEA, CHzclz o
. F
HO F Eﬁ&\ °
F F 8d
F

Scheme 3-7. Synthesis of 1-substituted cyclobutene esters 8¢ and 8d.

A variety of cyclohexene derivatives were synthesized (Scheme 3-8). 1-
Methoxycyclohexene 20b was made by heating cyclohexanone and trimethyl
orthoformate to reflux in the presence of 0.5% p-toluene sulfonic acid.”*?* 4-
(Methoxymethyl)cyclohexene 20d was synthesized through the methylation of 3-
cyclohexene-1-methanol using NaH/Mel in THF. The reduction of 21 with LiAlH4
yielded diol 22. Diol 22 was allowed to react with dimethylsulfate under basic solutions

294

to generate cyclohexene monomer 20e.””" n-Octylamine was coupled with 21 using 1-
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ethyl-3-(3-dimethyllaminopropyl)carbodiimide hydrochloride (EDC-HCI) and
diisopropylethylamine (DIEA) in CH,Cl, to generate diamide 20g, which was reduced
with LiAlH4 to form diamine 20h. Cyclohexene 21 was hydrolyzed in acetic acid and
HCI (1 N) solution to generate diacid 23. Diacid 23 was coupled with O=P(NMe,); to
make diamide 24 upon heating to reflux in benzene. Diamine 20f was synthesized

through reduction of 24 with LiAlHy.

SO3H
05% MeO. : j ~Son 1) NaH, THF, i, 1h [ j/ “OMe
CH(OCH3)3 reflux 2) Mel
20b 20d
Me2804 KOH LiAIH4, THF acetlc acid, rt OH o= P(NMe2)3 NMe,
THF, H20 65°C “octon THoIaN) “benzene, NMe,
reflux
20e
n-octylamine LiAIH,
EDC-HCI, DIEA| CH,Cl, e
reflux
(0]
NH-n-Octyl  LiAlH,, THF NH-n-Octyl NMe,
-
NH-n-Octyl 0°Ctort NH-n-Octy! NMe;
20h o} 20f
20g

Scheme 3-8. Synthesis of cyclohexene derivatives.

I1.2 AROMP of Cyclobutene 8a and Cyclohexene 20a or 20a-D, with Catalyst 5

First, we tested with 'H-NMR spectroscopy if cyclohexene alone could be
polymerized with the ruthenium catalyst 5 in CD,Cl,. In 6 h, no monomer was consumed
confirming that cyclohexene is ROMP inactive.

In order to test our premise that 1-cyclobutene ester and cyclohexene may be
polymerized alternately with the ruthenium catalyst 5 (Scheme 3-6), we examined the
fate of a mixture of cyclobutene ester 8a and cyclohexene 20a in the presence of catalyst
5. First, cyclobutene ester 8a and catalyst 5 were mixed in CD,Cl, or CH,Cl, to allow

complete initiation of the catalyst. Then, an excess of cyclohexene 20a or deuterated
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cyclohexene 20a-Dqy was added to the above solution to propagate polymerization. The
polymerization was terminated upon addition of ethylvinyl ether. We observed
polymerization with 74-98% conversion of monomer (Table 3-1). Taken together with
the regioselective ROM (but not ROMP) of ester 8a and the lack of reactivity of
cyclohexene, this result strongly suggested that AROMP had occurred.

o)
5 /\0/\
ERLOCH3 . . - Ph

CD,Cly w
8a or CH2C|2 002CH3

20a or 20a-D,4q

A B [Ru] [A]:[B]:[Ru] Rxn Prod. %
M) time Conv*
(h)

none 20a 0.01 0:40:1 6 NP’ 0
8a 20a 0.05 3:6:1 6 (8a-20a);3 74¢
8a 20a 0.01 10:20:1 3 (8a-20a), 98
8a 20a 0.01 20:40:1 3 (8a-20a); 98
8a 20a 0.01 50:100:1 3 (8a-20a)s 98
8a 20a 0.01 100:200:1 3 (8a-20a)190 97
8a 20a 0.01 200:400:1 1.5 (8a-20a)190 50
8a 20a 0.01 300:600:1 4 (8a-20a)190 34
8a 20a 0.005 200:400:1 6 (8a-20a),o 73
8a 20a 0.01 200:400:1 6 (8a-20a)290 75
8a 20a 0.01 20:24:1 3 (8a-20a-D1)20 97
8a 203-D10 0.01 20:40:1 3 (83-203-])10)20 97
8a 203-D10 0.01 20:160:1 3 (83-203-D10)20 97

Table 3-1. AROMP polymers synthesized. All ROMP reactions were performed in
CD,Cl, and monitored by 'H-NMR spectroscopy at rt. “Percent conversion
determined by integration of 'H-NMR spectra unless specified otherwise. “No
polymerization. “Reaction was performed in CH,Cl, and the isolated yield was
determined after flash column chromatography purification.

The molecular weights and PDIs of the above alternating copolymers were

characterized by GPC using polystyrene standards (Table 3-2). The polymers had very
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broad molecular weight ranges and high PDIs (> 2). The poor molecular weight and PDI

control was due to the existence of a large amount of secondary metathesis reactions.

A B [Ru]/  [A][B]:[Ru] %Conv* Calcd PSS PSS PDI
b

M M, M, M,
8a 20a 0.01 10:20:1 98 2044 376 962 2.6
8a 20a 0.01  20:40:1 98 3984 668 1816 2.7
8a 20a 0.01 50:100:1 98 9804 652 2634 4.0
8a 20a 0.01 100:200:1 97 19504 1869 10872 5.8
8a 20a 0.01  200:400:1 50 19504 3201 18106 5.7
8a 20a 0.005 300:600:1 34 19504 1892 7181 3.8
8a 20a 0.01  200:400:1 74 29010 7749 18501 24

Table 3-2. Polymerization results. “Conversion yield of monomer. "Molecular weight
and PDI were determined by GPC using polystyrene standards.

I1.3 AROMP of Cyclobutene 8a and Cyclohexene 20a with Other Catalysts

The AROMP of cyclobutene 8a and cyclohexene 20a was performed using

catalyst 3 (Table 3-3). It was reported that the addition of triphenylphosphine (PPh;)'"*!

1721255 could greatly help limit secondary

and the use of THF as the reaction solvent
metathesis reactions due to their coordination to the ruthenium carbene. Therefore, we
copolymerized 8a and 20a in CD,Cl, or THF-Dg with or without the addition of PPh;
using catalyst 3 to see if we could limit or even prevent chain transfer reactions (Table 3-
3). The addition of PPh; inhibited AROMP of cyclobutene and cyclohexene no matter
which solvent was used. The AROMP deactivation of PPh; may be due to the stronger
coordination of PPh; to the ruthenium carbene than the other monomers. Without the
addition of PPh;, only 43% monomer was consumed in 4 h in CD,Cl, at 39 °C, and only

16% conversion of monomer was obtained in THF-Dg in 4 h at 50 °C. It has been

previously reported that the ROMP reactions in THF exhibited slower kinetics relative to
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O

3 /\O/\
OCH3 - » - Ph
CD2C|2 or — n
83 THF-DS COzCH:;
20a
Rxn % Calcd. b
[A]:[B]:[PPhs3]:[Ru] PSS M, PSS M,, PDI
Conditions conv’ M,
CD,Cl, rt-
50:100:0:1 43 3984 1584 4530 2.9
39°C,4h
CD,Cl, rt-
20:40:20:1 0 n/a“ n/a n/a n/a
39C,4h
THEF-Dg, rt-
50:100:0:1 16 n/a n/a n/a n/a
50C,4h
THF-Dg, rt-
20:40:20:1 0 n/a n/a n/a n/a
50C,4h

Table 3-3. AROMP by catalyst 3. All ROMP reactions were monitored by '"H-NMR
spectroscopy at rt. “Percent conversion determined by integration of '"H-NMR spectra
unless specified otherwise. "Molecular weight and PDI were determined by GPC using
polystyrene standards. “Not applicable.

2529 THF may coordinate to the ruthenium metal center suppressing

benzene or CH,Cl,.
metathesis activity (Scheme 3-9). As a result, less monomer was consumed during

AROMP in THF-Dg than in CD,Cl,.

P
. «R R
’ = \R - Ru— " — =X
[Zn oo al2e 2 [ G o
ci THF ~ci Cl

Scheme 3-9. ROMP of cyclic olefins in THF.

AROMP of cyclobutene 8a with cyclohexene 20a was also tested using catalyst
25 (Table 3-4). It took 9h to reach 89% monomer conversion at 39 °C in the 20-mer
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/A
Mes—N_ N-Mes FiC N

]
gll_’;g:_ Fsc?’O"'Mo
|

[
(@) 0]
T PO P
CF3
25 26

CD,Cl, A
CO,CH3

20a or 20a-D4q

O
/\ N
ERLOCHS 25 or 26 o o
8a

A B Catalyst [Cat] (M) [A]:[B]:[Ru] Rxn time % conv”
(h)

8a 20a-Dyy 25 0.01 20:40:1 9 &9

8a 20a 26 0.01 50:100:1 3 NP?

Table 3-4. AROMP polymers synthesized. All ROMP reactions were performed in
CD-,Cl, and monitored by 'H-NMR spectroscopy at rt. “Percent conversion determined
by integration of "H-NMR spectra unless specified otherwise. "No polymerization.

reaction. The slower AROMP kinetics with catalyst 25 is due to the much slower
initiation rate of catalyst 25 than other Grubbs’ catalysts 3-5.%%°

Schrock’s catalyst 26 was also tested in AROMP of 1-cyclobutene ester and
cyclohexene (Table 3-4). In the 50-mer reaction, no polymerization was observed at all
based on the "H-NMR spectroscopic analysis. It is possible that catalyst 26 was poisoned
by the ester group of cyclobutene 8a due to the lower functional group tolerance of Mo-

based catalysts (Figure 1-3).
I1.4 AROMP of Other Cyclobutene and Cyclohexene Derivatives by Catalyst 5

One important property of alternating copolymers is their presentation of

alternating functional groups that are bioactive or useful in energy transfer. To investigate
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the functional group tolerance of AROMP, a variety of functional groups in either the

cyclobutene or cyclohexene unit were evaluated (Table 3-5).

0]

AN R3/R,
5 (@)
ERLOR1 L . Ph
CD,Cl, R, R, — .
\@ Ry/Rs R
8a: R1 = CH3 R
8c: Ry = Ph 3
8d: Ry =PFP 20a: Ry =H,R3=H,R;=H
20b: R, = H, R3 = H, Ry = OCH,
20c R2:H R3—H R4—CH
20d: R2 = H R3 = CHzoMe R4 =H
20i: R2—H R3—CH3 R4—H
20j: R, =H, Rz = Ph, R, = H
20e: R2 = CHQOMe, R3 = CHQOMe, R4 =H
20g: R, = CONH(n-octyl), R; = CONH(n-octyl), Ry
20h: R, = CH,NH(n-octyl), Rz = CHoNH(n-octyl), R
20f: R2 = CHzNMez R3 = CHQNMez R4 =H
A B [Ru] [A]:[B]:[Ru] Rxn Prod. % conv”’
M) time
(h)
8a 20b 0.01 10:20:1 3 n/a” NP°
8a 20c¢ 0.01 10:20:1 3 n/a NP
8a 20d 0.01 20:40:1 4 (8a-20d), 95
8a 20i 0.01 20:40:1 4 (8a-20i), 95
8a 20j 0.01 20:40:1 6 (8a-20j)20 90
8a 20e 0.01 20:40:1 6 (8a-20e)y 90
8a 20g 0.01 10:20:1 6 n/a NP
8a 20h 0.01 20:40:1 5 n/a NP
8a 20f 0.01 20:40:1 5 n/a NP
8c 20a 0.01 20:40:1 4 (8c-20a); 96
8d 20a 0.01 10:20:1 5 (8d-20a) 95

Table 3-5. AROMP polymers synthesized. All ROMP reactions were performed in
CD,Cl, and monitored by "H-NMR spectroscopy at rt. “Percent conversion determined

by integration of 'H-NMR spectra unless specified otherwise.

polymerization.

Not applicable. “No

Both 1-methylcyclohexene 20¢ and 1-methoxy-cyclohexene 20b, when subjected

to AROMP with 8a, did not generate any polymer (Table 3-5). That could be due to the

hindered 1-substituents of cyclohexene when coordinating to the ruthenium carbene.

However, substitution remote from the cyclohexene alkene was tolerated. Both 4-
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substituted cyclohexenes 20d and 20i underwent AROMP with 8a to generate the
corresponding alternating polymers (Table 3-5), and around 95% monomer consumption
was achieved in 4 h. However, it took 6 h to reach 90% monomer consumption for
AROMP of 4-phenylcyclohexene 20j and cyclobutene 8a. The slower AROMP rate is
presumably due to steric hindrance by the phenyl substituent in AROMP. In AROMP of
4,5-(dimethoxymethyl)cyclohexene 20e and 8a, 90% conversion was achieved in 6 h.
However, for the other 4,5-disubstituted cyclohexenes 20g (diamide), 20h (diamine) and
20f (diamine), no polymerization was observed in AROMP with cyclobutene 8a (Table
3-5), and their inactivity in AROMP may be caused by the large steric hindrance from
two substituents.

Next, we investigated the effect of substituents on the reactivity of the
cyclobutene. We found, for example, that AROMP of 20a and phenyl ester 8¢ or PFP
ester 8d proceeded with high conversion (>95%) at room temperature in 4-5 hours to
yield (8c-20a);9 and (8d-20a);y respectively (Table 3-5). This type of product is viewed
as a precursor to polymers with a variety of side chains because of the electrophilicity of
phenyl or PFP esters. The alternating copolymers in Table 3-6 were characterized by
GPC, and they exhibit broad PDIs (> 2) and much lower molecular weights than expected.

Therefore, backbiting occurs within these monomers as well.

Polymer Calcd M, PSS M, PSS M, PDI?
(8a-20d)y 4870 1506 3719 2.5
(8a-20i), 4270 1345 3228 2.4
(8a-20j)20 5511 1679 4365 2.6
(82-20¢)2 5752 1583 3799 2.4
(8c-20a), 5224 1572 3302 2.1
(8d-202);0 3567 1203 3489 2.9

Table 3-6. AROMP results. “Molecular weight and PDI were determined by GPC
using polystyrene standards.
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ILS AROMP of Cyclobutene and 1-Cyclopentene Derivatives by Ruthenium
Catalysts

One major reason that there are so many chain transfer reactions in AROMP of
cyclobutene and cyclohexene is the existence of a large amount of disubstituted olefin
bonds in the polymer chain. Although 1-substituted cyclopentene has greater ring strain
than cyclohexene, we hypothesized that its AROMP rate would be similar to cyclohexene
due to the steric hindrance by 1-substituents in the cyclopentene. AROMP of cyclobutene
8a and 1-substituted cyclopentene was performed using catalyst S5 or catalyst 28 to
minimize the chain transfer by increasing the percentage of trisubstituted olefin bonds in
the propagating polymer chain (Table 3-7).

Nolan’s catalyst 28 was synthesized by substituting the phosphine group (PCys3)
in catalyst 27 with a pyridine group according to the literature (Scheme 3-10).272% |-
Methoxycyclopentene 29b was synthesized by trapping the enol of cyclopentanone with

trimethyl orthoformate in 5% p-toluene sulfonic acid (Scheme 3-10).2*2"

Mes—N/_\N—Mes X Mes—N___N-Mes
Y Pho | Y Ph
C"'Ru_ N ClCR“_
crr — a7y
PCy; = O
« |
27 28

: _SOzH
i; fg/

CH(OMe)s, refluxing

29b

Scheme 3-10. Synthesis of 1-methoxycyclopentene 29b and catalyst 28.

AROMP of cyclobutene 8a and 1-methylcyclopentene 29a was performed using
catalyst 28 under different reaction conditions (Table 3-7). In CDCls, it took 5 h to reach
50% conversion for AROMP of 8a and 29a at 50 °C. In toluene-Dg AROMP of 8a and

29a at 80 °C proceeded to 50% conversion in 2 h. However, no matter what reaction
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temperature was used, only polymers with a lower M, than expected were generated

(Table 3-8). The poor molecular weight control indicates that the chain transfer was not

[\
Mes NYN Mes Ph
g:;R'u_
4 U

X
28
0 Ph
07N — -
Eﬁ\ ocH, Sor8 7 9 7 R CO,CH," (Using$)
CD20|2 R
8a 6 Ph
ing 28
R CO,CHY (sing 28)
29a: R = CH,
29b: R = OCH,

A B Cat.  Rxn Conditions [A]:[B]:[Ru] Prod. % conv”
CDCls, 50 °C, [Ru] =

8a 29a 28 20:40:1 (8a-29a),y 50
0.0IM,5h
Toluene-Dg, 80 °C,

8a 292 28 20:40:1 (8a-29a), 50
[Ru]=0.01M,2h
CDCls, 50 °C, [Ru] = ,

8a 29 5 40:80:1 NP NP
0.0IM,4h
CDCl;, 50 °C, [Ru] =

8a 29p 28 40:80:1 NP NP
0.0IM,4h

Table 3-7. AROMP polymers synthesized. “Percent conversion determined by
integration of "H-NMR spectra unless specified otherwise. "No polymerization.

suppressed.

AROMP of cyclobutene 8a and 1-methoxycyclopentene 29b was performed using
catalyst 5 or catalyst 28 in CDCl; at 50 °C (Table 3-7). No polymerization was observed
for either catalyst within 4 h. We hypothesize that the ruthenium carbene is deactivated

by strong coordination of the methoxy group in 29b to the ruthenium metal center.

74



A B [Ru]/ [A]B]:[Ru] %Conv’ Calcd PSS PSS PD

M M.} M, M, I
8a 29a 001  20:40:1 50 2044 1101 2522 23
8a 292 001  20:40:1 50 3014 508 1393 2.7

Table 3-8. Polymerization results with catalyst 28. “Conversion yield of monomer.
PCalculated based on the conversion yiled. “Molecular weight and PDI were determined
by GPC using polystyrene standards.

II1. Discussion

ITI.1 AROMP of Cyclobutene and Cyclohexene Using Catalyst 5

II1.1.1 AROMP of 8a and 20a Using Catalyst 5

AROMP of 8a and 20a using catalyst 5 (from 10-mer to 200-mer) was monitored
by 'H-NMR spectroscopy (Table 3-1). The NMR spectral changes as a function of
reaction time for the 100-mer reaction are plotted to illustrate the formation of AB dyad
(Figure 3-1). The proton peak integrals for the disubstituted (4.40 ppm) and trisubstituted
(5.75 ppm) olefin bonds increased simultaneously.

"H-NMR spectroscopic analysis (Figure 3-2) of each of the polymers ((8a-20a) -
(8a-20a),¢9) revealed the phenyl protons and two sets of vinyl protons. The ratio of the
signal for the protons on the disubstituted, non-conjugated olefin (6=5.4 ppm) to the
signal for the protons on the trisubstituted, conjugated olefin (6=6.8 ppm) was
approximately 2:1. This result is consistent with polymer structure (8a-20a), which
contains nearly equal numbers of repeating units A and B generated from monomers 8a
and 20a respectively.

To further confirm the alternating structure, (8a-20a),y was characterized by Bc.
NMR, C-APT NMR (Figure 3-3), 'H-'H gCOSY (Figure 3-4) and 'H-">C gHMQC
spectroscopy. The correlated NMR chemical shifts are summarized in Table 3-9. 'H-'H
gCOSY spectroscopy of (8a-20a)y9 clearly showed internal connectivity between
repeating units A and B (Figure 3-4), further establishing the alternating nature of the

polymer backbone.
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71 6.9 6.7 6.5 6.3 6.1 5.9
NMR chemical shift (ppm)

5.7 5.5 5.3 5.1

Figure 3-1. '"H-NMR spectral changes with reaction time for AROMP of 8a and 18a
using catalyst 5. [8a]:[18a]:[5] = 100: 200:1, 97% conversion yield, CD,Cl,, rt.

In order to ascertain with greater accuracy the extent of alternation in the
sequence of monomer units, we undertook an isotopic labeling experiment. Cyclohexene-
Do, 20a-Dy9, and cyclobutene 8a were subjected to AROMP (Table 3-1), the "H-NMR
spectra of the crude polymers acquired, and the intensities of the olefinic peaks integrated
against the phenyl end group (Figure 3-5).

As expected, for a deuterated alternating AB copolymer (8a-20a-D1¢)20, the
relative intensity of the signal at & = 5.4 ppm was reduced to half of that in the spectrum
of polymer (8a-20a),y (Figure 3-6A). This halved intensity is consistent with the absence
of BB repeat in the polymer (Figure 3-6B). Moreover, the intensity of the signal at d =

6.8 ppm in the spectrum of (8a-20a-D1¢)20 was reduced to 9% of its relative intensity in
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the spectrum of the undeuterated polymer ((8a-20a)yy), showing that only 9% of the
dyads are of type AA (Figure 3-6B).

27 26

3,6,9,10,13, 16,
19, 20

24-28 1 14,15
/ T 12' f N I (8a-20a)10 /
H N (8a-20a)z0
AA (8a-20a)s0
(8a-20a)100
I
7,17 (8a-20a)200
8.0 7.0 6.0 50 4.0 3.0 2.0 1.0 0.0

NMR chemical shift (ppm)

Figure 3-2. "H-NMR spectra of alternating ROMP polymers (8a-20a); - (82-202)20.

We observed that the fraction of AA dyad was constant regardless of the original
A:B feed ratio (from 20:24 to 20:160) in the AROMP reaction (Table 3-1). Therefore, the
polymer chain grows with alternation by a mechanism that does not depend on monomer

concentration.
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3-6, 9-10, 13-16,
19-20
29 8,18, 23
24-28
7,
17 41,12
30
190 170 150 130 110 90 80 70 60 50 40 30 20 10

NMR chemical shift (ppm)

Figure 3-3. "C-APT NMR spectrum of alternating ROMP polymer (8a-202)s.

The concentration-independent population of the AA dyad and the absence of BB
dyad suggested that the AA dyads result from intramolecular backbiting of the enoic

ruthenium carbene on the disubstituted alkene (Figure 3-8).%~%

Partial separation of the
components of the polymer ((8a-20a-Dy¢)29) by flash chromatography gave a fraction
(cyc-(8a-20a-Dqg)20) that contained the AA substructure (as indicated by a clean triplet at
6.8 ppm) but not the phenyl end group (Figure 3-7). Isolation of this material supports a

model in which the AA repeat is generated at the backbiting junction during the
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cyclization step (Figure 3-8). The existence of cyclic products was further confirmed by
the ESI-Mass spectral analysis of (8a-20a); (Figure 3-9). Most of the mass peaks of (8a-
20a); were assigned to cyclic polymers containing only cyclobutene and cyclohexene
units. The backbiting most likely took place at the disubstituted olefin bonds rather than

the trisubstituted olefin bonds as the latter are sterically blocked.

0 1.2
1 . 3 E E
5 3 a
(9.10) 5 @ \\ Pbes o8
& 3 t =
\ (a15) F & 20%
»] }2.0 8 ) §
gL Sl
AEGCO (13,14) [fo4 © =
L (15,167 " (16.17) (10, 1) and (12, 13) 285
3 = =
2.8 32 <
26 27 18 1.4 7.2 6.8 6.4 6.0 56 52
NMR chemical shift (ppm) NMR chemical shift (ppm)

Figure 3-4. 'H-'"H gCOSY-NMR spectrum of alternating ROMP polymer (8a-20a)5.

We found that the M,,’s of all the alternating copolymers (Table 3-2) were shorter
than expected and the PDIs were large (>2). Polymer (8a-20a); had a bimodal
molecular weight distribution in which the higher molecular weight peak corresponded to
the desired polymer with a PDI of 1.2 (Figure 3-10). These data are consistent with

backbiting to form cyclic polymer during chain growth.

79



H COo,Me H H

LA !

f’\© 11H 18H
(83-203)20
5H
J\_/MM/“"’\. A S
9H
(8a-20a-D1 0)20

5H " h
M L

7.6 7.4 7.2 7.0 6.8 6.6 6.4 6.2
NMR chemical shift (ppm)

6.0 5.8 5.6 5.4

Figure 3-5. Alkene region of 'H-NMR spectra (CD,Cl,) of polymers (8a-20a)yy and
(8a-20a-Dy)20. Proton integrations and assignments are indicated above the peaks.

1I1.1.2 AROMP of Cyclobutene and Cyclohexene Derivatives Using Catalyst 5

In order to explore the breadth of AROMP applications possible, we examined the
effects of varying the structures of the monomers (Table 3-5 and Table 3-6). Cyclobutene
esters (8c and 8d) were successfully copolymerized with cyclohexene using catalyst 5 to
prepare alternating copolymers with 95-96% conversion. 1-Substituted cyclohexenes
(20b and 20c¢) did not polymerize with cyclobutene 8a due to the steric hindrance by 1-
substituents, while AROMP of 4-substituted cyclohexenes (20d, 20i and 20j) and
cyclobutene 8a exhibited a slower reaction rate than that of cyclohexene 20a and
cyclobutene 8a (Table 3-5). The reduced rate is most likely due to steric effects. The
regiochemistry of metathesis could not be determined in the polymerization of 20d, 20i
or 20j, and is most likely random. 4-Substituted cyclohexenes are attractive monomers

for AROMP because they are readily available through Diels-Alder chemistry.
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No. dy JinHz) 8¢ 'H-'H gCOSY "“C-APT
1 4.97 d (15)
5.04d (17)
2 579D 129.5-132.5 CH
3 2.04-250b  26.7-32.5 CH,
4 1.42b 29.2-29.9 CH,
5 1.42b 29.2-29.9 CH,
6 2.04-250b  26.7-32.5 CH,
7 6.74 b 142.7-143.7 CH
8 131.8 q
9 2.04-250b  26.7-32.5 CH,
10 2.04-250b  26.7-32.5 11 CH,
11 5.40 m 129.5-131.1 10 CH
12 5.40 m 129.9-131.0 13 CH
13 2.04-250b  26.7-32.5 12, 14, 16 CH,
14 1.42b 29.2-29.9 13,15 CH,
15 1.42b 29.2-29.9 14, 16 CH,
16 2.04-250b  26.7-32.5 13,15, 17 CH,
17 6.74 b 142.7-143.7 16 CH
18 131.8 q
19 2.04-250b  26.7-32.5 CH,
20 2.04-250b  26.7-32.5 CH,
21 6.24 b 129.7 CH
22 6.39 d (16) 129.7 CH
23 131.9 q
24-28 7.19-733m  128.3-129.7 CH
29 168.2 q
30 370 s 51.8 CHj

Table 3-9. '"H-NMR (500 MHz, CD,Cl,), C-NMR (100 MHz, CD,Cl,), 'H-'H gCOSY
(500 MHz, CD,Cl,), *C-APT (100 MHz, CD,Cl,), and 'H-">C gHMQC (500/125 MHz,
CD,Cl,) data for compound (8a-20a);9. Shaded rows correspond to the atoms in the
repeating polymer unit.
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A. Substructure in alternating AB copolymer

D  CO,Me

Y

H D

B. Substructures in AB block copolymer

COQMG H

: :

H COzMe
D D
D D

Red carbons are perdeuterated. Blue carbons bear hydrogen.

Figure 3-6. Possible substructures generated in the copolymerization of 8a with

cyclohexene-Dj.

For  the  4,5-disubstituted  cyclohexenes (20e-20h),

(dimethoxymethyl)cyclohexene 20e polymerized with cyclobutene 8a. The AROMP was

slower than reaction of 8a with cyclohexene 20a or monosubstituted cyclohexene 20d

(Table 3-5). The slower rate may be due to the stronger steric or coordination interaction

from 4,5-disubtituents in cyclohexene 20e.

Partial '"H-NMR spectra of the above polymers were plotted to illustrate the

formation of disubstituted and trisubstituted olefin bonds (Figure 3-11). The disubstituted

olefin proton signals are observed at 5.4 ppm for all the alternating copolymers. For

polymers (8a-20d),, (8a-20e)29, (8a-20i)29 and (8a-20j)o, the trisubstituted olefin proton

signals are observed at 6.8 ppm. For polymers (8c-20a)y and (8d-20a),¢, the chemical

shift of the trisubstituted olefin protons is around 7.1-7.2 ppm. The downfield shift is

caused by the electron withdrawing nature of the phenyl or PFP group.
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CO,Me
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Figure 3-7. '"H-NMR spectrum of cyc-(8a-20a-Dyg)z.
CO,CHj3
n

COMe, D D D

D
5 D
[Ru]w_z_g:(_\% backbiting B
D D

DpP0 CcoMe Ph S

[RU]W_S—(_\% 'backbiting’
_ >

CO,Me Ph

A: ring-opened cyclobutene subunit D
B: ring-opened cyclohexene subunit CH30,C

(AB)n

Figure 3-8. Mechanism of formation of cyclic alternating copolymers.
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100 - m/z = 389.25: [ABAB+H]+
80 4
60 - m/z = 501.30:
m/z = 307.25: [ABABA+H]+
[ABA+H]+
40 -
m/z = 583.35:
[ABABAB+H]+
20 - m/z 5695.5:
[ABABABA+H]+
0 -
200 300 400 500 600 700
m/z

Figure 3-9. ESI-Mass spectrum of (8a-20a);. A and B represent the cyclobutene and
cyclohexene units, respectively.

All the above alternating copolymers exhibit lower molecular weights than
expected and large PDIs (>2). These properties are caused by backbiting in the AROMP

reactions (Figure 3-8).
II1.2 AROMP of Cyclobutene and Cyclohexene Using Other Catalysts

It has been reported that addition of triphenylphosphine (PPhs)*' and the use of

1721245 tooether with catalyst 3 can greatly limit secondary

THF as a reaction solvent
metathesis reactions. AROMP of 8a and cyclohexene 20a at room temperature using
catalyst 3 in CD,Cl, exhibited much slower reaction rate than when catalyst § was used
(Table 3-3). This result is consistent with the lower reactivity and slower initiation of
catalyst 3 in ROMP. Therefore, the above solution was heated up to 39 °C to increase the
reaction rate. However, it still took 4 h to reach 45% conversion, and the molecular

weight of the resulting polymer was much smaller than expected. The smaller M,, and the
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large PDI suggest that backbiting was not prevented. AROMP of 8a and cyclohexene 20a
using catalyst 3 in THF-Dg at 39 °C was also tested (Table 3-3). Only 16% monomer
consumption was achieved in 4 h. The much slower ROMP rate may be due to the
coordination of THF to the ruthenium carbene. The addition of PPhs; (equimolar to
cyclobutene ester) inhibited AROMP of 8a and 20a in both CD,Cl, and THF-Dg (Table
3-3).

H CO,Me H
ey et
S 11H 18H

(8a-20a-D1¢),9
5H 1H

__,J\me

7.6 7.4 7.2 7.0 6 8 6 6 6 4 6 2 6.0 5.8 5.6 5.4
NMR chemical shift (ppm)

(83'203)20 J\
5H

L

Figure 3-10. Bimodal peak fitting of GPC trace of (8a-20a)p. [8a]:[20a]:[5] =
200:400:1, 73% conversion yield, CD,Cl,, rt

AROMP of 8a and cyclohexene 20a-Dyy at room temperature using catalyst 25 in

CD,Cl; was performed (Table 3-4), and it took 9 h to reach 89% conversion. The slower

296

reaction rate is also consistent with the slower initiation of catalyst 25.” One interesting
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result from this AROMP is that only cyclic alternating copolymer was generated, and its
'H-NMR spectrum is shown in Figure 3-12.

AROMP of 8a and cyclohexene 20a using Schrock’s catalyst 26 in CD,Cl, was
also tested (Table 3-4). Cyclobutene 8a and catalyst 26 were mixed in CD,Cl, at room
temperature. No initiation was observed even after the reaction temperature was
increased from rt to 39 °C within 1 h. Cyclohexene 20a was added to the above solution,

and no polymerization was observed in 3 h at 39 °C.

H CO,R H H
= e

7 a (8a-20d); |
(82-20i) J\L
- (8a-20)y JK‘
Y L
(8c20a); 4 |
Jd-20a)10 M

6.7 6.4 6.1 5.8 5.5 5.2
NMR chemical shift (ppm)

7.9 7.6 7.3 7.0

Figure 3-11. Partial '"H-NMR spectra of alternating copolymers.
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Figure 3-12. '"H-NMR spectrum of cyclic alternating copolymer prepared with 25.
[8a]:[20a-Dy0]:[25] = 20: 40:1, 89% conversion yield, CD,Cl,, rt.

II1.3 AROMP of Cyclobutene and Cyclopentene

As we discussed earlier, the backbiting most likely takes place on the
disubstituted olefin bonds during AROMP of cyclobutene ester and cyclohexene. One
efficient way to minimize the intramolecular chain transfer is to minimize the amount of
disubstituted olefin bonds in the polymer chain. Therefore, 1-substituted cyclopentenes
and disubstituted ruthenium alkylidene 28 were applied in AROMP with 1-cyclobutene
ester. It was expected that only trisubstituted olefin bonds would be generated in the
terminus or the middle of polymer backbone (Table 3-7).

However, AROMP of 1-methylcyclopentene 29a and cyclobutene 8a using
catalyst 28 proceeded with 50% conversion in 2-5 h at 50 °C or 80 °C (Table 3-7). The
"H-NMR spectrum of polymer (8a-29a)yo is shown in Figure 3-13. There are multiple
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broad peaks at 5.0-5.4 ppm, and they are assigned to dialkyl substituted olefin protons
and trialkyl substituted olefin protons (Figure 3-13). The fact that the molecular weights
characterized by GPC are smaller than the expected values (Table 3-7) confirms that
backbiting is still happening. Backbiting is dependent on the presence of disubstituted
olefin bonds, whose existence was confirmed by the 'H-NMR spectrum of polymer (8a-
29a);9. All the above results suggest that the regioirregular binding of 1-
methylcyclopentene to the enoic ruthenium carbene is responsible for the generation of

disubstituted alkenes and the subsequent backbiting (Scheme 3-11).

CDCly

—G %ZMS j
d ) ) L__.

8.2 7.6 7.0 6.4 5.8 5.2 4.6 4.0 3.4
NMR chemical shift (ppm)

Figure 3-13. "H-NMR spectrum of alternating copolymer (8a-29a);y prepared with
28. [8a]:[29a]:[28] = 20: 40:1, 50% conversion yield, CDCls, 50 °C.

AROMP of I-methoxycyclopentene 29b and cyclobutene 8a using catalyst S or
28 did not succeed. No polymerization was observed, and it may be due to the strong
coordination of the enol ether group to the ruthenium carbene or the steric hindrance of

the 1-methoxy group.
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IV. Summary

In conclusion, we have demonstrated that synthetically accessible, select
monomer pairs undergo AROMP with the reactive precatalyst 5 to form (AB),
heteropolymers with an alternating backbone and alternating functionality. The
regiocontrol of heteropolymer formation derives from the inability of the cyclobutene
ester and cyclohexene monomers to undergo homopolymerization in combination with

the favorable kinetics of cross polymerization.

polymer chain
Rl
+ COOCH3

5

[Rul= [Ru]
polymer chain polymer chain
H;COOC H5CO0C
_COOCH;5 _COOCH;
COOCH3 COOCH;
[Ru] — [Ru] —
J . \ |
polymer chain polymer chain
Disubstituted double bond  H,cOOC H,COOC

available for backbiting

Scheme 3-11. Regioirregular addition of 1-methylcyclopentene to the enoic ruthenium
carbene.

A large amount of intramolecular chain transfer (backbiting) exists in AROMP,
and cannot be limited easily. Some efforts have been tested to prevent backbiting, such as
changing catalysts or solvent, adding PPhs, or using trisubstituted cycloalkene monomers.

However, little progress was achieved. There is still a large amount of work required to
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minimize backbiting and to obtain linear alternating copolymers with high molecular

weights and narrow PDIs.

V. Future Perspectives

To get rid of backbiting, several methods can be used in the future, such as
increasing the steric hindrance in the polymer backbone (Scheme 3-12a), or minimizing
the amount of disubstituted olefin bonds using 1-secondary amide substituted
cyclopentenes (Scheme 3-12b). Increasing the steric hindrance in the propagating
polymer chain is a very efficient method to minimize chain transfer reactions.'” It is
proposed that ring-opening of 1-cyclopentene secondary amide may be regioregular by
following Pathway I just as the regioregular ring-opening of 1-cyclobutene amides. As a
result, AROMP of 1-cyclobutene ester and I-cyclopentene secondary amide using

catalyst 28 can provide a polymer chain containing only trisubstituted olefins.

o}
OCH,4 AROMP
s U >
m
o}
OCHj3 AROMP
O -
m
(b)
o} O Ph

NHCH
OCHj 3 g
+ [T\ > HCHNOC

Scheme 3-12. Proposed methods to minimize backbiting.
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AROMP of I-cyclobutene ester and cyclohexene with catalyst 25 provides
entirely cyclic alternating polymers. The functionalization of the side chains in the cyclic
polymers with hydroxy groups can trigger ring opening polymerization (ROP) of cyclic

301-305

esters to provide star polymers (Scheme 3-13).

]

H
Q\_/x X
CO,CH,CH,OH o CO,CH,CH,0 O'm
o o]
O/\/OH 25
O ) »
Sn(OTf),
Q H
Q\_/Kdrm
HOCH,CH,0,C CO,CH,CH,O

Scheme 3-13. Proposed synthetic route of star polymers.
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Chapter 4

Antibacterial Studies of Homo Polymers, Alternating Copolymers, and Random
Copolymers’

I. Introduction

II. Results

IT1. Discussion

IV. Summary

V. Future Perspectives

"All the MIC and HCs data are provided by Dr. Stephen Walker.
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1. Introduction

Antibiotic resistance is endemic in both community and hospital-acquired
infections.>* Moreover, some infections are resistant to all available antibiotics and new
therapeutics are required to reduce morbidity and mortality.>”” One attractive avenue for
new antibiotic development is the use of “host-defense” antimicrobial peptides.

Antimicrobial peptides are produced by eukaryotes as part of the organisms’ innate

157-158

immune response against bacterial infection. They range in length from about 12 to

80 amino acid residues. These peptides adopt a variety of active conformations, that
include a-helices and disulfide-stabilized pf-sheets, e.g., maigainin and defensin,
respectively.'®>® The most important part of their structure appears to be an
amphipathic topology in which cationic residues, containing for example, ammonium and
guanidinium moieties, are segregated from hydrophobic side-chains.'*®

The amphipathic nature of the antimicrobial peptides facilitates their binding and

insertion into lipid bilayers. Ultimately treatment with the peptides leads to disruption of

157,163,309-311

the bacterial cytoplasmic membrane and bacterial death. Development of

bacterial resistance to these peptides is infrequent because the mechanism of action
depends on creating pores or channels through the lipid membrane and the lipid is not

easily altered. However, many antimicrobial peptides cause cell death by additional

163,312

mechanisms including membrane depolarization, and binding to cytoplasmic

receptors, such as DNA or RNA,'> and bacteria can evolve resistance to these toxicity

mechanisms, although more slowly.***%

Mimicry of antimicrobial peptides is an attractive approach to the development of
synthetic antibiotic compounds that may be used as coatings or as pharmaceuticals.
Synthetic mimics may overcome the poor in vivo activities and limited tissue

distributions observed with antimicrobial peptides.'***** A lot of macromolecules such as

158,313-323 152,234,236-238,324 232-233

f-amino acid peptides, polynorbornes, polymethacrylates,

325-326 327-331 332-333

polystyrenes,
222,334-336

poly(4-vinylpyridine)s, poly(propylene imine) dendrimers,

peptoids, phenylene-ethylene oligomers®***722#*3733% and aromatic arylamide
oligomers oligomers®*?#24226340 have been used as scaffolds. These scaffolds all

enable mimicry of the amphiphilic antimicrobial peptides. Their efficacies correlate with

93



the spacing between cationic residues and the type of backbone (Table 4-1). In addition,
mimics with more rigid backbones and fewer repeating units exhibited the best

antibacterial activities and minimal cytotoxicities toward host cells.

SMAMP Spacer # of Antimicrobial  Selectivity”*
distance ~ monomer activity”*
(A)* units”
[-Peptides' 15 >4.9 10-30 NS i
Peptoids™*¢ 10.8 12 ++++ -+
Arylamide oligomers*****" 9.6 2 A+ 4+
224,226,340
Phenylene ethylene 12.0 2 R ot
oligomers?06:227-228.337-339
Polymethacrylates™* > 2.5 32-46 4+ ++
Polynorbornenes 152,234,236- 5.8 ~40 ++++ -+
238,324
Polystyrenes®> 2 2.5 ~18 +++ ++
Poly(4-vinylpryridine)s™”™ 2.5 200~600  ++ —t
331
Poly(propylene imine) n/a’ 4-64° -+ n/a
dendrimers®*>%

Table 4-1. Representative SMAMPs. “Calculated between two neighboring monomer
units containing basic groups. “Based on the most optimized SAR results. “More +
represent better activity or selectivity. “Not applicable. % of quarternary ammonium
groups

S-Peptides (also called foldamers) that are highly resistant to proteases®*!

represent an analogous structure as a-peptides. Both a- and pf-peptides can form
intramolecular hydrogen bonds through amide groups. As a result, different types of
helices can be formed by pf-peptides, e.g., 10-helices, 12-helices and 14-

- e 216,219.221,316,319,342 . g
helices.” ™ """ Gellman’s group has developed a series of amphiphilic
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foldamers based on different S-residues (Figure 4-1), such as f-residue, f*-residue,
ACPC/APC residue, and ACHC/DCHC residue. **® In antimicrobial studies of these
foldamers, they found that oligomers (10 - 15 residues) with an appropriate amphiphilicty
exhibited great selectivity in killing bacteria or mammalian cells (Figure 4-2).
Antimicrobial foldamers containing heterogeneous o- and fS-amino acids were also
prepared through two different strategies: alternating connection (Fold-3, Figure 4-2)
and random connection (Fold-4, Figure 4-2) of a- and f-amino acids.”'’ The advantages
of hetergeneous backbones over homogeneous backbones are their ability to conform
many new molecular shapes based on variations in the stoichiometries and patterns of the

subunit combinations and improved prospects for side chain diversification.

0] @)

IS U S Vel D

X
R
p-residue p-residue ACPC residue: X= CH, ACHC residue: X = H
APC residue: X = NH DCHC residue: X = NH,

Figure 4-1. Structures of f-residues.

p
. NH;
NH;
o o

o o} Q H

N N N NH, H H H

H H H n 07 I'NH,

n

n=4-5 n=26
Fold-1 Fold-2

.
NH,

+ +
NH; NH,
OH
Hy CONH,
0] (0] o] 0 o) N 0] (0]

H H H H H H H

N, N/, N, NH -, N N/,
D e o ST e S

o ¢ o H o o H I H

Fold-3 Fold-4

Figure 4-2. Structures of antimicrobial foldamers.
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Peptoids are another group of peptidomimetic oligomers that can also adopt a

223,316,319,343-344

stable helical structure and are resistant to proteolysis.** The structural

difference between a-peptides and peptoids is that there is a side chain appendage at the
amide nitrogen in peptoids. Peptoids containing certain bulky side chains at the amide

nitrogen exhibit remarkabe antibacterial activity and selectivity (Figure 4-3).22234334

Figure 4-3. Structures of typical antimicrobial peptoids.

Tew’s group developed a group of phenylene-ethylene oligomers with excellent
antimicrobial activity and selectivity (Figure 4-4).**"****° Aromatic monomer PE-1
exhibited low antibacterial activity, while increased activity was observed for phenylene-
ethylene oligomer PE-2. Oligomer PE-3 that combines a phenylene-ethylene scaffold
and PE-1 motifs showed outstanding activity and selectivity against a large panel of
pathogenic and potential biowarfare bacteria.

Aromatic arylamide oligomers with different hydrophobic and hydrophilic side
chains were employed in the antimicrobial studies (Figure 4-5).222262%03% Qligomer
AA-1 containing three benzene rings showed reasonable antibacterial activity but low
selectivity. In AA-1, basic groups are attached to the backbone through a thioether bond,
and the backbone is rigidified through the intramolecular NH-thioether hydrogen bonding.
Further backbone rigidification through the intramolecular NH-ether (AA-2) or NH-
pyrimidine (AA-3) hydrogen bonding resulted in improved activity and selectivity. The

replacement of #-butyl groups with trifluoromethyl groups and the terminus attachment of
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guanidine groups via amide bonds in AA-3 led to greatly optimized potency and safety in

AA-4 for killing bacteria.”*

= A

® :
Ly, PE-2 O

= N
Z N
MIC, E. coli 79 uM Br Br
MIC, B. subtilis 158 uM
HC50, RBCs 853 uM
Br Br NH, NH,

MIC, E. coli 0.1 uM
MIC, S. aureus 0.2 uM
HC50, RBCs 440 uM

PE-3

NH,
PE-1

MIC, E. coli >317 pM
MIC, B. subtilis >317 uM
HC50, RBCs 10778 uM

Figure 4-4. Optimization of the antibacterial activity and selectivity of phenylene
ethynylene oligomers.

The use of polymers generated in one-pot reactions is attractive due to the ease
with which antimicrobials may be produced in large scale processes. Whereas the folding
of small polypeptides and aryl oligomers into regular structures is fairly well understood,
the prediction of secondary structure of hydrocarbon-based polymers is much less
advanced. In addition, the regio- and stereochemistry of a polymer may not always be
well controlled. One possible reason for the lower efficacy of polymers may be the
imprecision with which cationic groups are positioned within the structure of the polymer.

Antimicrobial polymers have been developed based on four different backbones:
polystyrenes, poly(4-vinylpyridine)s, polynorbornenes and polymethacrylates (Figure 4-6
and Figure 4-7).1°2232-234236:238324331 The amphiphilicity of antimicrobial polyacrylates

can be tuned by changing the stoichiometries and patterns of hydrophobic and
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hydrophilic blocks (Figure 4-6). Generally speaking, polyacrylates exhibited high
antibacterial and hemolytic activity, while low antimicrobial activity and selectivity was
observed for polystyrenes and poly(4-vinylpyridine)s. In contrast, polynorbornenes
showed high activity and tunable selectivity (Figure 4-7). PN-1 was moderately active
and quite nonhemolytic, while PN-2 was much more active and hemolytic than PN-1."*
Block copolymerization of PN-1 and PN-2 segments yielded PN-3 with greatly improved

antibacterial activity and selectivity.'>

g g
H,N N N N\H
(0] (0]

AA-1

MIC, E. coli 7 uM
MIC, S. aureus 15 pyM
HC50, RBCs 14 uM

Backbone Rigidification

S S H
N HonoNZ NS
o) o) o) H = “H
CF3 AA_2 CF3 0 o
MIC, E. coli 0.2 yM AA-3

MIC, S. aureus 2.8 uM MIC, E. coli 0.9 uM
HC50, RBCs 63-90 uM MIC, S. aureus 0.9 uM
HC50, RBCs 18 pM

Activity and Selectivity

Optimization
’)NHZ NH,
Hron ok Né\IN ----- Hommi S NH
NN N NMN N NJKNH2
H H

CF, AA-4 CF,

MIC, E. coli 0.2 uM
MIC, S. aureus 0.1 uM
HC50, RBCs 440 uM

Figure 4-5. Optimization of the antibacterial activity and selectivity of arylamide
oligomers.
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Polymethacrylates Polystyrenes Poly(4-vinylpyridine)s

(0]
H
\OJ\/\S - o n n n
=z
g .0
H @CI oN
+ NH3 ’Il/ ’Tl< H
R: Me, ethyl, n-butyl, n-hexyl OH

Figure 4-6. Structures of antimicrobial polyacrylates, polystyrenes and poly(4-
vinylpyridine)s.

+ NH3

M,, = 9950, PDI = 1.10

MIC, E. coli 20 uM

MIC, B. subtilis 30 uM

HC50, RBCs >400 pM S

\ PN-3

+NH;

M, =12000, PDI = 1.09, n/m = 9/1
MIC, E. coli 3.3 uM

MIC, B. subtilis 3.3 uyM

HC50, RBCs >333 uM

+NH;

M, = 10050, PDI = 1.13
MIC, E. coli 2.5 uyM
MIC, B. subtilis 2.5 uM
HC50, RBCs <0.1 uM

Figure 4-7. Optimization of the antibacterial activity and selectivity of
polynorbornenes.

99



We previously reported an alternating ring opening metathesis polymerization
(AROMP) method to incorporate alternating cyclobutene and cyclohexene units into a

27> We reasoned that this methodology could be used to synthesize

polymer backbone.
polymers with regularly alternating hydrophobic and hydrophilic groups. Furthermore,
the hydrophilicity of the polymers could be tuned by modifying the substituents on the
cyclobutene or cyclohexene monomers. The alternating copolymer method allows
introduction of a larger spacing between cationic groups while maintaining a regular
structure in the backbone.

Here we report, the synthesis of a series of alternating copolymers containing
different cationic groups and spacers of varying hydrophobicity (Figure 1). The
antimicrobial activities of these polymers were screened against six species of bacteria
including both Gram-positive and Gram-negative strains. The alternating polymers
showed good in vitro antimicrobial activity against all strains. Moreover, the polymers
had low host cell cytotoxicities as measured by erythrocyte lysis. The alternating
polymers cause membrane depolarization, lysis, and leakage of cellular contents as has
been observed with other amphiphilic mimics. In comparison to random copolymers of

similar size and functionality, we found that the regularly alternating polymers were more

effective antimicrobial agents.

I1. Results

I1.1 Synthesis of ROMP/AROMP Monomers

Cyclobutene monomers (8e-8g) were synthesized through their respective acyl
chlorides (Scheme 4-2). 1-Cyclobutenecarboxylic chloride 19 was prepared by reacting
I-cyclobutenecarboxylic acid with oxalyl dichloride. The coupling of 19 with different
alcohols in the presence of trimethylamine (TEA) generated esters 8e, 8f or 8g,
respectively. 4-Chlorobutylamine was coupled with 1-cyclobutenecarboxylic acid using
1-(3-dimethylaimopropyl)-3-ethylcarbodiimide hydrochloride (EDC-HCI) and pyridine to

generate 1-substituted cyclobutene amide 30.
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Alternating Copolymers
_N (H2C)4—Q,

N (H;C)4—0, )

Acopolymer-1 Acopolymer-2 Acopolymer-3

\®
TN=(HL)am0 (H2C)s—0Q H3N(HZC)4O (HoN),C= HN (H,C),0

@%ﬁ@ N

Acopolymer-4 Acopolymer-5 Acopolymer-6 Acopolymer-7

Random Copolymers Homopolymers

\®
—N=(HC)uNH o W

\ /
n Ph

h % Ph

Ph
Rcopolymer-8: n
Rcopolymer-9: n
Rcopolymer-10: n

Homopolymer-11: n =4 Homopolymer-13: n = 4
Homopolymer-12: n = 8 Homopolymer-14: n = 8

=4
=8
=25

Scheme 4-1. Structures of antimicrobial Acopolymer-1 to Homopolymer-14.

Cyclohexene monomers (20k and 20m) were prepared via coupling of 3-
cyclohexenecarboxylic acid with n-propyl amine or n-octylamine in the presence of
EDC-HCI/DIEA (Scheme 4-3). Hydrobromination of 1,5-cyclooctadiene was achieved
through a reaction with HBr/acetic acid to generate 5-bromocyclooctene 31 (Scheme 4-
4)*>*" The bromide group in 31 was substituted with a cyanide group to form 5-
cyanocyclooctene 32.*** Compound 32 was hydrolyzed in a basic solution to generate 4-
cyclooctenecarboxylic acid 33. 5-Substituted cyclooctene ester 34 was made by reaction
of its corresponding acyl chloride with 4-chlorobutanol in the presence of DIEA (Scheme

4. 4)'348
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O /\/\/
ERLO
7e
Ho/\/\/CI
TEA, CH,Cl,
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ERL OH " Oxalyl dichloride Eﬁx\ ¢’ HO - ERL
- TEA, CH,Cl,
7f
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CH,Cly, 0°Ctort
NHBoc

=

NHBoc
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O
OH NHCHyCH,CH,CH,CI N/\/\/
EDC-HCI, pyridine _ H

CH,Cl,

Scheme 4-2. Synthesis of 1-substituted cyclobutene monomers.

EDC-HCI, DIEA

CH,Cl,
@)
N/\/\
H
20m

Scheme 4-3. Synthesis of 4-substituted cyclohexene monomers.

OH
CH,CI,
n-octylamine
EDC-HCI, DIEA
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HBr/HAC NaCN
to DMSO

100 °C
31 Br 32 CN

KOH/H,05 | H,0, reflux

1) oxalyl dichloride,
CH,Cl,

gl
-

2) HOC4HgCl,
COOC4HgCI DIEA, CH,Cl, COOH
34 33

Scheme 4-4. Synthesis of 5-substituted cyclooctene monomer.

I1.2 AROMP of 1-Substituted Cyclobutene Esters and Cyclohexenes

Alternating copolymers Intermediate-1 to Intermediate-7 were prepared
according to the AROMP methodology described in Chapter 3,>”° with high monomer
conversion yields (90-96%). AROMP of I-substituted cyclobutene ester 8e and
cyclohexene 20a was performed using catalyst 5 in CD,Cl,; at rt to reach 90% conversion
in 5 h (Table 4-2). AROMP of 1-substituted cyclobutene ester 8¢ and cyclohexene 20a
was also performed using catalyst 25 in CDCl; at 50 °C to obtain 92% conversion in 4 h
(Table 4-2). It took 2-5 h for AROMP of 1-substituted cyclobutene ester 8e and 4-
substituted cyclohexenes 20i, 20k or 20m using catalyst 5 in CDCIl; at 50 °C to achieve
92-96% conversion (Table 4-2). And 95-97% conversion was achieved for AROMP of 1-
substituted esters 8f or 8¢ and cyclohexene 20a in CDCl; at 50 °C (Table 4-2).

Their alternating structures were confirmed based on the fact that the proton
integration ratios between peaks at 6.8 ppm and 5.4 ppm are around 1:2 in 'H-NMR
spectra of Intermediate-1 to Intermediate-7 (Figure 4-8). In Chapter 3, we
demonstrated that AROMP catalyzed by catalyst 25 provides a cyclic alternating
copolymer. Therefore, AROMP of cyclobutene 8e and cyclohexene 20a generated cyclic
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alternating polymer Intermediate-5, and its cyclic structure was confirmed by the

disappearance of a terminus phenyl proton peak in the '"H-NMR spectrum (Figure 4-8).

(o]
) mﬁ@%
o] OR4 —
50r25 -
= o o K O
2

CD,Cl, or CDCl,
8e: Ry = CH,CH,CH,CH,CI @\Rz
8f: Ry = CH,CH,CH,CH,NHBoc
8g: Ry = CH,CH,N=C(NHBoc), 20a: R, =H
20i: R, = CH,
20k: R, = CONHCH,CH,CH,
20m: R, = CONH(CH,);CHs
A B Cat. [Ru] [A]:[B]:[Ru] Rxn Prod. %
(M) time (h) conv’
8e 20a 5 0.01 25:50:1 5 Intermediate-1 90°
8e 20i 5 0.01 25:50:1 2 Intermediate-2 92¢
8e 20k 5 0.01 25:50:1 3 Intermediate-3 92°¢
8e 20m 5 0.01 25:50:1 5 Intermediate-4 96°¢
8e 20a 25 0.01 25:50:1 4 Intermediate-5 92°¢
8f 20a 5 0.01 25:50:1 2 Intermediate-6 97°¢
8g 20a 5 0.01 25:50:1 2 Intermediate-7  95°

Table 4-2. AROMP of I-substituted cyclobutene esters with cyclohexenes. All
AROMP reactions were monitored by 'H-NMR spectroscopy. “Percent conversion
determined by integration of "H-NMR spectra unless specified otherwise. “Reaction
was performed in CD,Cl, at rt. “Reaction was performed in CDCl; at 50 °C. The
monomer feed ratio was 25:1, and the final degree of polymerization (DP) was around
4.

The molecular weights and PDIs of the above polymers were characterized by
GPC using polystyrene standards (Table 4-3). Due to the existence of backbiting in
AROMP, all of the polymers exhibited lower molecular weights than expected and broad
PDIs (1.3-2.4).27

Substitution of the chlorides with trimethylamine provided amphiphilic polymers
Acopolymer-1 to Acopolymer-5 (Figure 4-9). The degree of substitution was measured
via 'H-NMR spectrum analysis and found to be greater than 99% (Figure 4-10).
Acopolymer-6 and Acopolymer-7 were prepared from Intermediate-6 and
Intermediate-7, respectively, by quantitative deprotection of the Boc groups using

trifluoroacetic acid (TFA) (Figure 4-9 and Figure 4-11).
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Polymer Calcd. M," PSS M, PSS M, PDI’

Intermediate-1 6874 2154 3945 1.8
Intermediate-2 7225 1265 3012 2.4
Intermediate-3 9002 1436 2323 1.6
Intermediate-4 10755 1443 2298 1.6
Intermediate-5 6874 1327 2812 2.1
Intermediate-6 8891 2141 2885 1.3
Intermediate-7 11744 2235 3591 1.6

Table 4-3. Polymerization results. “Calculated M, was calculated based on conversion
yields of monomers. "Molecular weight and PDI were determined by GPC using
polystyrene standards.

§:@ CDCly @;:<C OR %:@

\ JJ/A\ Intermediate-1 J\U
PSPV Y, V.

o memates N
] PN IntermediatM
IJM Intermediate-5 J\/\\
.
/" \ Intermediate-6

ANJ/\/L Intermediate-7

7.5 7.4 7.3 7.2 71 7.0 6.9 6.8 6.7 6.6 6.5 5.6 5.5 5.4 5.3 5.2 5.1 5.(
NMR chemical shift (ppm)

|

Figure 4-8. 'H-NMR spectra of Intermediate-1 to Intermediate-7.
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0
o 0 ORs
0 OR, NMes, H,0, CH,CN _/’é{iO/R:B
ORy 70°C _ R{ 4 @

Intermediate-1: Ry = CH,CH,CH,CH,Cl, R, = H Acopolymer-1: R, = CH,CH,CH,CH,NMe,Cl, R, = H
Intermediate-2: Ry = CH,CH,CH,CH,CI, R, = CH3 Acopolymer-2: Ry = CH,CH,CH,CH,NMe;Cl, R, = CHj3
Intermediate-3: Ry = CH,CH,CH,CH,CI, R, = CONHCH,CH,CHj; Acopolymer-3: Ry = CH,CH,CH,CH,NMe;Cl, R, = CONHCH,CH,CHj3
Intermediate-4: Ry = CH,CH,CH,CH,CI, R, = CONH(CH,);CHj3 Acopolymer-4: Ry = CH,CH,CH,CH,NMe;Cl, Ry = CONH(CH,);CH3
Q % or,
OR, NMe;, H,O, CH3CN
- 70°C A
4 >
Intermediate-5: Ry = CHyCH,CH,CH,Cl Acopolymer-5: Ry = CH;CH,CH,CH;NMe;Cl
Q
Q o} OR
0 OR, OR, A
OR¢. = TFA, rt 2 A
_ 4 —_—=
Intermediate-6: R, = CH,CH,CH,CH,NHBoc Acopolymer-6: R3 = CH,CH,CH,CH,NH;*CF3CO0O"

Intermediate-7: R; = CH,Ch,N=C(NHBoc), Acopolymer-7: R3 = CH,CH,NH*=C(NH,),CF3CO0

Figure 4-9. Synthesis of Acopolymer-1 to Acopolymer-7.

Acopolymer-1

a 50H 50 H

d e
5H 25 H 4§H

I Y A N

7.6 7.3 7.0 6.7 5.4 4.3 4.0 3.7 3.4
NMR chemical shift (ppm)

Figure 4-10. 'H-NMR spectrum of Acopolymer-1.
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I1.3 ROMP of 1-Subsituted Cyclobutene Amides and Cyclooctene

U and  cis-cyclooctene™  undergo efficient

Both 1-cyclobutene amide
homopolymerization using catalyst 5. We expected that ROMP of an equimolar mixture
of 1-cyclobutene amide and cis-cyclooctene using catalyst 5 would provide random
copolymers containing a mixture of poly(l-cyclobutene amide), 44, and poly(cis-
cyclooctene), BB, blocks and alternating, 4B, structures. We subjected 1-cyclobutene
amide 30 and cyclooctene to ROMP in CD,Cl, at rt using catalyst 5 (Table 4-4).
Intermediate-8 through Intermediate-10 were obtained with greater than 99%
conversion. Random copolymerization showed excellent molecular weight control, but

bad PDI control (1.4-2.5) (Table 4-4). Cationic polymers Rcopolymer-8 to Rcopolymer-
10 were synthesized via the substitution of the chlorides with trimethylamine (Table 4-4).

o , ° 2 COOR
w%)ko/\/N\ NH ¢ g =3
b HN_o =/ o hoi
d © %

Intermediate-7

N VA

Acopolymer-7

n “ d+g+h+| e+f
_JL N

31
NMR chemlcal shi ft(ppm)

Figure 4-11. "H-NMR spectra of Intermediate-7 and Polymer-7.
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The random nature of the polymer backbones of Intermediate-8 to
Intermediate-10 was confirmed by 'H-NMR spectroscopy (Figure 4-12) and 'H-'H
gCOSY spectroscopy (Figure 4-13). In the 'H-"H gCOSY spectrum of Intermediate-10,
several couplings between a trisubstituted olefin proton and its adjacent CH, protons, or
between a disubstituted olefin proton and its neighboring CH, protons corresponding to
the A4, BB and AB repeats were observed. The multiple couplings confirm the random

polymer backbone structure of Intermediate-10.

o] o] 0
E)LNHR1 cyclooctene %\_/_\_/:CI\I/I-%Q NHR,
CD,Cly nPh NMes, H,0, CH,CN o Ph
70 °C

30

Intermediate-8: n =4 Rcopolymer-8: n = 4
R GHACHZGHGHANMe,C! Intermediate-10.n = 25 Eﬁﬁgﬁliﬁiﬁ?b?ifzs
A B Cat.  [Ru] [A]:[B]:[Ru] Rxn Prod. % conv*
M) time (h)
30 35 5 0.01 4:4:1 2 Intermediate-8 >99
30 35 5 0.01 8:8:1 2 Intermediate-9 >99
30 35 5 0.01 25:25:1 2 Intermediate-10 >99

Table 4-4. Synthesis of Rcopolymer-8 to Rcopolymer-10. All ROMP reactions were
performed in CD,Cl, and monitored by 'H-NMR spectroscopy at rt. “Percent
conversion determined by integration of "H-NMR spectra unless specified otherwise.

I1.4 ROMP of 1-Substituted Cyclobutene Amides

Previously, we demonstrated that ROMP of 1-substituted cyclobutene amides

yields homopolymers with translationally invariant backbones.'"!

Homopolymers
Intermediate-11 and Intermediate-12 were synthesized through ROMP of 1-substituted
cyclobutene amide 30 using catalyst 5 in CD,Cl, at rt with greater than 90% conversion
(Table 4-6). The sterecoregular and regioregular polymer backbones of Intermediate-11
and Intermediate-12 were confirmed by "H-NMR analysis (Figure 4-14). Molecular
weights of polymers Intermediate-11 and Intermediate-12 characterized by GPC are
close to the expected values. Homopolymer-11 and Homopolymer-12 were prepared

through substitution of the chlorides with trimethylamine.
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Figure 4-12. 'H-NMR spectra of Intermediate-8 to Intermediate-10.

I1.S ROMP of 5-Substituted Cyclooctene Esters

ROMP of 5-substituted cyclooctene 34 was performed in CD,Cl, at rt using
catalyst 5 to generate polymers Intermediate-13 and Intermediate-14. Within 4 h, more
than 99% conversion was achieved (Table 4-7). The structures of Intermediate-13 and
Intermediate-14 were confirmed by 'H-NMR analysis (Figure 4-15). Polymers

Intermediate-13 and Intermediate-14 exhibited reasonable molecular weight and PDI
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control (Table 4-7). The substitution of the chlorides in Intermediate-13 and

Intermediate-14 with trimethylamine yielded Homopolymer-13 and Homopolymer-14.

AA motif AB motif
CONHC HCl
CONHCHCl
50 _
: 5.2 E
JORL ) 54 =
(Hd) (H,c) 56
£ 5.8 E
@it 6.0 5
S, 62 ©
(H, a) 3 &«
(H, b) 64 2
L 6.6
2.4 2.2 2.0 1.8 1.6
NMR chemical shift (ppm)
Figure 4-13. 'H-"H gCOSY spectrum of Intermediate-10.
Polymer Caled. M, PSS M, PSS M, PDI’
Intermediate-8 1295 830 1183 1.4
Intermediate-9 2495 2800 7042 2.5
Intermediate-10 7575 9363 20004 2.1

Table 4-5. Polymerization results. “Calculated M, was calculated based on conversion
yields of monomers. "Molecular weight and PDI were determined by GPC using
polystyrene standards.
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0 5 ) 0
ey g
30 CD,Cl, nPh  NMe;, H,0, CH;CN n Ph
; = 70 °C R
. Intermediate-11: n =4 Homopolymer-11: n =4
g; 852855852%523%30 Intermediate-12: n = 8 Homopolymer-12: n =8
[Ru] [A]:[Ru] Rxn Prod. % conv” Calcd. PSS M," PDI
(M) time (h) M,
0.01 4:1 4 Intermediate-11 93 855 589 35
0.01 8:1 3 Intermediate-12 92 1606 2052 1.3

Table 4-6. Synthesis of Homopolymer-11 and Homopolymer-12. All ROMP
reactions were performed in CD,Cl, and monitored by 'H-NMR spectroscopy.
“Percent conversion determined by integration of "H-NMR spectra unless specified
otherwise. “Calculated M, was calculated based on conversion yields of monomers.
“Molecular weight and PDI were determined by GPC using polystyrene standards.

CIC4HgHN

d f+g

Intermediate-11
a+b c

oo A

Intermediate-12

VNS \

78 7.5 7.2 6.9 6.6 6.3 6.0 3.7 34
NMR chemical shift (ppm)

Figure 4-14. "H-NMR spectra of Intermediate-11 and Intermediate-12.
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0 0
5 OR; OR
_—

COOR; CD,Cl, n @ NMes, H,0, CH30N' n
34 70 °C
R4: CH,CH,CH,CH,CI Intermediate-13: n = 4 Homopolymer-13: n = 4
Ro: CH,CH CH,CHoNMeCl Intermediate-14: n = 8 Homopolymer-14: n = 8
[Ru] [A]:[Ru] Rxn Prod. % conv’ Caled. PSS M, PDI
(M) time (h) M,
0.01 4:1 1 Intermediate-13 99 1083 1265 1.33
0.01 8:1 1 Intermediate-14 99 2062 2256 1.23

Table 4-7. Synthesis of Homopolymer-13 and Homopolymer-14. All ROMP
reactions were performed in CD,Cl, and monitored by 'H-NMR spectroscopy.
“Percent conversion determined by integration of "H-NMR spectra unless specified
otherwise. “Calculated M, was calculated based on conversion yields of monomers.
“Molecular weight and PDI were determined by GPC using polystyrene standards.

I1.6 Antimicrobial Activity and Selectivity

The antimicrobial activities of all the amphiphilic polymers (Acopolymer-1 to
Homopolymer-14) were measured against six different bacteria, Pseudomonas
aeruginosa (P. aeruginosa), Escherichia coli (E. coli), Bacillus cereus (B. cereus),
Staphylococcus aureus (S. aureus), Enterococcus faecalis (E. faecalis), and Enterococcus
faecium (E. faecium) (Table 4-8). The minimal inhibitory concentrations (MIC) required
to completely inhibit bacterial growth after 18 h at 37 °C were determined. As a measure
of host cell cytotoxicity, hemolysis of sheep red blood cells was performed by measuring
the polymer concentrations at which 50% lysis occurred. The antimicrobial selectivity is

defined as the ratio of the HCs( values over the corresponding MIC value.
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Polymer MIC (pg/mL)

P. E. coli B.cereus S aureus  E.faecalis  E. faecium HCs

aeruginosa  ATCC ATCC ATCC ATCC ATCC (ng/mL)

ATCC27853 25922 10987 25923 19433 19434
Acopolymer-1 160 40 12 6 10 10 256
Acopolymer-2 >256 160 40 12 24 24 768
Acopolymer-3 >256 >256 64 32 128 64 >1024
Acopolymer-4 >256 256 24 24 24 24 192
Acopolymer-5 256 64 40 12 20 20 1024
Acopolymer-6 192 64 96 48 64 32 1024
Acopolymer-7 32 12 12 6 12 12 512
Rcopolymer-8 >256 >256 32 16 16 16 512
Rcopolymer-9 >256 256 32 16 16 16 >1024
Reopolymer-10 | 256 >256 48 24 24 24 >1024
Homopolymer-11 | >512 >512 >512 384 >512 >512 >2048
Homopolymer-12 | >512 >512 320 288 320 320 >2048
Homopolymer-13 | 128 32 12 8 8 8 379
Homopolymer-14 | >256 64 16 8 8 8 443

Table 4-8. Antibacterial and hemolytic activities of Acopolymer-1 to Homopolymer-
14. All the MIC and HCsy data were characterized by Dr. Stephen Walker. The data
shown are the average of triplicate measurements for each of two independent
samples.

I1.7 Lipid Vesicle Dye Leakage Experiments

In dye leakage experiments, POPE/POPG (3/1), cardiolipin (CL) and DOPC
vesicles were applied to mimic E. coli, S. aureus and human red blood cell lipid
membranes (Figure 4-16). The mixture of lipid and calcein dye in phosphate buffer was
stirred for 1 h, followed by five freeze-thaw cycles and extrusion through a polycarbonate
membrane (Whatman, pore size 100 nm). Lipid vesicles containing calcein dye were
separated from extracellular calcein dye via gel filtration (Sephadex G-25 resin). The
vesicle size was characterized by dynamic light scattering to be around 100 nm. The
vesicle solution was placed in a fluorescence cuvette, and background signals were

monitored by fluorescence for 1 min at 37 °C. Then a specific amount of polymer

113



aqueous solution was added to the above vesicle solution, and the subsequent
fluorescence change was recorded for 5 min. Trition X-100 (20%) was added to the
above solution to maximize dye leakage. Dye leakage percentage was calculated using
the equation: %dye leakage = 100[(/,-1y)/(Ix-1yp)], where I, is the fluorescence intensity
before the addition of samples, /; is the fluorescence intensity after addition of samples,
and [, is the fluorescence intensity after addition of Triton X-100 (20%). The dye leakage

percentage at 5 min for each polymer is listed in Table 4-9.

cl
COO(CH,)CI /_\—/

/—”ZL
ﬂ@%

f+g+th+i+j+k+tm+n

Intermediate-13 b+c

a

| MI _d.l.

Intermediate-14

75 70 65 60 55 50 45 40 25 20 15 10 05 00
NMR chemical shift (ppm)

Figure 4-15. 'H-NMR spectra of Intermediate-13 and Intermediate-14.
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2) freeze-thaw (G-25 resin)
f f 3) extrusion
e

Fluorescence cuvette

Polymer
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Dye release would be detected by Liposome Vesicle
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Figure 4-16. Lipid vesicle dye leakage experiments.

I1.8 Membrane Depolarization Assay

Normally a potential gradient (A¥) of around 140 mV at neutral pH is present
across the bacterial membrane. Disruption of the cytoplasmic membrane can depolarize
the membrane potential gradient and contribute to bacterial death.'*****> We assessed
whether the bacterial plasma membranes were depolarized by mimic polymers using a
membrane potential sensitive dye diSC;5 (3,3'-dipropylthiadicarbocyanine iodide).
DiSC;s5 intercalates into the cytoplasmic membrane of energized cells under the effect of
AY, and its fluorescence is quenched. Upon disruption of the potential, diSC;5 is

displaced into the buffer solution, and an increase in fluorescence is observed.
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Coincident with the membrane depolarization assay, we measured cell viability by
counting remaining colony forming units (CFU) to assess the relationship between
disruption of membrane potential and loss of survival. The membrane depolarization
assay and cell viability assay results for valinomycin (positive control), Acopolymer-1,

Rcopolymer-8, Homopolymer-11 and Homopolymer-13 are plotted in Figure 4-17.

%Dye leakage ([vesicle] = 4.5 uM)“
Polymer POPE/POPG (3/1) Cardiolipin DOPC ([Polymer]
([Polymer] =4 ([Polymer] =4 =1 ug/mL)
pg/mL) pg/mL)

Acopolymer-1 76 +5 65+2 83+3
Acopolymer-2 62+2 75+1 37+3
Acopolymer-3 37+3 20+ 1 9+9
Acopolymer-4 71+3 37+£2 50+1
Acopolymer-5 82 +1 49+ 1 37+4
Acopolymer-6 85+ 4 45+1 58+4
Acopolymer-7 98 +1 69 +4 85+4
Rcopolymer-8 23+7 50+1 28+2
Rcopolymer-9 47+ 1 34+3 41 +2
Rcopolymer-10 50+1 49+1 50+4
Homopolymer-11 19+1 13£2 2+1
Homopolymer-12 22+9 11+1 2+1
Homopolymer-13 92+5 59+£2 77+ 6
Homopolymer-14 80+2 51+1 65+7

Table 4-9. Dye leakage percentages of Acopolymer-1 to Homopolymer-14 after 5
min. “Dye release percentage was calculated relative to the fluorescence increase after
adding Triton X-100. The data shown are the average of triplicate measurements for
each of two independent samples.
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I1.9 Potassium Release Assay

Potassium release triggered by mimic polymers was investigated using K'-
sensitive fluorophore PBFI-AM (potassium-binding benzofuran isophthalate-AM)
(Figure 4-18). A stable fluorescence signal was achieved after adding PBFI-AM to the
bacterial suspension. The addition of SMAMP polymers to the bacterial suspension
generated potassium efflux in bacteria, and the released potassium ions bound to PBFI-
AM yielding an immediate increase in fluorescence. The fluorescence increase for each
mimic polymer was recorded for 16 min (Table 4-10), and the potassium release
percentage was calculated according to the equation: %potassium leakage = 100[(/-
1))/ (Lnax-Imin)], where I is the fluorescence intensity before addition of sample, /; is the
fluorescence intensity after addition of sample, 7,;, is the fluorescence intensity before
addition of valinomycin (positive control), and 7, is the fluorescence intensity 16 min

after the addition of valinomycin.

I1.10 Thin-section Transmission Electron Microscopy (TEM) of Bacteria

To visualize if and how our SMAMP polymers disrupted bacterial membranes,
thin-section TEM imaging of bacteria was undertaken. After treatment with or without
Acopolymer-1 (1xMIC or 10xMIC concentration), bacteria (E. coli or S. aureus) were

imaged by TEM, and the photograph comparison is shown in Figure 4-19.

III. Discussion

II1.1 Structure-Activity Relationship Analysis

First, we compared the efficacy of cationic groups. Both Acopolymer-1 and
Acopolymer-7 exhibited the best antimicrobial activities against all six different bacteria
and were most effective against Staphylcoccus and Enterococcus. Acopolymer-6 was
less effective than either. In a neutral buffer solution, the primary amine groups in

Acopolymer-6 are not completely protonated, whereas Acopolymer-1 and Acopolymer-
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6 are entirely positively charged at physiologic pH. Thus, these polymers behave like
many other antibacterial peptide mimics and positive charges enable attachment to
anionic bacterial membranes. The selectivities of Acopolymer-1 and Acopolymer-7 for
bacteria were as high as 40-80 in the case of S. aureus (Figure 4-20a). However, they
showed little to no selectivity for Pseudomonas which has a low permeability outer
membrane compared to other bacteria, in addition to active efflux pumps which eliminate
molecules that reach the cell membrane.*® We chose the trimethyl ammonium moiety
for use in additional analogs because it was straightforward to prepare and was stable.

We adjusted the amphiphilicity of the alternating polymers by attaching
increasingly hydrophobic groups, i.e., methyl, n-propyl carboxamide or n-octyl
carboxamide, at the 4-carbon of the cyclohexene monomers (Acopolymer-2, -3, and -4).
However, increasing the hydrophobicity from Acopolymer-1 to Acopolymer-4 did not
increase the antimicrobial activity (Figure 4-20b). Rather the more hydrophobic
polymers had lower antibacterial activities than that of Acopolymer-1. Interestingly,
increasing hydrophobicity did not increase erythrocyte lysis as has been observed with

.. 355
other mimics.

These results suggest that Acopolymer-1 may present the best
hydrophobic/hydrophilic balance at the microstructural level to effectively kill
bacteria.”

Backbiting reactions that occur during the AROMP reaction of cyclobutene and
cyclohexenes result in the formation of cyclic copolymers in addition to the desired linear
copolymers and the mixtures are difficult to separate even by gel permeation
chromatography. Therefore, we developed a method for preparing entirely cyclic
alternating polymer, Acopolymer-5 from the same monomers employed in the synthesis
of Acopolymer-1. Acopolymer-5 exhibited much lower antimicrobial activities than

Acopolymer-1 indicating that linear polymers are more efficient antimicrobial polymers

than their cyclic counterparts.
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Figure 4-17. Relationship between cytoplasmic membrane depolarization, as assessed
by the diSC;5 assay, and cell viability, as measured by the counting of CFU at the
same time as the membrane depolarization assay for E. coli (a) and S. aureus (b).
Solid curves represent data obtained from the diSC;5 assay, and dashed curves
represent data from the cell viability assay. O, Acopolymer-1 (16 ug/mL for E. coli;
4 pg/mL for S. aureus); *, Rcopolymer-8 (16 ug/mL for E. coli; 4 pg/mL for S.
aureus), ¥, Homopolymer-11 (16 pg/mL for E. coli: 4 pg/mL for S. aureus); | |,
Homopolymer-13 (16 pg/mL for E. coli; 4 ng/mL for S. aureus); A, Control (no
polymer was added). The pink solid line represents data obtained from the diSC;5
assay for valinomycin (10 pg/mL). The data shown are the average of triplicate
measurements for each of two independent samples.
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Bacteria cell Potassium release would be detected by
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= Conjugate of K-PBFI-AM (strong fluorescent)
. = Potassium ion

Figure 4-18. Potassium release assay.

Next, we tested whether the antimicrobial activities of Acopolymer-1 was due to
the precise spatial separation of the quaternary ammonium groups or to the global
hydrophobic/hydrophilic balance of the polymer. Random copolymers (Rcopolymer-8, -
9, and -10) contained unevenly distributed positive charges due to the random addition of
cyclobutene amide and cyclooctene amide to the growing polymer chain. The
antibacterial activities of the random copolymers were 2- to 4-fold lower than alternating
copolymers Acopolymer-1 and Acopolymer-7 (Figure 4-20c). These results strongly
suggest that the excellent antimicrobial activity of alternating copolymers is due to the
localized alternating structures. This requirement for alternating structure at the
monomer level is consistent with the high antibacterial efficiencies observed with aryl
oligomers.?*%->°

To further explore the correlation between spacer distance and antibacterial
activity two types of homopolymers were prepared. Homopolymers-11 and -12 were
prepared by ROMP of cyclobutene amide to provide a cation spacing of ~4A.
Homopolymers-13 and -14 were prepared by ROMP of cyclooctene in which the cation
spacing is ~8.4 A. The activities of these homopolymers were compared to that of
Acopolymer-1 which has an approximately 10.2 A cation spacer distance. Neither
Homopolymer-11 nor -12 had any antimicrobial activity (Figure 4-20d).
Homopolymers-13 and -14 exhibited antimicrobial activities and selectivities

comparable to but slightly lower than Acopolymer-1. Therefore, the distance between
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cations required for antibacterial activity is greater than 4A and a range of 8 to 10 A

appears optimal. This spacing requirement is consistent with the cation spacing (> 5 A) in

AMPs.
%Potassium release”

Polymer E. coli S. aureus
Acopolymer-1 47+5 77+6
Acopolymer-2 21+16 37+7
Acopolymer-3 18+ 10 19+2
Acopolymer-4 367 33+£5
Acopolymer-5 35+7 70+ 10
Acopolymer-6 49+ 19 73+17
Acopolymer-7 41 £ 17 42+4
Rcopolymer-8 27+ 14 18+5
Rcopolymer-9 21+7 24+5
Rcopolymer-10 19+9 3017
Homopolymer-11 8+1 7+1
Homopolymer-12 8+2 10+£3
Homopolymer-13 55+£8 69+ 13
Homopolymer-14 40+10 65+5

Table 4-10. Potassium release percentages of Acopolymer-1 to Homopolymer-14
after 16 min. “Potassium release percentage was calculated relative to the fluorescence
increase after adding valinomycin. The data shown are the average of triplicate
measurements for each of two independent samples.

Increasing the average number of cationic charges from 4 to 8 did not improve

efficacy, for example, Homopolymers-13 and -14 had identical activities (Figure 4-20d).

Moreover, the charge density may not be higher than every 8 A. Homopolymer-12

121



presents 4 cations separated by 8A, analogous to the spacing in Acopolymer-1 and
Homopolymer-13 (Figure 4-21). However, Homopolymer-12 has twice the charge
density of Acopolymer-1 or Homopolymer-13 with an average net total of 8 cations.
Therefore, the charge density may not be higher than every 8 A, and the spacer between
cations cannot be charged. Gellman and coworkers have observed an analogous effect of
charge density with random B-peptide copolymers.’* In their work, a high feed ratio of
cationic B-peptide compared to hydrophobic B-peptide results in regions of closely spaced
(~ 5 A) ammonium groups. It is suggested that inhibition of bacterial growth or
hemolysis by AMP mimics require a certain amount of lipophilicity.322 Homopolymers-
11 and -12 may contain too low lipophilicity to kill bacteria effectively as compared to

Homopolymers-13 and -14.
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Figure 4-19. Thin-section TEM images of bacteria. a: E. coli without treating with
Acopolymer-1; b: E. coli treated with 1xMIC of Acopolymer-1; c¢: E. coli treated
with 10xMIC of Acopolymer-1; d: S. aureus without treating with Acopolymer-1; e:
S. aureus treated with 1XMIC of Acopolymer-1; f: S. aureus treated with 10xMIC of
Acopolymer-1
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Figure 4-20. MIC and HCs, data for amphiphilic polymers. a) Alternating
copolymers with different cationic groups: ll, Acopolymer-1; , Acopolymer-6; M,
Acopolymer-7. b) Alternating copolymers with varying hydrophobic spacers: M,

Acopolymer-2; B, Acopolymer-3; , Acopolymer-4; B, Acopolymer-5. ¢)
Acopolymer-1 compared to random copolymers: M, Rcopolymer-§; M,
Rcopolymer-9; ', Rcopolymer-10. d) Acopolymer-1 vs homopolymers: H,

Homopolymer-11; ll; Homopolymer-12; ©°, Homopolymer-13; ll, Homopolymer-
14. The MIC data are the average of triplicate measurements with two independent
preparations of each polymer.

II1.2 Mechanism of Polymer Action

To further establish the relationship between structure and antimicrobial
properties, we selected Acopolymer-1, Rcopolymer-8, Homocopolymer-11 and
Homocopolymer-13 for further study. On average, each of these polymers has 4 cations
presented along their respective polymer backbones.  Therefore, study of their

mechanisms of action reports on the influence of spacing and backbone.
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Figure 4-21. Structure activity relationship for antimicrobial polymers. Polymers
containing longer spacing exhibit better antimicrobial activities.

Maximal release of diSCs5 after the addition of Acopolymer-1, Rcopolymer-8,
and Homopolymer-13 to both E. coli and S. aureus was observed within 10 min. This
timescale is similar to rate of depolarization induced by the antibiotic valinomycin
(Figure 4-17). After 15 min, E. coli cells treated with Acopolymer-1, Rcopolymer-8, or

Homopolymer-13 were no longer viable (Figure 4-17a). Cell viability decreases in
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parallel with membrane depolarization for E. coli suggesting that cell killing is closely
correlated with membrane potential disruption.

Loss of S. aureus survival upon addition of Acopolymer-1, Rcopolymer-8, and
Homopolymer-13 was slower than observed for E. coli. After 15 minutes, cell viability
was only reduced to 11%, 41% and 15% for Acopolymer-1, Rcopolymer-8, and
Homopolymer-13 respectively. The incomplete decrease in cell viability for S. aureus
demonstrates that membrane depolarization caused by Acopolymer-1 and Rcopolymer-8
is not sufficient to cause cell death, and other slower mechanisms, e.g., pore formation or
intracellular binding, may work together to trigger cell death. Acopolymer-1 killed S.
aureus more rapidly than Rcopolymer-8 (Figure 4-17b), and the faster killing kinetics of
Acopolymer-1 correlate with its lower MIC.

Over the course of one hour, very little membrane depolarization occurred upon
addition of Homopolymer-11, as expected based on its high MIC (Figure 4-17).
Furthermore, approximately 40-70% of bacteria survived after 15 min. The data suggest
that cell killing by Homopolymer-11 is very slow.

Next, we examined whether membrane disruption by the polymers is specific for
the types of lipids present in E. coli and S. aureus versus in red blood cell membranes.
We prepared lipid vesicles composed of POPE/POPG (3/1), cardiolipin (CL) and DOPC
vesicles that encapsulated calcein dye. Percent dye leakage was measured relative to
total lysis that was induced with 20% Triton X-100 (Figure 4-22a-c, Table 4-9). A
comparison of the level of lysis reveals that Acopolymer-1, Rcopolymer-8, and
Homopolymer-13 are not specific for the negatively charged POPE/POPG and
cardiolipin vesicles over the neutral DOPC vesicles. Vesicles are a simplistic model of
bacterial plasma membranes as they lack structural components and associated proteins
that appear to be important for specificity. Therefore the function of these polymers
requires more than a simple electrostatic interaction with the bacterial plasma membrane.
The low levels of vesicle lysis observed with Homopolymer-11 support the idea that a 8-
10 A cationic spacing and a certain amount of lipophilicity is critical for plasma

membrane disruption.
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Figure 4-22. a) Percent dye leakage from E. coli model membrane vesicles:
POPE/POPG = 3/1, [lipid] = 4.5 uM, [polymer] =4 pg/mL vs E. coli MIC. b) Percent
dye leakage from S. aureus model membrane vesicles: [CL] = 4.5 uM, [polymer] = 4
pg/mL vs S. auerus MIC. c¢) Percent dye leakage from red blood cell model
membrane vesicles: [DOPC] = 4.5 uM, [polymer] = 1 pg/mL vs HC50 data. d)
Percent potassium release vs MIC. Black symbols are for E. coli (MIC); red symbols
are for S. aureus (MIC); blue symbols are for red blood cells (HC50). O,
Acopolymer-1. A\, Rcopolymer-8. VV, Homopolymer-11. [, Homopolymer-13.
The data shown are the average of triplicate measurements for each of two
independent samples.

Release of potassium from the bacterial cell occurs upon disruption of the
membrane potential.”>'*** We investigated the levels of postassium release incurred by
our polymers using potassium ion sensitive fluorophore, potassium-binding benzofuran
isophthalate-AM (PBFI-AM). Percent potassium release was measured 16 minutes after
the addition of polymer and reported relative to valinomycin (100%) (Figure 4-22d,

Table 4-10). Acopolymer-1 and Homopolymer-13 were the most effective at causing a
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high (> 50%) level of potassium release consistent with their lower MICs. Thus, the
ability to disrupt membrane potential correlates with potassium release.

To determine to what extent Acopolymer-1 disrupts bacterial lipid membranes,
thin-section TEM was employed (Figure 4-19). The cell surface of E. coli and S. aureus
bacteria treated with Acopolymer-1 (1xMIC or 10xMIC) exhibited severely damaged
cell surfaces containing membrane blebs (Figure 6b, ¢, e and f) as compared to untreated
bacteria (Figure 4-19a and d). Similar levels of membrane disruption are observed with

antimicrobial peptide-treated bacteria.”’=>

IV. Summary

We conclude that an ordered microstructure is required for optimal antimicrobial
activity even in the context of a polymer backbone with irregular conformation.
Moreover, the spacer distance between neighboring ammonium groups must be greater
than 4 A and preferably 8-10 A. The longer spacer distance may improve the attachment
of the polymers to the bacterial membrane. Random copolymers do not have a uniform
spacer distance, but local regions within the polymer backbone may achieve optimal
cation spacing. Therefore, random copolymers exhibit moderate antimicrobial activities
compared to regularly spaced copolymers.

Like antimicrobial peptides and other mimics, the polymers prepared in this work
caused rapid membrane depolarization and potassium release, followed by cell death.
Ultimately the bacterial membrane is disrupted, but it is not clear whether the membrane
lysis is the cause or the effect of bacterial cell death (Figure 4-23). Loss of viability
occurs rapidly suggesting that these antimicrobial polymers can be used as contact

328,331

microbiocides. Future work will explore whether the Acopolymer-1 can be used in

a surface active format.

V. Future Perspectives

One future project will explore the antimicrobial activity of linear alternating

polymers. It is suggested that linear alternating polymer in Acopolymer-1 exhibit much
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higher antimicrobial activity than its cyclic counterparts. If we can develop a new
AROMP method to stop backbiting, linear alternating polymers with different DPs can be
synthesized, and the relationship between MIC and DP can be investigated.

The SAR analysis of polycyclooctene mimics in antimicrobial studies can be
further investigated. The antimicrobial activities of polycyclooctenes containing different
cationic groups, €.g., primary ammonium groups or guanidine groups, can be compared.
The amphiphilicity of polycyclooctenes can be adjusted by attaching varying
hydrophobic groups to the 6-position of cyclooctene.
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Figure 4-23. Proposed model for the bactericidal mechanism of action of mimic
polymers.
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Chapter 5

Vesicle Formation of Homo Polymers, Alternating Copolymers, and Random

Copolymers

I. Introduction

II. Results

III. Discussion

IV. Summary

V. Future Perspectives
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1. Introduction

It is very common for amphiphilic polymers to form micelles/vesicles in aqueous

. 360-375
solution.

In vesicles, the hydrophilic chains are exposed inside and outside the
hydrophobic membrane in aqueous solution, whereas polymer micelles contain only one
layer of membrane (Figure 5-1). Compared to liposomes, polymer vesicles exhibit better
properties, e.g., higher toughness, better stability or tailorable membrane properties.®”
Therefore, polymer vesicles have been routinely applied in encapsulation, nanoreactors or

I . - 361,363-364
stimuli-responsive drug delivery.”™"

Vesicles Micelles

Figure 5-1. Structures of vesicles and micelles.

Polymer micelles or vesicles have been prepared from various amphiphilic block

copolymers, such as polyethylene oxide (PEO),”’**" polybutadiene (PBD),***>*

389-392 393-395

polylactic acid (PLA),*"* polystyrene, polypropylene oxide (PPO),

384-388,396

polycaprolactone (PCL) and polynorbornene (PNB).*’ There are several factors

controling  the  self-assembly = morphology of block  copolymers: the

hydrophobic/hydrophilic balance, polymer concentration, polymer length, organic solvent

98

properties, salt concentration,”® solution pH and temperature.’®>*’ Besides control of

morphology, block copolymers with designed functionality have been applied to adjust

vesicle membrane fluidity, permeability, thickness and stimuli 1responses.363 399
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To the best of our knowledge, only one example has been reported discussing
micelle/vesicle formation of amphiphilic alternating copolymers, which were made by
atom transfer radical polymerization (ATRP) (Figure 5-2).** Wu et al. reported that
alternating polymers containing hydrophobic maleate esters and hydrophilic hydroxy

364

vinyl ethers self-assembled to form vesicles (2-15 nm).”™ They also characterized the

encapsulation and release properties of these alternating polymer vesicles.’®

HO

Figure 5-2. Alternating copolymers made from ATRP.

Stimuli-responsive polymer vesicles have been developed based on vesicle
membranes. Stimuli include hydrolysis, oxidation, reduction, pH, temperature and
light.**'** The Armes’ group found that the size of PMPC-b-PDPA polymer vesicles
varied with pH change (Figure 5-3).393490 At low pH (2 - 5.5) vesicle formation was not
observed, whereas, at pH > 6 vesicles (hydrodynamic diameter Dy, = 140 nm) were
observed by both TEM and dynamic light scattering (DLS).

In our group, we synthesized a series of amphiphilic homopolymers, alternating
copolymers, and random copolymers (Acopolymer-1 to Homopolymer-14). We
observed that these polymers self-assemble to form vesicles in aqueous solution. Using

DLS, we monitored their change in size as a function of pH or salt concentration. Wall
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thickness of the vesicle was studied by synchrotron small angle neutron scattering

(SANS).

o 0 —
0P\
S0 @\
pH=2 pH=7

Figure 5-3. pH-sensitive block copolymers.

I1. Results

One interesting phenomenon observed from these cationic polymers is that they
self-assembled to form vesicles in aqueous solution. Their hydrodynamic diameters in
aqueous solutions were characterized by DLS, and are shown in Figure 5-4. Changes in
Dy, of the vesicles as a function of pH and NaCl concentration are plotted in Figure 5-5
and Figure 5-6, respectively. Shapes of these vesicles were imaged by TEM (Figure 5-7).
Wall thickness of the Acopolymer-1 vesicle was characterized by SANS.

III. Discussion

We observed by DLS and TEM that all our amphiphilic polymers (Acopolymer-1
to Homopolymer-14) self-assembled to form vesicles in aqueous solution (Figure 5-4
and Figure 5-7). Large vesicles (D, = 300-500 nm) were formed from alternating
copolymers (Acopolymer-1 to Acopolymer-7), while much smaller vesicles (D, = 10-
130 nm) were generated from random copolymers and homopolymers (Rcopolymer-8 to
Homopolymer-14). This suggests that the larger vesicles formed from alternating

copolymers is related to their alternating structures. Using SANS, the wall thickness of
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the Acopolymer-1 vesicle is around 37 nm in water (SANS data were characterized by

Dr. Shuo Qian at Oak Ridge National Lab).
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Figure 5-4. Hydrodynamic diameters (Dy) of Acopolymer-1 to Homopolymer-14.
[Polymer] = 0.1 mg/mL, pH = 7.0, [sodium phosphate] = 10 mM.

Changes in vesicle size as a function of pH were investigated for polymers
containing quarternary ammonium groups or primary ammonium groups (Figure 5-5).
Two protocols were applied to make vesicle solutions in buffer solutions: 1) dry
polymers were resuspended in the buffer solution; 2) a stock polymer solution (2 mg/mL)
in water was prepared first, followed by dilution into buffer solution ([PO4>] = 10 mM).
Both of these two protocols yielded the same results. For polymers containing
quarternary ammonium groups (Acopolymer-1 and Homopolymer-12), the

hydrodynamic diameters (Dy) of their vesicles remained constant in the phosphate buffer
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solution (pH = 2-11). However, for polymers containing primary ammonium groups
(Acopolymer-6 and Acopolymer-7), at low pH (2-5), smaller (< 50 nm) or no vesicles
were observed, and at high pH (6-11), their vesicle size increased dramatically from 50 to
900 nm. The vesicle size change due to pH change for Acopolymer-6 and Acopolymer-7
is explained as a protonation-deprotonation process.**' When the pH is below 6,
Acopolymer-6 and Acopolymer-7 are protonated and become water-soluble. In contrast,
in neutral and basic solutions, the amine groups on Acopolymer-6 and Acopolymer-7
become hydrophobic due to the deprotonation, and as a result, larger vesicles are formed.
Although Acopolymer-1 and Homopolymer-12 contain positively charged quarternary
ammonium groups, they form stable vesicles probably due to the shielding of positive

charges by tetrasubstituted alkyl groups.*’*

1000
P L J
—@— Acopolymer-1
so0 4 Q- Acopolymer-6
______ Acopolymer-7 :
— A Homopolymer-12 e
600 :
£
c
2 400 -
200
0 - : . ' |
) 4 6 8 10

pH
Figure 5-5. Hydrodynamic diameters (Dy) vs pH of polymer solutions. [Polymer] =
0.1 mg/mL, [sodium phosphate] = 10 mM.
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The vesicle size change in water versus increasing NaCl concentration for
Acopolymer-1 was characterized by DLS (Figure 5-6). Two protocols were used to
prepare vesicles: 1) dry Acopolymer-1 was dissolved in water containing increasing
NaCl concentrations; 2) a concentrated Acopolymer-1 stock solution in water was
diluted into solutions of increasing NaCl concentrations. In the first protocol, the vesicle
was formed after the addition of aqueous solutions, and an increase in vesicle size was
observed with increasing ionic strength ([NaCl] = 0-1M). Increasing ionic strength
caused the increase of the vesicle aggregation number by screening the electrostatic
repulsions between chains, and larger vesicle sizes were observed. For the second
protocol, at low NaCl concentrations (0-200 mM), vesicle diameters decreased 7-8 fold
with increasing ionic strength. This may be because the addition of a small amount of salt
after vesicle formation will shrink the vesicle via shielding the electrostatic repulsions in

the charged corona (Figure 5-8).%

In water, at high NaCl concentrations (400-1000 mM),
a rapid vesicle size increase was observed with increasing ionic strength. The vesicle size
increase at high ionic strength could be due to the increase in polymer aggregation
number resulting from the stronger shielding of electrostatic repulsions among corona
chains (Figure 5-8). The above vesicle size change due to salt concentration change

suggests that polymer vesicles are nonequilibrium structures.

IV. Summary

Vesicle formation from amphiphilic polymers was observed by TEM and DLS.
The pH-sensitivity of these cationic polymers was characterized by DLS. Polymers
containing quarternary ammonium groups are resistant to pH changes. However,
polymers containing primary ammonium groups are sensitive to pH, and their size
change with pH change are consistent with protonation and deprotonation of primary
amine groups. By DLS, it was observed that vesicle size varied with ionic strength of the

polymer solution.
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V. Future Perspectives

the wall thickness of vesicles. The application of our polymer vesicles in drug delivery
can be explored. For example, drug molecules can be mixed together with Acopolymer-6
at low pH first. The pH of the solution can be slowly adjusted to 7, and higher drug
encapsulation can be achieved along with formation of vesicles as compared to the drug

encapsulation by mixing drug molecules and polymer vesicles at pH = 7.

Dh (nm)

Figure 5-6. Hydrodynamic diameters (Dy,) vs NaCl concentrations for Acopolymer-1.
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Figure 5-7. TEM images of Acopolymer-1 (a), Rcopolymer-10 (b), Homopolyme}-
12 (c) and Homopolymer-13 (d).
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Figure 5-8. Proposed mechanism of vesicle size change due to change in NaCl
concentration.
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I. Synthesis and Preparation of Compounds

Materials and General Procedures: Amino acids and coupling agents used were
purchased from Advanced Chem Tech. (Louisville, KY) or PerSeptive Biosystems
(Framingham, MA). Solvents and chemical reagents were obtained from Fisher Scientific,
Inc. (Springfield, NJ) or Sigma-Aldrich (Milwaukee, WI). Second generation Grubbs’
catalyst [(H2IMes)(PCy3;)Cl,Ru=CHPh] and ethyl 1-bromocyclobutanecarboxylate were
purchased from Aldrich (Cat # 569747 and 197297). (H,IMes)(3-Brpyr),Cl,Ru=CHPh 5
was prepared according to the literature.'”® Pyridine-Nolan’s catalyst 28 was prepared
according to the literature.””*® CH,Cl,, benzene, Et,O, THF and CH;OH were dried in a
GlassContour solvent pushstill system; Pentane was used without further purification. All
reactions were carried out under an Ar atmosphere in oven-dried glassware unless
otherwise specified. 1-Cyclobutenecarboxylic acid was synthesized according to the
literature.''"*** Analytical thin layer chromatography (TLC) was performed on precoated
silica gel plates (60F254), flash chromatography on silica gel-60 (230—400 mesh) and
Combi-Flash chromatography on RediSep normal phase silica columns (silica gel-60,
230400 mesh). TLC spots were detected by UV light and by staining with
phosphomolybdic acid (PMA). Inova400, Inova500 and Inova600 MHz NMR
Instruments were used to perform NMR analysis, and spectra were recorded in CDClj; or
CD-Cl, unless otherwise noted. 'H-NMR spectra are reported as chemical shift in parts
per million (multiplicity, coupling constant in Hz, integration). 'H-NMR data are
assumed to be first order. Copies of NMR spectra are available in the appendix. The
usual workup for ester or amide coupling reactions was three washes of the CH,Cl,
solution with 5% NaHCO;, followed by three washes with 1 N HCI and drying of the
CH,Cl; over Na,SO4. After evaporation of solvent, the final product was purified by flash
silica chromatography or Combi-Flash chromatography instrument (Teledyne Isco
company). LC-MS spectra were acquired on a Waters ACQUITY Ultra Performance
Liquid Chromatography system with an SQD detector using 10 cmx2.1 mm
ACQUITY™ BEH C18 (particle size = 1.7 um) column (Waters Corp, Milford, USA)
with elution by a linear gradient of 20-100% B at 0.5 mL/min, where 4 = water and

B =methanol. TEM images were acquired on FEI BioTwinG’ transmission electron
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microscope. High resolution mass spectra were obtained on Thermo Fisher Scientific

LTQ Orbitrap XL ETD.

PDI (Polydispersity Index) determination. The polymers (before flash column
chromatography purification) were dissolved in THF (0.5 mg/mL). An aliquot (100 pL)
of the polymer solution was injected and analyzed by gel permeation chromatography
using a Phenogel column (300 x 7.80 mm, 5 um, linear mixed bed, 0-40k MW range).
Elution was performed at 0.7 mL/min with THF and detection at 220 nm and 254 nm at
30 °C. Narrowly dispersed polystyrene standards from Aldrich were used as molecular
weight calibrants. The number average and weighted average molecular weights were

calculated from the chromatogram.

ESI-Mass analysis. The compounds were dissolved in CH,Cl, (0.1 mg/mL). ESI-
MS spectra were acquired on an Agilent 1100LC (API-ES)/MSD-VL instrument. Flow
injection analysis with positive mode was applied, and the running solvent system is

H,0:CH3CN:0.1%HCOH.

1.1 Synthesis of Monomers

Cyclobut-1-enecarboxylic Acid, 11. The acid (45% yield) was prepared according
to the literature.''*** "H-NMR (400 MHz) & 10.23 (bs, 1H), 6.94 (t, J=1.2 Hz,1H), 2.76
(t, 1=3.2 Hz, 2H), 2.51 (td, ]=3.2 Hz, 1.2 Hz, 2H). *C-NMR (100 MHz, CDCls) § 162.7,
146.5, 138.8, 51.2,29.3, 27.3.

CB-Gly-OMe, 6a. The amide (42% yield) was prepared as previously
described''!. "H-NMR (400 MHz) & 6.66 (s, 1H), 6.04 (s, 1H), 4.10 (d, J=5.2 Hz, 2H),
3.77 (s, 3H), 2.73 (m, 2H), 2.47 (m, 2H). "C-NMR (400 MHz, CDCl;) & 170.6, 162.7,
141.5, 140.9, 52.5, 40.9, 28.6, 26.5.

CB-Ala-OMe, 6b. H-Ala-OMe-HCI (0.61 mmol, 77 mg), 1-cyclobutenecarboxylic
acid (0.51 mmol, 50 mg) and I-ethyl-3-(3-dimethylaminopropyl) carbodiimide
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hydrochloride (EDC-HCl) (0.61 mmol, 117 mg) were dissolved in 2 mL CH)Cl.
Diisopropylethyl amine (DIEA) (1.0 mmol, 181 uL) was added at 0 °C, and the reaction
was stirred for 12 h at rt. The usual workup and chromatography (EtOAc:CH,Cl,/2:8)
yielded amide 6b (43 mg, 33%) as a white powder. 'H-NMR (400 MHz) § 6.65 (s, 1H),
6.11 (s, 1H), 4.66 (m, 1H), 3.76 (s, 3H), 2.72 (m, 2H), 2.47 (m, 2H), 1.44 (d, J=7.2, 3H).
3C-NMR (100 MHz, CDCl) & 173.9, 162.3, 141.8, 141.2, 52.9, 48.2, 29.1, 26.8, 18.7.
HRMS (ESI) calcd. for CoH ;2NO; [M+H]" 184.0974, found 184.0973.

CB-CONHCH,CH,OMe, 6c. H,CH,CH,OCH; (0.61 mmol, 46 mg), 1-
cyclobutenecarboxylic acid (0.51 mmol, 50 mg) and EDC-HCI (0.61 mmol, 117 mg)
were dissolved in 2 mL CH,Cl,. DIEA (1.0 mmol, 181 pL) was added at 0 °C, and the
reaction was stirred for 12 h at rt. The usual workup and chromatography (EtOAc:
CH,Cly/3:7) yielded 6¢ (29 mg, 44%) as a white powder. "H-NMR (400 MHz) & 6.60 (s,
1H), 5.92 (s, 1H), 3.50 (m, 4H), 3.36 (s, 3H), 2.69 (m, 2H), 2.45 (m, 2H). *C-NMR (100
MHz, CDCl;) 6 162.9, 141.6, 140.6, 71.4, 59.0, 38.9, 28.7, 26.3. HRMS (ESI) calcd. for
CgH14NO, [M+H]" 156.1025, found 156.1028.

CB-Glu(OtBu)-OMe, 6d. H-Glu(OtBu)-OMe-HC1 (0.61 mmol, 155 mg), 1-
cyclobutenecarboxylic acid (0.51 mmol, 50 mg) and EDC-HCI (0.61 mmol, 117 mg)
were dissolved in 2 mL CH,Cl,. DIEA (1.0 mmol, 181 pL) was added at 0 °C, and the
reaction was stirred for 4 h at rt. The usual workup and chromatography
(EtOAc:CH,Cly/3:7) yielded 6d (64 mg, 42%) as a white powder. 'H-NMR (500 MHz)
0.6.67 (s, 1H), 6.44 (d, J=7 Hz, 1H), 4.65 (m, 1H), 3.78 (s, 3H), 2.74 (t, J=3.0 Hz, 2H), 2.
48 (d, J=2.5 Hz, 2H), 2.34 (m, 2H), 2.17 (m, 1H), 2.03 (m, 1H), 1.46 (s, 9H). "C-NMR
(100 MHz, CD,Cl) & 172.8, 163.7, 142.3, 140.8, 81.1, 52.2, 51.7, 31.7, 28.5, 27.6, 26.5,
26.3. HRMS (ESI) calcd. for C15sH24,NOs [M+H]" 298.1654, found 298.1663.

CB-CONHCH,CH,CH,Ph(p-CHj3), 6e. NH,CH,CH,CH,Ph(p-CH3) (0.61 mmol,
91 mg), 1-cyclobutenecarboxylic acid (0.51 mmol, 50 mg) and EDC-HCI (0.61 mmol,
117 mg) were dissolved in 2 mL. CH,Cl,. DIEA (1.0 mmol, 181 pL) was added at 0 °C,

and the reaction was stirred for 4 h at rt. The usual workup and chromatography
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(acetone:CH,Cl,/1:9) yielded 6e (29 mg, 25%) as a white powder. 'H-NMR (400 MHz) &
7.10 (d, J=1.2 Hz, 4H), 6.49 (s, 1H), 3.29 (m, 2H), 2.61-2.64 (m, 4H), 2.43 (m, 2H), 2.31
(s, 3H), 1.82 (m, 2H). C-NMR (100 MHz, CD,Cl,) § 162.5, 142.1, 139.6, 138.8, 135.7,
129.4, 129.2, 128.5, 38.9, 33.1, 31.5, 29.9, 28.6, 26.2, 20.9. HRMS (ESI) calcd. for
C5H,0NO [M+H]" 230.1545, found 230.1543.

CB-CON(Me)CH,CO;Me, 7a. NH(CH3)CH,CO,CH3-HC1 (0.61 mmol, 85 mg),
I-cyclobutenecarboxylic acid (0.51 mmol, 50 mg), DMAP (0.10 mmol, 13 mg) and
EDC-HCI (0.61 mmol, 117 mg) were dissolved in 2 mL CH,Cl,. DIEA (1.0 mmol, 181
uL) was added at 0 °C, and the reaction was stirred for 16 h at rt. The usual workup and
chromatography (EtOAc:CH,Cly/1:9) yielded 7a (12 mg, 13%) as a white powder. 'H-
NMR (400 MHz) 6 6.53 (s, 1H), 6.33 (s, 0.47H), 4.22-4.11 (m, 2H+0.94 H), 3.77 (s,
0.94H), 3.74 (s, 2H), 3.22 (s, 3H), 3.03 (s, 1.41H), 2.85 (t, J=3.2 Hz, 2H), 2.78 (t, J=3.2
Hz, 0.94H), 2.48 (t, J=3.2 Hz, 2H), 2.45 (t, J=3.2 Hz, 0.94H). "C-NMR (100 MHz,
CDCl) 6 170.0, 169.9, 164.5, 164.1, 142.9, 141.1, 140.8, 52.3, 49.9, 37.1, 35.2, 31.6,
27.4. HRMS (ESI) calcd. for CoH4NO3 [M+H]+ 184.0974, found 184.0975.

CB-CO-piperidine, 7b. Bis(2-o0x0-3-oxazolidinyl)phosphinic chloride (BOP-CI)
(0.83 mmol, 211 mg) and 1-cyclobutenecarboxylic acid (0.75 mmol, 74 mg) were
dissolved in 3 mL CH,Cl,. DIEA (0.75 mmol, 134 plL) was added at 0 °C, and the
reaction was stirred for 2 h at rt. Piperidine (0.91 mmol, 77 mg) and diisopropylethyl
amine (DIEA) (0.75 mmol, 134 uL) were added into the solution, which was kept stirring
for another 20 h. The usual workup and chromatography (acetone:CH,Cl,/1:9) yielded 7b
(76 mg, 61%) as a white powder. 'H-NMR (500 MHz) & 6.40 (s, 1H), 3.62 (t, J=2.5 Hz,
4H), 2.85 (t, J=2.5 Hz, 2H), 2.49 (t, J=2.5 Hz, 2H), 1.69-1.58 (m, 6H). *C-NMR (100
MHz, CDCl3) 6 162.9, 141.5, 139.8, 47.0, 43.0, 32.0, 27.4, 24.8. HRMS (ESI) calcd. for
CioH1sNO [M+H]" 166.1232, found 166.1233.

CB-CO;Me, 8a. The methyl ester (50% yield) was prepared according to the
literature.”**' "TH-NMR (400 MHz) 86.74 (s, 1H), 3.68 (s, 3H), 2.69 (m, 2H), 2.46 (m,
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2H). C-NMR (100 MHz) § 162.7, 146.5, 138.8, 51.2, 29.3, 27.3. HRMS (EI) calcd. for
CsHgO> [M]" 112.05243, found 112.05228.

CB-CO,CH,CO;Me, 8b. 1-cyclobutenecarboxylic acid (0.51 mmol, 50 mg) and
BrCH,CO,CHj; were dissolved in 2 mL dry CH,Cl,. KI (0.10 mmol, 17 mg) and DIEA
(0.61 mmol, 108 pL) were added into the solution at 0 °C. The reaction was stirred
overnight at rt. The usual workup and chromatography (EtOAc:CH,Cl,/5:95) yielded 8b
(46 mg, 53%) as a sticky oil. 'H-NMR (500 MHz) & 6.92 (s, 1H), 4.69 (s, 2H), 3.79 (s,
3H), 2.80 (m, 2H), 2.53 (m, 2H). *C-NMR (100 MHz, CD,Cl,) & 168.4, 161.1, 148.4,
137.8, 60.3, 52.2, 29.2, 27.6. HRMS (ESI) calcd. for CgH;o0O4Na [M+Na]" 193.0477,
found 193.0485.

1-Cyclobutenecarboxylic chloride. 1-Cyclobutenecarboxylic acid (1.02 mmol,
100 mg) was dissolved in 1.5 mL dry CH,Cl,. The solution was cooled to 0 °C and
oxalyl dichloride (4.08 mmol, 345 uL) was added. The temperature of the solution was
raised to rt, and the mixture was allowed to react for 1 h. The solvent was evaporated to
generate 1-cyclobutenecarboxylic chloride as a viscous oil that was used immediately

without further purificaiton.

CB-CO,Ph, 8c. Phenol (0.51 mmol, 48 mg) and triethylamine (1.02 mmol, 142
uL) were dissolved in 0.5 mL dry CH,Cl,, and the solution was stirred at 0 °C for 45 min
before being added to a vial containing the 1-cyclobutenecarboxylic chloride. The
reaction mixture was stirred for 16 h at rt. The reaction was quenched with 1 N HCI, and
was extracted with CH,Cl, (30 mL). The CH,Cl, solution was washed with 5 % NaHCO;
(2x10 mL), dried over Na,SOs, concentrated by rotary evaporation, and then purified by
flash column chromatography (100% CH,Cl,) to yield 8¢ as a colorless oil (42 mg, 47%).
'H-NMR (100 MHz) § 7.42 (m, 2H), 7.28 (m, 1H), 7.14 (m, 2H), 7.02 (s, 1H), 2.88 (t,
J=3.0 Hz, 2H), 2.60 (m, 2H). "C-NMR (100 MHz) & 160.5, 150.8, 149.2, 138.3, 129.6,
125.9, 121.8, 29.5, 27.7. HRMS (EI) calcd. for CH;00, [M]" 174.0679, found 174.0681.
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CB-CO,PFP, 8d. 2,3,4,5,6-Pentafluorophenol (0.51 mmol, 94 mg) and
triethylamine (1.02 mmol, 142 pL) were dissolved in 0.5 mL dry CH,Cl,, and the
solution was kept stirring at 0 °C for 45 min before being added to a vial containing 1-
cyclobutenecarboxylic chloride. And then the reaction was stirred overnight at rt. The
reaction was quenched with 1 N HCI, and was extracted with 30 ml CH,Cl,. The CH,Cl,
solution was washed with 5 % NaHCOs; twice, and dried over Na,SOj, concentrated by
rotary evaporation, and then purified by flash column chromatography (100% CH,Cl,) to
yield 8d (59 mg, 44%) as a colorless oil. 'H-NMR (500 MHz, CDCls) & 7.12 (s, 1H),
2.86 (m, 2H), 2.60 (m, 2H). >C-NMR (125 MHz, CDCls) & 156.7, 152.6, 142.1, 140.3,
138.8, 138.3, 135.2, 53.3, 30.6, 29.2. HRMS (ESI) caled. for C;;H¢O,Fs [M+H]"
265.0293, found 265.0288.

CB-CO,C4HgCl, 8e. 4-Chlorobutanol (1.36 mmol, 148 mg) and triethylamine
(2.72 mmol, 379 puL) were dissolved in 1.0 mL dry CH,Cl,, and the solution was stirred
at 0 °C for 45 min before being added to a vial containing 1-cyclobutenecarboxylic
chloride. The reaction mixture was stirred for 16 h at rt. The CH,Cl, solution was
concentrated by rotary evaporation, and then purified by flash column chromatography
(60% CH,Cly/pentane) to yield 8e as a colorless oil (98 mg, 38%). '"H-NMR (500 MHz,
CDCl) & 6.73 (s, 1H), 4.11 (t, J=6.0 Hz, 2H), 3.54 (t, J=6.0 Hz, 2H), 2.68 (t, J=6.0 Hz,
2H), 2.43 (m, 2H), 1.81 (m, 4H). >C NMR (100 MHz, CDCl3) § 162.27, 146.69, 138.71,
63.31, 44.58, 29.31, 29.20, 27.20, 26.20. HRMS (ESI) calcd. for CoH4ClO, [M+H]"
189.0677, found 189.0674.

CB-CO,C4HsNHBoc, 8f. -Butyl 4-hydroxybutylcarbamate (1.22 mmol, 232 mg)
and pyridine (2.04 mmol, 164 puL) were dissolved in 1.0 mL dry CH,Cl,, and the solution
was stirred at 0 °C for 45 min before being added to a vial containing 1-
cyclobutenecarboxylic chloride. The reaction mixture was stirred for 16 h at rt. The
CH,Cl, solution was concentrated by rotary evaporation, and then purified by flash
column chromatography (acetone:CH,Cl,/5:95) to yield 8f as a colorless oil (170 mg,
62%). '"H NMR (400 MHz, CDCl3) & 8.56 (s, 2H), 6.78 (s, 1H), 4.20 (t, J= 8Hz, 2H), 3.67
(m, 2H), 2.69 (m, 2H), 2.42 (m, 2H), 1.44 (m, 2H). °C NMR (100 MHz, CDCls) &
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163.60, 161.92, 153.27, 147.52, 138.36, 83.38, 83.31, 79.54, 79.49, 77.54, 77.22, 76.90,
53.58, 39.75, 39.45, 37.33, 31.03, 29.21, 28.41. HRMS (ESI) calcd. for CisHxNO,
[M+H]" 270.1705, found 270.1693.

CB-CO,C,H4sN=C(NHBoc),, 8g. HOC,HsN=C(NHBoc), (0.51 mmol, 155 mg)
and pyridine (2.04 mmol, 164 pL) were dissolved in 1.0 mL dry CH,Cl,, and the solution
was stirred at 0 °C for 45 min before being added to a wvial containing 1-
cyclobutenecarboxylic chloride. The reaction mixture was stirred for 16 h at rt. The
CH,Cl, solution was concentrated by rotary evaporation, and then purified by flash
column chromatography (acetone:CH,Cl,/1:9) to yield 8g as a colorless oil (90 mg, 46%).
'H NMR (600 MHz, CDCl3) & 6.76 (s, 1H), 4.13 (t, J= 6 Hz, 2H), 3.15 (m, 2H), 2.71 (m,
2H), 2.46 (m, 2H), 1.68 (m, 2H), 1.55 (m, 2H), 1.43 (s, 9H). *C NMR (100 MHz, CDCls)
0 162.31, 156.19, 146.68, 138.93, 64.16, 53.72, 40.46, 31.10, 29.32, 28.60, 27.27, 26.22.
HRMS (ESI) calcd. for CigH30N306 [M+H]" 384.2129, found 384.2128.

CB-CH,OH, 12. 1-Cyclobutenemethanol, 12 was obtained by synthetic
procedures previously described in the literature”™' with major modifications using
DIBAL-H. Dry Et,0 (4.6 mL) was added to a solution of 7a (302 mg, 2.70 mmol) in dry
CH,Cl, (1.8 mL) and the solution was cooled to -78 °C. DIBAL-H (1.2 mL, 6.74 mmol)
was added dropwise to the solution. After stirring at -78 °C for 4 h, the reaction mixuture
was poured slowly into a mixture of Et,O (18.0 mL) and saturated aqueous potassium
sodium tartrate (70 mL). The mixture was stirred until both layers turned clear (30 min),
and the Et,O layer was separated. Additional Et;,O (18 mL x 2) was added to the
separated aqueous solution to extract the product. The combined Et,O extracts were dried
over anhydrous Na,SO,4. The solvent was carefully evaporated under reduced pressure
(10 mm Hg) and the residue was further purified by vacuum distillation (25 °C, 0.01 mm
Hg) using a Kugelrohr apparatus (92.4 mg, 45% yield). 'H-NMR (400 MHz, CDCl3) &
5.93 (m, 1H), 4.09 (m, 2H), 2.52 (m, 2H), 2.42 (m, 2H), 1.37 (t, J=6.0 z, 1H); "C-NMR
(100 MHz, CDCls) 6 148.7, 128.8, 61.6, 29.6, 27.1.
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CB-CH,0Ac, 9a. 3,3-Dimethylaminopyridine (DMAP) (29.1 mg, 0.238 mmol)
and DIEA (1.18 mL, 7.14 mmol) were added to a solution of 12 (200 mg, 2.38 mmol) in
dry CH,Cl; (5.0 mL) and cooled to 0 °C. Acetyl chloride (339 pL, 4.76 mmol) was added
dropwise to the solution at 0 °C. The reaction mixture was stirred at rt for 2 h. After the
reaction was complete, iced H,O (25 mL) was added slowly to the reaction mixture. The
mixture was extracted with CH,Cl, (50 mL x 2) and the combined organic extracts were
washed with 1N aq HCI (25 mL x 2), 5% aq NaHCO; (25 mL) and 10% aq NaCl (25
mL). The organic layer was dried over anhydrous Na,SO,4 and the solvent was evaporated
under reduced pressure. The residue was purified by silica column chromatography with
CH,Cl; to afford 9a (258 mg, 86%). The purified fractions were concentrated and diluted
with dry CH,Cl, and the solution was stored at -20 °C. '"H-.NMR (600 MHz, CDCls) &
5.86 (s, 1H), 4.42 (s, 2H), 2.44 (b, 2H), 2.34 (b, 2H), 2.00 (s, 3H); *C-NMR (100 MHz,
CDCl) & 170.71, 143.61, 131.53, 62.06, 30.05, 27.23, 20.76. HRMS (ESI) calcd. for
C;H;,0, [M+H]" 127.0754, found 127.0752.

1-Methoxycyclohexene, 20b. Cyclohexanone (0.19 mol, 20 mL) and p-
toluenesulfonic acid (0.97 mmol, 184 mg) were mixed together, and cooled to -20 °C.
Trimethoxymethane (0.21 mol, 23 ml) was added to the solution. The reaction was
allowed to react for 24 h at rt. The solution was distilled at 139 °C to yield 20b (13 g,
61%) as a colorless liquid. 'H-NMR (500 MHz, CDCls) & 4.55 (t, J=3.5 Hz, 1H), 3.42 (s,
3 H), 2.00 (m, 4H), 1.62 (m, 2H), 1.50 (m, 2H). "C-NMR (125 MHz, CDCl3) & 157.9,
95.5, 56.1, 30.3, 26.0, 25.5, 25.4. LC-MS (APCI): Peak time=1.59 min, m/z calcd for
C;H,30 [M+H]" 113.09, found 113.08.

4-(Methoxymethyl)cyclohexene, 20d. 3-Cyclohexene-1-methanol (8.92 mmol,
1.00 g) and NaH (17.8 mmol, 428 mg) were mixed in THF (30 mL) at rt, and the THF
solution was stirred for 1 h at rt. Mel (17.8 mmol, 1.10 mL) was added slowly into the
above THF solution. After stirring for 16 h at rt, the solution was diluted with water (30
mL), and then was extracted with diethyl ether (30 mL x 2). The organic layer was dried
over Na,SOs, was concentrated by rotary evaporation, and then was distilled to generate

the final product 20d as a colorless liquid (460 mg, 41%). "H-NMR (500 MHz) & 5.68 (m,

146



2H), 3.36 (s, 3H), 3.28 (dd, J=6.5 Hz, J=4 Hz), 2.06-2.14 (m, 3H), 1.92 (m, 1H), 1.83 (m,
1H), 1.75 (m, 1H), 1.29 (m, 1H). PC-NMR (100 MHz) & 127.2, 126.1, 78.0, 58.9, 34.0,
28.6, 25.8, 24.7. LC-MS (APCI): peak time = 1.59 min, M/z calcd for CgH;s0 [MJrH]+
127.11, found 127.10.

4,5-Bis(methoxymethyl)cyclohexene, 20e. Cyclohexene 21 (19.7 mmol, 3.0 g)
was dissolved in dry THF (25 mL), and the solution was cooled to 0 °C. The THF
solution (25 mL) of LiAlH4 (99 mmol, 3.8 g) was added dropwise to the above solution at
0 °C. After stirring at 0 °C for 4 h, the reaction mixuture was poured slowly into the
saturated aqueous Na,SOs (70 mL). The mixture was stirred until all white solid
precipitated. The solution was filtered, and extracted with EtOAc (60 mL X 3). The
combined EtOAc extracts were dried over anhydrous Na,SO4, and concentrated to yield
4-Cyclohexene-1,2-diyldimethanol 22 as a colorless oil. 'H NMR (600 MHz, CDCls) &
5.60 (s, 2H), 3.74 (m, 2H), 3.60 (m, 2H), 2.48 (s, 2H), 2.17-2.01 (m, 6H). Cyclohexene
22 (2.8 mmol, 398 mg) and KOH (19.8 mmol, 1.1 g) were dissolved in THF/H,O (4 mL,
v/v = 3/1). Me,SO4 (13.9 mmol, 1.8 g) was added to the above solution dropwise. The
solution was heated at 65 °C for 8 h. The mixture was filtered, and the supernatant was
diluted in H>O (10 mL). The aqueous solution was extracted with Et,O (30 mL X 3). The
combined Et,O extracts were dried over anhydrous Na,SO,, concentrated and purified by
silica column chromatography with (acetone:CH,Cl,/5:95) to afford 20e (166 mg, 35%
yield). '"H NMR (600 MHz, CDCls) & 5.58 (s, 2H), 3.35-3.24 (m, 10H), 2.12-1.89 (m,
6H). *C-NMR (100 MHz, CDCl3) & 125.6, 73.9, 58.6, 34.6, 27.4.

4-Cyclohexene-1,2-dicarboxylic acid, 23. The acid (99% yield) was prepared
according to the literature.*™ "H NMR (400 MHz, CD;0D) & 5.64 (s, 2H), 4.94 (s, 2H),
3.00 (m, 2H), 2.52-2.34 (m, 4H). °C NMR (100 MHz, CD,Cl,) & 176.8, 126.0, 40.2,
26.5.

1,1'-(4-Cyclohexene-1,2-diyl)bis(N,N-dimethylmethanamine), 20f. The amine
(75% yield) was prepared according to the literature.*”” '"H NMR (600 MHz, CDCl;) &
5.53 (s, 2H), 2.17-1.82 (m, 18H). °C NMR (100 MHz, CDCls) & 126.2, 60.6, 33.1, 28.3.
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N, N%-dioctyl-4-cyclohexene-1,2-dicarboxamide, 20g. n-Octylamine (5.8 mmol,
748 mg), cyclohexene 21 (2.6 mmol, 400 mg) and EDC-HCI (5.8 mmol, 1.1 g) were
dissolved in dry CH,Cl, (7 mL). DIEA (5.8 mmol, 1.0 L) was added at 0 °C, and the
reaction was stirred for 12 h at rt. The usual workup and chromatography (acetone:
CH,Cl,/1:9) yielded 20g (833 mg, 81%) as a white powder. "H-NMR (600 MHz, CDCls)
3 5.51 (s, 2H), 2.46 (m, 4H), 2.00-1.81 (m, 6H), 1.37-1.19 (m, 24H), 0.78 (t, ] = 0.6 Hz,
6H).

N,N*-(4-cyclohexene-1,2-diylbis(methylene))dioctan-1-amine, 20h. The amine
(95% yield) was prepared according to the similar procedure described in the literature.*”
'H NMR (600 MHz, CDCl3) § 5.75-5.63 (m, 2H), 3.34-2.91 (m, 4H), 2.57-2.47 (m, 4H),
2.35-1.78 (m, 6H), 1.50-1.29 (m, 24H), 0.90 (t, J = 0.6 Hz, 6H).

N-propyl 3-cyclohexenecarboxamide, 20k. 3-Cyclohexenecarboxylic acid (0.71
mmol, 90 mg), NH,CH,CH,CHj3 (0.86 mmol, 70 uL) and EDC-HCI (0.86 mmol, 164 mg)
were dissolved in CH,Cl, (3mL). DIEA (1.43 mmol, 252 uL) was added at 0 °C, and the
reaction was stirred for 16 h at rt. The usual workup and chromatography
(acetone/CH,Cl,/10:90) yielded N-propylcyclohex-3-enecarboxamide 20k as a white
powder (65 mg, 55%). 'H NMR (400 MHz, CDCl;) & 5.64 (m, 3H), 3.17 (dd, J= 8 Hz,
J=8 Hz, 2H), 2.30-1.93 (m, 5H), 1.87-1.81 (m, 1H), 1.72-1.59 (m, 1H), 1.43 (m, 2H),
0.87 (t, J= 8 Hz, 3H). °C NMR (100 MHz, CDCl;) & 175.93, 126.94, 125.61, 41.52,
41.22, 28.35, 25.97, 24.80, 23.07, 11.49. HRMS (ESI) calcd. for C;oH;sNO [M+H]"
168.1383, found 168.1379.

N-octyl 3-cyclohexenecarboxamide, 20m. 3-Cyclohexenecarboxylic acid (1.11
mmol, 140 mg), NHj-octyl (1.33 mmol, 220 pL) and EDC-HCI (1.33 mmol, 255 mg)
were dissolved in CH,Cl, (3mL). DIEA (2.22 mmol, 393 pL) was added at 0 °C, and the
reaction was stirred for 16 h at rt. The wusual workup and chromatography

(acetone/CH,Cl»/10:90) yielded N-octylcyclohex-3-enecarboxamide 20m as a white
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powder (215 mg, 82%). 'H NMR (400 MHz, CDCL3) & 5.77 (s, 1H), 5.63 (s, 2H), 3.18
(dd, J= 8 Hz, J=8 Hz, 2H), 2.33-2.00 (m, 5H), 1.86-1.82 (s, 1H), 1.70-1.60 (m, 1H), 1.43
(m, 2H), 1.22 (m, 10H), 0.82 (t, J= 8 Hz, 3H). *C NMR (100 MHz, CDCl;) & 175.89,
126.88, 125.59, 41.46, 39.56, 31.91, 29.81, 29.39, 29.33, 28.32, 27.05, 25.93, 24.79,
22.75, 14.19. HRMS (ESI) caled. for C;sHxsNO [M+H]" 238.2165, found 238.2160.

1-Methoxycyclopentene, 29b. Cyclopentanone (0.23 mol, 20 mL) and p-
toluenesulfonic acid (2.3 mmol, 430 mg) were mixed together, and cooled to -20 °C.
Trimethoxymethane (0.27 mol, 30 ml) was added to the solution. The temperature was
raised to rt, and the reaction was allowed to react for 24 h. Then the solution was kept
refluxing for 3 h. The solution was distilled at 110 °C to yield 29b (13 g, 58%) as a
colorless liquid. 'H-NMR (500 MHz, CDCl3) § 4.45 (m, 1H), 3.59 (s, 3H), 2.31 (m, 4H),
1.85 (m, 2H). >C-NMR (125 MHz, CDCl3) & 161.2, 94.0, 56.9, 32.0, 29.1, 21.6.

CB-CONHC4HgCI, 30. H,NCH,CH,CH,CH,OH (2.24 mmol, 200 mg) was
dissolved in benzene (2 mL). SOCI2 (500 pL) was added slowly into the solution to get
white precipitate. The solution was stirred at rt for 2h. The precipitate was filtered,
washed with benzene and dried under vacuum to generate H,NCH,CH,CH,CH,CI-HCI
(320 mg, 99%). H;NCH,CH,CH,CH,CI-HCl (2.24 mmol, 320 mg), 1-
cyclobutenecarboxylic acid (1.12 mmol, 110 mg) and EDC-HCI (1.35 mmol, 258 mg)
were dissolved in CH,Cl, (10 mL). Pyridine (4.49 mmol, 362 pL) was added at 0 °C, and
the reaction was stirred for 16 h at rt. The workup (washed with 1N HCI twice, and then
washed with brine twice) and chromatography (acetone:CH,Cl,/10:90) yielded 30 as a
viscous oil (98 mg, 47%). "H NMR (400 MHz, CDCl3) § 6.56 (s, 1H), 5.79 (s, 1H), 3.52
(t, J= 8 Hz, 2H), 3.28 (m, 2H), 2.63 (m, 2H), 2.41 (m, 2H), 1.75 (m, 2H), 1.65 (m, 2H).
C NMR (100 MHz, CDCl;) & 162.98, 141.55, 140.46, 44.75, 38.40, 29.96, 28.63, 27.22,
26.29. HRMS (ESI) calcd. for CoH;sCINO [M+H]" 188.0837, found 188.0835.

(2)-5-Bromocyclooctene, 31. The compound (75% yield) was prepared according
to the literature.**® "H NMR (500 MHz, CDCls) & 5.65 (m, 2H), 4.33 (m, 1H), 2.47-1.54
(m, 11H).
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(2)-4-Cyclooctenecarboxylic acid, 33. (Z)-4-Cyclooctenecarboxylic acid 33
(60% yield) was prepared according to the literature.”*® "H NMR (500 MHz, CDCl3) &
11.67 (s, 1H), 5.69 (m, 2H), 2.51-1.41 (m, 11H). °C NMR (125 MHz, CDCl;) & 184.6,
130.8, 129.5,43.4,31.6,29.4,27.9, 26.2, 24.2.

(2)-4-Chlorobutyl 4-cyclooctenecarboxylate, 34. 4-Cyclooctenecarboxylic acid
(1.04 mmol, 160 mg) was dissolved in 6 mL dry CH,Cl,. The solution was cooled to 0 °C
and oxalyl dichloride (4.16 mmol, 356 pulL) was added. The temperature of the solution
was raised to rt, and the mixture was allowed to react for 1 h. The solvent was evaporated
to generate a viscous oil. 4-chlorobutanol (1.04 mmol, 113 mg) and triethylamine (2.07
mmol, 287 pL) were dissolved in 6 mL dry CH,Cl,, and the solution was stirred at 0 °C
for 45 min before being added to a vial containing 4-cyclooctenecarboxylic chloride. The
reaction mixture was stirred for 16 h at rt. The CH,Cl, solution was concentrated by
rotary evaporation, and then purified by flash column chromatography (CH»Cl,) to yield
34 as a colorless oil (200 mg, 79%). 'H NMR (500 MHz, CDCls) § 5.64 (m, 2H), 4.03 (m,
2H), 3.51 (t, J = 15 Hz, 2H), 2.43-1.36 (m, 15H). °C NMR (125 MHz, CDCls) & 177.5,
130.4, 129.6, 63.6, 44.6, 43.5, 31.6, 29.4, 27.8, 25.9, 24.0. HRMS (ESI) calcd. for
C13H2Cl0, [M+H]" 245.1303, found 245.1298.

1.2 NMR Tube ROMP/ROM/AROMP Reactions

General Procedure for NMR Tube ROMP Reactions. An NMR tube was
evacuated for 15 min, and then was purged with Ar for another 15 min. Under an Ar
atmosphere, a solution of monomer in CD,Cl, (300 L) was added to the NMR tube. A
solution of precatalyst (H,IMes)(3-Br-Py),(CIl),Ru=CHPh in CD,Cl, (300 xL) was added
to the NMR tube. The stoichiometries of the reactions are indicated in Table 6-1. After
complete mixing of the solution, the NMR tube was placed into the 400 MHz, 500 MHz
or 600 MHz NMR spectrometer, and the reaction was monitored for several hours at 25
°C until almost all of the monomer had been consumed. Then the reaction was quenched

with ethylvinyl ether (50 x«L), and was monitored for an additional 1 h.
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Monomer

Polymer (0.06 mmol) Catalyst 5
6a; 6a 0.006 mmol
6b1o 6b 0.006 mmol
6¢19 6¢ 0.006 mmol
6d;o o6d 0.006 mmol
6e19 6e 0.006 mmol
n/a Ta 0.006 mmol
n/a 7b 0.006 mmol
n/a 8a 0.006 mmol
8b, 8b 0.06 mmol
n/a 8b 0.006 mmol
9a, 9a 0.006 mmol
9b1o 9b 0.006 mmol

Table 6-1. ROMP reactions monitored by 'H-NMR spectroscopy.

ROM of 8a: 13a and 14a. A solution of 8a (40.0 mg, 0.357 mmol) in dry CH,Cl,
(4 mL) was added to a solution of precatalyst 5 (474 mg, 0.536 mmol) in dry CH,Cl, (4
mL) at rt. The solution was stirred at rt for 20 h and ethylvinyl ether (5 mL, 52.2 mmol)
was added to the reaction mixture. After 60 min, the solvent was evaporated and the
residue was purified by silica column chromatography with CH,Cl,. The purified
fractions were evaporated to afford the product 13a and 14a (42.1 mg, 55% yield) with
E/Zmolar ratio 2.3/1. "H-NMR (600 MHz, CD,Cl,) 1-mer 13a Z-isomer & 7.36-7.19 (m,
5H), 6.47 (d, J=12.6 Hz, 1H), 6.15 (s, 1H), 5.68 (dt, J=11.4, 7.8 Hz, 1H), 5.60 (s,1H),
3.72 (s, 3H), 2.50 (m, 2H), 2.43 (m, 2H). 1-mer 14a E-isomer 6 7.36-7.19 (m, SH), 6.42
(d, J=16.2 Hz, 1H), 6.25 (dt, J=22.8, 6.0 Hz, 1H), 6.17 (s, 1H), 5.60 (s, 1H), 3.75 (s, 3H),
2.50 (m, 2H), 2.43 (m, 2H). C-NMR (100 MHz, CD,Cl,) 1-mer 13a Z-isomer & 167.9,
140.6, 138.1, 132.1, 130.8, 130.0, 129.3, 128.6, 127.2, 125.5, 52.2, 32.6, 28.0. 1-mer 14a
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E-isomer 6 168.0, 140.7, 138.1, 131.0, 130.3, 129.0, 128.7, 127.5, 126.5, 52.2, 32.4, 32.3.
LC-MS (APCI): Peak time=2.18 min, m/z calcd for C;4H;60; [M+H]" 217.12, found
217.21, m/z caled for Ci4H;5NaO, [MJrNa]+ 239.10, found 239.26, m/z calcd for
C13H130 [M-CH;0]" 185.10, found 185.14, m/z calcd for CoH;3 [M-CO,CH;3]™ 157.11,
found 157.15.

ROMP of 9a: 9ajp. A solution of 9a (7.6 mg, 0.06 mmol) in dry CD,Cl, (300 pL)
was added to a solution of precatalyst 5 (5.3 mg, 0.006 mmol) in dry CD,Cl, (300 pL) at
rt. The reaction was monitored by NMR sepcetroscopy at rt for 1.5 h and ethylvinyl ether
(300 pL, 3.13 mmol) was added to the reaction mixture. After 30 min, the solvent was
evaporated and the residue was purified by silica column chromatography with 2%
MeOH/CH;Cl,. The purified fractions were evaporated to afford the product 9a;¢ (6 mg,
73% yield). '"H-NMR (600 MHz, CD,Cl,) § 7.34-7.20 (m, 5H), 6.58 (m, 0.4H), 6.42(m,
0.6H), 6.24 (m, 0.6H), 5.43 (m, 10H), 5.03 (m, 1H), 4.94 (m, 1H), 4.66-4.48 (, 20H),
2.35-1.92 (m, 70H).

Intermediate-11 and Homopolymer-11. Cyclobutene 30 (0.048 mmol) and 5
(0.012 mmol) were mixed in CD,CIl, (1.2 mL) in an NMR tube. The reaction was
maintained for 4 h to reach 93% completion before the addition of ethylvinyl ether (300
pulL). After 30 min, the solvent was evaporated and the residue was purified by silica
column chromatography with 2% MeOH/CH,Cl,. The purified fractions were evaporated
to afford the product Intermediate-11 (7.7 mg, 75% yield). "H-NMR (500 MHz, CD,Cl,)
0 7.43-7.04 (m, 9H), 6.35 (b, 4H), 3.59 (b, 8H), 3.28 (b, 8H), 2.39-1.51 (m, 32H).
Intermediate-11 and trimethylamine aqueous solution (45% wt, 1 mL) were mixed in
acetonitrile (2 mL). The solution was heated to 70°C for 4 h. The crude solution was
evaporated to remove solvent to provide Homopolymer-11 as a brown powder. 'H NMR
(600 MHz, D,0) ¢ 7.51-7.19 (m, 5SH), 6.17 (b, 4H), 3.42 (b, 8H), 3.31 (b, 8H), 3.18 (b,
36H), 2.42-2.26 (m, 16H), 1.87-1.63 (m, 16H).

Intermediate-12 and Homopolymer-12. Cyclobutene 30 (0.096 mmol) and 5
(0.012 mmol) were mixed in CD,CIl, (1.2 mL) in an NMR tube. The reaction was
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maintained for 4 h to reach 92% completion before the addition of ethylvinyl ether (300
ulL). After 30 min, the solvent was evaporated and the residue was purified by silica
column chromatography with 2% MeOH/CH,Cl,. The purified fractions were evaporated
to afford the product Intermediate-12 (14 mg, 74% yield). 'H-NMR (600 MHz, CD,Cl,)
0 7.42-6.98 (m, 13H), 6.18 (b, 8H), 3.58 (b, 16H) 3.25 (b, 16H), 2.38-1.65 (m, 128H).
BC-NMR (125 MHz, CDCl3) & 170.8, 136.1, 134.7, 134.4, 130.3, 129.0, 128.8, 128.3,
449,394, 30.1, 27.9, 27.2, 26.8. Intermediate-12 and trimethylamine aqueous solution
(45% wt, 1 mL) were mixed in acetonitrile (2 mL). The solution was heated to 70°C for 4
h. The crude solution was evaporated to remove solvent to provide Homopolymer-12 as
a brown powder. 'H NMR (600 MHz, D,0) & 7.51-7.20 (m, 5H), 6.18 (b, 8H), 3.42 (b,
16H), 3.31 (b, 16H), 3.19 (b, 72H), 2.43-2.18 (m, 32H), 1.87-1.64 (m, 32H).

Intermediate-13 and Homopolymer-13. Cyclooctene 34 (0.048 mmol) and 5
(0.012 mmol) were mixed in CD,CIl, (1.2 mL) in an NMR tube. The reaction was
maintained for 4 h to reach 93% completion before the addition of ethylvinyl ether (300
pulL). After 30 min, the solvent was evaporated and the residue was purified by silica
column chromatography with 5% acetone/CH,Cl,. The purified fractions were
evaporated to afford the product Intermediate-13 (9.9 mg, 76% yield). '"H NMR (500
MHz, CD,Cl,) § 7.36-7.20 (m, 5SH), 6.43 (m, 1H), 6.23 (m, 1H), 5.81 (m, 1H), 5.41 (b,
8H), 5.03 (m, 1H), 4.12 (m, 8H), 3.61 (m, 8H), 2.37-1.27 (m, 60H). Intermediate-13 and
trimethylamine aqueous solution (45% wt, 1 mL) were mixed in acetonitrile (2 mL). The

solution was heated to 70°C for 4 h. The crude solution was evaporated to remove solvent

to provide Homopolymer-13 as a brown powder. 'H NMR (600 MHz, D,0) & 7.37 (b,
5H), 6.41 (b, 1H), 6.26 (b, 1H), 5.88 (b, 1H), 5.45 (b, 8H), 5.06 (b, 1H), 4.21 (b, 8H),
3.42 (b, 8H), 3.18 (b, 36H), 2.54-1.38 (m, 60H).

Intermediate-14 and Homopolymer-14. Cyclobutene 34 (0.096 mmol) and 5
(0.012 mmol) were mixed in CD,Cl, (1.2 mL) in an NMR tube. The reaction was
maintained for 4 h to reach 92% completion before the addition of ethylvinyl ether (300
ulL). After 30 min, the solvent was evaporated and the residue was purified by silica

column chromatography with 2% MeOH/CH,Cl,. The purified fractions were evaporated
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to afford the product Intermediate-14 (19.5 mg, 78% yield). '"H NMR (500 MHz,
CD,Cl,) 8 7.36-7.15 (m, 5H), 6.43 (m, 1H), 6.24 (m, 1H), 5.81 (m, 1H), 5.41 (b, 16H),
5.02 (m, 1H), 4.11 (m, 16H), 3.60 (m, 16H), 2.37-1.26 (m, 120H). *C NMR (125 MHz,
CDCl3) 6 176.4, 130.8, 130.4, 129.9, 129.4, 129.0, 126.2, 63.7, 45.4, 33.0, 32.2, 30.8,
29.6, 26.7. Intermediate-14 and trimethylamine aqueous solution (45% wt, 1 mL) were
mixed in acetonitrile (2 mL). The solution was heated to 70°C for 4 h. The crude solution
was evaporated to remove solvent to provide Homopolymer-14 as a brown powder. 'H
NMR (600 MHz, D,0) & 7.39 (b, 5H), 6.41 (b, 1H), 6.27 (b, 1H), 5.90 (b, 1H), 5.47 (b,
16H), 5.07 (b, 1H), 4.23 (b, 16H), 3.41 (b, 16H), 3.18 (b, 72H), 2.47-1.40 (m, 120H).

General Procedure for NMR Tube AROMP Reactions. The NMR tube was
evacuated under high vacuum for 15 min, and then was purged with Ar gas for another
15 min. Under an Ar atmosphere, a solution of monomer A (I-cyclobutenecarboxylate
ester) in CD,Cl, (300 pL) was added to the NMR tube. Then a solution of ruthenium
precatalyst in CD,Cl, (300 uL) was added to the NMR tube. After complete mixing of
the solution, the NMR tube was spun for 4-30 min at 25 °C in the NMR spectrometer
(400, 500 or 600 MHz) until the precatalyst had reacted. Then monomer B (cyclohexene
or cyclopentene derivatives) in CD,Cl, (300 uL) was added to the NMR tube. After all of
monomer A was converted, the reaction was quenched with ethylvinyl ether (50 puL) and

was stirred for 1 h.

(8a-20a)1p. Cyclobutene 8a (0.06 mmol), cyclohexene 20a (0.12 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was
maintained for 3 h to reach 98% completion. M, = 2044, M, = 376. M€ = 962.
PDI=2.6.

(8a-20a). Cyclobutene 8a (0.12 mmol), cyclohexene 20a (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,CIl, (600 puL) in an NMR tube. The reaction was
maintained for 3 h to reach 98% completion. M, = 3984, M,5F¢ = 668. M,5T¢ = 1816.
PDI=2.7.
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(8a-20a)0-[3]. Cyclobutene 8a (0.12 mmol), cyclohexene 20a (0.24 mmol), PPh;
(0.12 mmol) and 3 (0.006 mmol) were mixed in CD,Cl, (600 uL) in an NMR tube at 39
°C. The reaction was maintained for 4 h to reach 0% completion.

Cyclobutene 8a (0.12 mmol), cyclohexene 20a (0.24 mmol), PPh; (0.12 mmol)
and 3 (0.006 mmol) were mixed in THF-Dg (600 puL) in an NMR tube at 50 °C. The

reaction was maintained for 4 h to reach 0% completion.

(8a-20a)sp. Cyclobutene 8a (0.30 mmol), cyclohexene 20a (0.60 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was
maintained for 3 h to reach 98% completion. M, = 9804. M,"C = 652. M,,°*¢ = 2634.
PDI =4.0.

(8a-20a)so-[3]. Cyclobutene 8a (0.30 mmol), cyclohexene 20a (0.60 mmol) and 3
(0.006 mmol) were mixed in CD,Cl, (600 uL) in an NMR tube at 39 °C. The reaction
was maintained for 4 h to reach 43% completion. M, = 3984, M,SPC = 1584, M, SFC =
4530. PDI=2.9.

Cyclobutene 8a (0.30 mmol), cyclohexene 20a (0.60 mmol) and 3 (0.006 mmol)
were mixed in THF-Dg (600 pL) in an NMR tube at 50 °C. The reaction was maintained

for 4 h to reach 16% completion.

(8a-20a)s0-[26]. Cyclobutene 8a (0.30 mmol), cyclohexene 20a (0.60 mmol) and
26 (0.006 mmol) were mixed in CD,Cl, (600 pL) in an NMR tube at rt. The reaction was

maintained for 3 h to reach 0% completion.

(8a-20a)100. Cyclobutene 8a (0.60 mmol), cyclohexene 20a (1.20 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was
maintained for 3 h to reach 97% completion. The crude solution was evaporated to
remove solvent, and the residue was purified by flash column chromatography
(acetone:CH,Cl»/3:97) to provide polymer (8a-20a)199 (72 mg, 62 %). According to GPC
chromatographic analysis, the copolymer had a bimodal molecular weight distribution.

M, =19504. M, = 1869. M,,“" = 10872. PDI = 5.8.
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Cyclobutene 8a (0.60 mmol), cyclohexene 20a (1.20 mmol) and 5 (0.003 mmol)
were mixed in CD,Cl, (600 pL) in an NMR tube. The reaction was maintained for 1.5 h
to reach 50% completion. DP = 50. According to GPC chromatographic analysis, the
copolymer had a bimodal molecular weight distribution. M, = 29010. The overall GPC
result: M, = 3201, M, " = 20106, PDI = 5.7. Peak A: M, = 25088, M,°" =
28697, PDI = 1.1. Peak B: M,°"" = 1383, M,,°"“ = 2143, PDI = 1.5.

Cyclobutene 8a (1.20 mmol), cyclohexene 20a (2.40 mmol) and 5 (0.006 mmol)
were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was maintained for 4 h to
reach 34% completion. M,™ = 19504. M, = 1892. M, °* =7181. PDI = 3.8.

(8a-20a),00. Cyclobutene 8a (1.20 mmol), cyclohexene 20a (2.40 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was
maintained for 6 h to reach 74% completion. The crude solution was evaporated to
remove solvents, and was purified by flash column chromatography
(acetone:CH,Cl»/3:97) to generate polymer (8a-20a)0 (96 mg, 41 %). DP = 74.
According to GPC chromatographic analysis, the copolymer had a bimodal molecular
weight distribution (Figure S6). M,"'° = 29010. The overall GPC result: M,°*¢ = 7749,
M, ¢ = 18501, PDI = 2.4. The individual peaks were fitted by using OriginPro 7.5
(OriginLab Corp.), and the molecular weight and PDI data of each peak were calculated.
Peak A: M,%*C = 17703, M,,°" = 20388, PDI = 1.2. Peak B: M, = 1038, M, =
3539, PDI =3.4.

(8a-20a-D1p)20-[25]. Cyclobutene 8a (0.12 mmol), cyclohexene 20a-Dio (0.24
mmol) and 25 (0.006 mmol) were mixed in CD,Cl, (600 pL) in an NMR tube at rt. The
reaction was maintained for 9 h to reach 89% completion. The crude solution was
evaporated to remove solvent, and the residue was purified by flash column
chromatography (acetone:CH,Cl,/3:97) to provide polymer (8a-20a-D19)20-[25] (11 mg,
44%). "H-NMR (500 MHz, CD,Cl,) 8 6.79 (m, 2H), 5.40 (s, 18H), 3.71 (s, 60H), 2.34-
2.07 (m, 80H).
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(8a-20a-D1p)20 (24 equiv. of 20a-Djp). Cyclobutene 8a (0.12 mmol), cyclohexene
20a-Dq (0.144 mmol) and 5 (0.006 mmol) were mixed in CD,ClI, (600 puL) in an NMR
tube. The reaction was maintained for 3 h to reach 97% completion. The solvent was
evaporated, and the residue was purified by flash column chromatography
(acetone:CH,Cl,/4:96) to provide polymer (8a-20a-D1¢)2 as a sticky oil ( 17.4 mg, 71%).
'H (500 MHz, CD,Cl,) $7.41-7.21(m, 5H), 6.78 (t, J=2.5 Hz, 2H), 6.39(m, 1H), 6.27(m,
1H), 5.43 (m, 20H), 5.06-5.02 (d, J=2.0 Hz, 1H), 4.98-4.97(d, J=0.5 Hz, 1H), 3.72 (s,
60H), 2.36-2.09 (m, 80H). polymer (8a-20a-Djg)29 was further purified by flash
chromatography (acetone:CH,Cl,/4:96) to provide cyclic polymer cyec-(8a-20a-D1g)29 as
a sticky oil (3.3 mg). Polymer cyc-(8a-20a-Dyg)y was characterized by 'H-NMR
spectroscopy and its structures were shown below. '"H-NMR (500 MHz, CDCl5) & 6.84 (t,
J=1.0 Hz, 1H) 5.48-5.36 (m, SH), 3.75 (m, 18H), 2.47-2.12 (m, 24H).

CO,CHs oD CO,CH;

CH;0,C D

A: ring-opened cyclobutene subunit (AB),
B: ring-opened cyclohexene subunit

(8a-20a-D1p)20 (40 equiv. of 20a-Djp). Cyclobutene 8a (0.12 mmol), cyclohexene
20a-Dyy (0.24 mmol) and 5 (0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR

tube. The reaction was maintained for 3 h to reach 97% completion.
(8a-20a-D1g)20 (160 equiv. of 20a-Djp). Cyclobutene 8a (0.12 mmol),

cyclohexene 20a-Dyy (0.96 mmol) and 5 (0.006 mmol) were mixed in CD,Cl, (600 pL) in

an NMR tube. The reaction was maintained for 3 h to reach 97% completion.
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(8c-20a)20. Cyclobutene 8¢ (0.12 mmol), cyclohexene 20a (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was
maintained for 4 h to reach 96% completion. The solvent was removed from the crude
mixture in vacuo and the residue was purified by flash column chromatography (100%
CH.Cl,) to provide polymer (8¢-20a)y (16 mg, 55%). 'H (500 MHz, CD,Cl,) 87.44-6.95
(m, 125H), 6.40 (m, 0.5H+0.5H), 6.31 (b, 0.5H), 6.03 (b, 1H), 5.78 (b, 0.5H), 5.60-5.40
(b, m, 38H), 5.03 (m, 2H), 2.66-2.10 (b, m, 160H), 1.73-1.42 (b, m, 80H). M,™" = 5224.
M, ¢ = 1572. M, %€ = 3302. PDI = 2.1.

(8d-20a)1p. Cyclobutene 8d (0.06 mmol), cyclohexene 20a (0.12 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 uL) in an NMR tube. The reaction was
maintained for 13 h to reach 95% completion. The solvent was removed from the crude
mixture in vacuo and the residue was purified by flash column chromatography (100%
CH,CL,) to generate polymer (8d-20a)yy (13 mg, 61%)."H (500 MHz, CD,Cl,) & 7.26-
7.40 (m, 5H), 7.25-7.16 (m, 10H), 6.42 (m, 1H), 6.27 (m, 2H), 5.47 (m, 18 H), 4.90 (2H),
2.75-2.09 (m, 80H), 1.75-1.38 (m, 40H).

(8a-20b)1p. Cyclobutene 8a (0.06 mmol), cyclohexene 20b (0.12 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 3 h, and no monomer conversion was observed.

(8a-20c)10. Cyclobutene 8a (0.06 mmol), cyclohexene 20c (0.12 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 3 h, and no monomer conversion was observed.

(8a-20d),9. Cyclobutene 8a (0.12 mmol), cyclohexene 20d (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was
maintained for 4 h to reach 95% completion. The solvent was removed from the crude
mixture in vacuo and the residue was purified by flash column chromatography (100%
CH.CL,) to generate polymer (8a-20d)y (15 mg, 59 %). 'H (500 MHz, CD,Cl,) & 7.41-
7.21 (m, 5H), 6.83 (m, 20H), 6.42 (m, 1H), 6.27 (m, 1H), 5.83 (m, 1H), 5.42 (m, 38H),
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5.02 (m, 2H), 3.72 (bs, 60H), 3.34-3.17 (m, 100H), 2.47-2.06 (m, 160H), 1.78-1.24 (m,
60H). DP = 95. M,"° = 4264. M,°*° = 1506. M,,“*° =3719. PDI = 2.5.

(8a-20e)20. Cyclobutene 8a (0.12 mmol), cyclohexene 20e (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 6 h to reach 90% completion.

(8a-20f)20. Cyclobutene 8a (0.12 mmol), cyclohexene 20f (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 5 h, and no monomer conversion was observed.

(8a-20Q)10. Cyclobutene 8a (0.06 mmol), cyclohexene 20g (0.12 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 6 h, and no monomer conversion was observed.

(8a-20h),. Cyclobutene 8a (0.12 mmol), cyclohexene 20h (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 5 h, and no monomer conversion was observed.

(8a-20i)20. Cyclobutene 8a (0.12 mmol), cyclohexene 20i (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 4 h to reach 95% completion.

(8a-20j)20. Cyclobutene 8a (0.12 mmol), cyclohexene 20j (0.24 mmol) and 5
(0.006 mmol) were mixed in CD,Cl, (600 puL) in an NMR tube. The reaction was

maintained for 6 h to reach 90% completion.
(8a-29a),0-[28]. Cyclobutene 8a (0.12 mmol), cyclopentene 29a (0.24 mmol) and

28 (0.006 mmol) were mixed in CDCIl; (600 puL) in an NMR tube at 50 °C. The reaction

was maintained for 5 h to reach 50% completion.
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Cyclobutene 8a (0.12 mmol), cyclopentene 29a (0.24 mmol) and 28 (0.006 mmol)
were mixed in toluene-Dg (600 pL) in an NMR tube at 80 °C. The reaction was

maintained for 5 h to reach 50% completion.

(8a-29b)40-[5]. Cyclobutene 8a (0.24 mmol), cyclopentene 29b (0.48 mmol) and 5
(0.006 mmol) were mixed in CDCl; (600 pL) in an NMR tube at 50 °C. The reaction was

maintained for 4 h, and no monomer conversion was observed.

(8a-29b)40-[28].Cyclobutene 8a (0.24 mmol), cyclopentene 29b (0.48 mmol) and
28 (0.006 mmol) were mixed in CDCIl3 (600 puL) in an NMR tube at 50 °C. The reaction

was maintained for 4 h, and no monomer conversion was observed.

(20a)20. Cyclohexene 20a (0.12 mmol ) and 5 (0.006 mmol) were mixed in
CD,Cl, (600 pL) in an NMR tube. No ROMP or ROM was observed.

Intermediate-1 and Acopolymer-1. Cyclobutene 8e (0.15 mmol), cyclohexene
20a (0.30 mmol) and 5 (0.006 mmol) were mixed in CD,Cl, (600 uL) in an NMR tube.
The reaction was maintained for 5 h at rt to reach 90% completion. The crude solution
was evaporated to remove solvent, and the residue was purified by flash column
chromatography (acetone:CH,Cl,/5:95) to provide Intermediate-1 (21 mg, 51%). 'H
NMR (500 MHz, CD,Cl,) 8 7.40-7.21 (m, SH), 6.78 (b, 25H), 6.43 (m, 1H), 6.27 (m, 1H),
5.85(m, 1H), 5.44 (b, 42H), 4.17 (b, 50H), 3.63 (b, 50H), 2.44-2.02 (m, 188H), 1.88 (m,
100H), 1.52-1.44 (b, 88H). °C NMR (125 MHz, CDCl;) & 168.0, 143.3, 131.9, 131.0,
130.9, 130.7, 130.5, 130.4, 130.1, 129.9, 129.7, 129.3, 128.7, 128.5, 125.5, 63.7, 44.8,
32.6, 32.4, 31.9, 29.6, 29.4, 29.2, 29.1, 29.0, 28.8-27.3, 26.4. Intermediate-1 and
trimethylamine aqueous solution (45% wt, 1 mL) were mixed in acetonitrile (2 mL). The
solution was heated to 70°C for 4 h. The crude solution was evaporated to remove solvent

to provide Acopolymer-1 as a brown powder. 'H NMR (600 MHz, D-,0)  7.50-7.27 (m,
5H), 6.91 (b, 25H), 6.39 (b, 1H), 6.28 (b, 1H), 5.89 (b, 1H), 5.45 (b, 44H), 4.25 (b, S0H),
3.44 (b, 50H), 3.19 (s, 225H), 2.40-2.04 (m, 188H), 1.94 (m, 50H), 1.84 (m, 50H), 1.47
(m, 88H).
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Intermediate-2 and Acopolymer-2. Cyclobutene 8e (0.15 mmol), cyclohexene 20i
(0.30 mmol) and 5 (0.006 mmol) were mixed in CDCIl; (600 L) in an NMR tube. The

reaction was maintained for 3 h at 50°C to reach 94% completion. The crude solution was

evaporated to remove solvent, and the residue was purified by flash column
chromatography (acetone:CH,C1,/10:90) to provide Intermediate-2 (35 mg, 81%). 'H
NMR (600 MHz, CD,Cl,) 6 7.38-7.21 (m, 5H), 6.75 (b, 25H), 6.39 (b, 1H), 6.22 (b, 1H),
5.81 (b, 1H), 5.42 (b, 34H), 4.14 (b, 50H), 3.61 (b, 50H), 2.36-2.01 (m, 172H), 1.84 (m,
100H), 1.57-1.36 (m, 108H). Intermediate-2 and trimethylamine aqueous solution (45%
wt, 1 mL) were mixed in acetonitrile (2 mL). The solution was heated to 70°C for 4 h.
The crude solution was evaporated to remove solvent to provide Acopolymer-2 as a
brown powder. 'H NMR (600 MHz, D,0) & 7.36-7.15 (m, 5H), 6.75 (b, 17H), 5.27 (b,
13H), 4.08 (b, 34H), 3.26 (b, 34H), 3.02 (b, 153H), 2.40-1.97 (m, 124H), 1.76-1.66 (b,
68H), 1.37-1.08 (m, 84H).

Intermediate-3 and Acopolymer-3. Cyclobutene 8e (0.15 mmol), cyclohexene
20k (0.30 mmol) and 5 (0.006 mmol) were mixed in CDCl; (600 ¢L) in an NMR tube.
The reaction was maintained for 3 h at 50°C to reach 92% completion. The crude solution
was evaporated to remove solvent, and the residue was purified by flash column
chromatography (acetone:CH,Cl»/10:90) to provide Intermediate-3 (28 mg, 53%). 'H
NMR (600 MHz, CD,Cl,) é 7.43-7.21 (m, 5H), 6.73 (s, 31H), 6.36 (b, 1H), 6.21 (b, 1H),
5.83 (b, 1H), 5.56-5.40 (b, 44H), 4.15 (b, 62H), 3.60 (b, 62H), 3.17 (b, 46H), 2.44-2.08
(m, 216H), 1.85-1.82 (m, 124H), 1.61-1.51 (m, 115H), 0.92 (m, 69H). Intermediate-3
and trimethylamine aqueous solution (45% wt, 1 mL) were mixed in acetonitrile (2 mL).
The solution was heated to 70°C for 4 h. The crude solution was evaporated to remove
solvent, diluted with water and washed by Et,O to provide Acopolymer-3 as a brown
powder. '"H NMR (600 MHz, D,0) & 7.53-7.31 (m, 5H), 6.86 (m, 30H), 5.47 (b, 48H),
4.28 (b, 60H), 3.41 (b, 60H), 3.17 (b, 270H), 2.57-2.18 (m, 220H), 1.93-1.56 (m, 195H),
0.94 (b, 75H).
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Intermediate-4 and Acopolymer-4. Cyclobutene 8e (0.15 mmol), cyclohexene
20m (0.30 mmol) and 5 (0.006 mmol) were mixed in CDCl; (600 uL) in an NMR tube.
The reaction was maintained for 5 h at 50°C to reach 96% completion. The crude solution
was evaporated to remove solvent, and the residue was purified by flash column
chromatography (acetone:CH,Cl,/10:90) to provide Intermediate-4 (39 mg, 61%). 'H
NMR (500 MHz, CD,Cl) ¢ 7.41-7.23 (m, 5H), 6.76 (b, 22H), 6.42 (b, 1H), 6.23 (b, 1H),
5.94 (b, 1H), 5.41 (b, 38H), 4.17 (b, 44H), 3.61 (b, 44H), 3.22 (40H), 2.53-2.11 (m,
168H), 1.86 (m, 88H), 1.62-1.50 (m, 60H), 1.32 (m, 240H), 0.91 (m, 60H).
Intermediate-4 and trimethylamine aqueous solution (45% wt, 1 mL) were mixed in
acetonitrile (2 mL). The solution was heated to 70°C for 4 h. The crude solution was
evaporated to remove solvent, diluted with water and washed by Et,O to provide
Acopolymer-4 as a brown powder. 'H-NMR (600 MHz, D,0) & 7.46-7.30 (m, 5H), 6.88
(b, 25H), 5.48 (b, 48H), 4.26 (b, 50H), 3.42 (b, 50H), 3.18 (b, 225H), 2.40-1.31 (m,
650H).

Intermediate-5 and Acopolymer-5. Cyclobutene 8e (0.15 mmol), cyclohexene
20a (0.30 mmol) and 23 (0.006 mmol) were mixed in CD,ClI, (600 xL) in an NMR tube.
The reaction was maintained for 5 h at rt to reach 90% completion. The crude solution
was evaporated to remove solvent, and the residue was purified by flash column
chromatography (acetone:CH,Cl,/5:95) to provide Intermediate-5 (16 mg, 39%). 'H
NMR (600 MHz, CDCls) 6 6.75 (b, 25H), 5.39 (b, 30H), 4.16 (b, 50H), 3.57 (b, 50H),
2.48-1.98 (164H), 1.85 (b, 100H), 1.49-1.37 (b, 64H). Intermediate-5 and
trimethylamine aqueous solution (45% wt, 1 mL) were mixed in acetonitrile (2 mL). The
solution was heated to 70°C for 4 h. The crude solution was evaporated to remove solvent
to provide Acopolymer-5 as a brown powder. 'H NMR (600 MHz, D,0) & 6.89 (b, 25H),
5.42 (b, 30H), 4.28 (s, 50H), 3.42 (s, 50H), 3.19 (b, 225H), 2.42-1.26 (m, 328H).

Intermediate-6 and Acopolymer-6. Cyclobutene 8f (0.15 mmol), cyclohexene
20a (0.30 mmol) and 5 (0.006 mmol) were mixed in CDCl; (600 xL) in an NMR tube.

The reaction was maintained for 80 min at 50°C to reach 97% completion. The crude

solution was evaporated to remove solvent, and the residue was purified by flash column

162



chromatography (acetone:CH,Cl,/10:90) to provide Intermediate-6 (26 mg, 49%). 'H
NMR (600 MHz, CD,Cl,) & 7.40-7.20 (m, 5H), 6.75 (b, 25H), 6.36 (m, 1H), 6.22 (b, 1H),
5.79 (b, 1H), 5.39 (b, 38H), 4.67 (b, 25H), 4.12 (b, 50H), 3.13 (b, S0H), 2.44-2.02 (m,
180H), 1.69-1.28 (m, 405H). Intermediate-6 and trifluorine acetic acid (TFA) (2 mL)
were mixed in CH,Cl, (2 mL). The solution was stirred at rt for 2 h. The crude solution
was purged by Ar gas flow to remove solvent to provide Acopolymer-6 as a brown
powder. "H NMR (600 MHz, D,0) & 7.34-7.06 (m, 5H), 6.70 (b, 18H), 5.24 (b, 22H)),
4.04 (m, 36H), 2.94 (b, 36H), 2.34-1.84 (m, 120H), 1.66-1.09 (m, 282H).

Intermediate-7 and Acopolymer-7. Cyclobutene 8g (0.15 mmol), cyclohexene
20a (0.30 mmol) and 5 (0.006 mmol) were mixed in CDCl; (600 L) in an NMR tube.
The reaction was maintained for 80 min at 50°C to reach 97% completion. The crude
solution was evaporated to remove solvent, and the residue was purified by flash column
chromatography (acetone:CH,Cl,/10:90) to provide Intermediate-7 (51 mg, 73%). 'H-
NMR (500 MHz, CD,Cl,) & 8.59 (b, 50H), 7.56-7.21 (m, 5H), 6.84 (b, 25H), 5.41 (b,
48H), 4.28 (m, 50H), 3.68 (m, S0H), 2.49-1.61 (m, 300H), 1.49 (b, 450H). Intermediate-
7 and TFA (2 mL) were mixed in CH,Cl, (2 mL). The solution was stirred at rt for 2 h.
The crude solution was purged by Ar gas flow to remove solvent to provide
Acopolymer-7 as a brown powder. 'H-NMR (600 MHz, D,0)  7.38-7.18 (m, 5H), 6.85
(b, 25H), 5.35 (b, 48H), 4.27 (b, 50H), 3.55 (b, 50H), 2.35-2.00 (m, 200H), 1.38 (m,
100H).

General Procedure for NMR Tube Random ROMP Reactions. The NMR tube
was evacuated under high vacuum for 15 min, and then was purged with Ar gas for
another 15 min. Under an Ar atmosphere, a solution of monomer A (1-
cyclobutenecarboxylate amide) and monomer B (cyclooctene) in CD,Cl, (300 pL) was
added to the NMR tube. Then a solution of ruthenium precatalyst in CD,Cl, (300 uL)
was added to the NMR tube, and the NMR tube was placed into the 400 MHz, 500 MHz

or 600 MHz NMR spectrometer, and the reaction was monitored for several hours at 25 ‘C

until almost all of the monomer had been consumed. After all the monomers were
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converted, the reaction was quenched with ethylvinyl ether (50 puL) and was stirred for 1
h.

Intermediate-8 and Rcopolymer-8. Cyclobutene 30 (0.048 mmol) and
cyclooctene (0.048 mmol) were mixed in CD,Cl; (1.2 mL). Then catalyst 5 (0.012 mmol)
was added to the solution. The reaction was maintained for 1 h at rt to reach >99%
completion. The crude solution was evaporated to remove solvent, and was purified by
flash column chromatography (acetone:CH,Cl,/5:95) to provide Intermediate-8 (10 mg,
66%). "H NMR (500 MHz, acetone-Dg) & 7.38-7.18 (m, 5H), 6.30-6.09 (m, 4H), 5.42 (b,
10H), 3.62 (b, 8H), 3.32 (b, 8H), 2.54-1.66 (m, 52H), 1.33 (m, 40H). Intermediate-8 and
trimethylamine aqueous solution (45% wt, 1 mL) were mixed in acetonitrile (2 mL). The
solution was heated to 70°C for 4 h. The crude solution was evaporated to remove solvent
to provide Reopolymer-8 as a brown powder. 'H NMR (600 MHz, D,0) & 7.35-6.96 (m,
11H), 6.29-6.09 (m, 6H), 5.24 (b, 16H), 3.25-3.16 (m, 24H), 3.00 (b, 54H), 2.36-1.45 (m,
84H), 1.19 (b, 72H).

Intermediate-9 and Rcopolymer-9. Cyclobutene 30 (0.064 mmol) and
cyclooctene (0.064 mmol) were mixed in CD>Cl, (0.8 mL). Then catalyst 5 (0.008 mmol)
was added to the solution. The reaction was maintained for 1 h at rt to reach >99%
completion. The crude solution was evaporated to remove solvent, and was purified by
flash column chromatography (acetone:CH,Cl,/5:95) to provide Intermediate-9 (14 mg,
74%). "H NMR (500 MHz, CD,Cl,) & 7.37-7.19 (m, 5H), 6.12 (b, 11H), 5.85 (b, 11H),
5.42 (b, 28H), 3.60 (b, 22H), 3.31 (b, 22H), 2.41-1.70 (m, 148H), 1.35 (b, 120H).
Intermediate-9 and trimethylamine aqueous solution (45% wt, 1 mL) were mixed in
acetonitrile (2 mL). The solution was heated to 70°C for 4 h. The crude solution was
evaporated to remove solvent to provide Rcopolymer-9 as a brown powder. 'H NMR
(600 MHz, D,0) 6 7.28-6.98 (m, 5H), 6.21 (b, 9H), 5.25 (b, 24H), 3.24 (m, 36H), 3.00 (b,
81H), 2.33-1.20 (m, 228H).

Intermediate-10 and Rcopolymer-10. Cyclobutene 30 (0.20 mmol) and
cyclooctene (0.20 mmol) were mixed in CD,Cl, (0.8 mL). Then catalyst 5 (0.008 mmol)

was added to the solution. The reaction was maintained for 1 h at rt to reach >99%
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completion. The crude solution was evaporated to remove solvent, and was purified by
flash column chromatography (acetone:CH,Cl,/5:95) to provide Intermediate-10 (40
mg, 68%). '"H NMR (500 MHz, CD,Cl,) & 7.39-7.22 (m, 5H), 6.13 (b, 25H), 5.42 (b,
62H), 3.61 (b,50H), 3.32 (b, 50H), 2.44-1.71 (m, 328H), 1.35 (b, 256H). '>*C NMR (125
MHz, CDCls) & 170.1, 136.6, 135.4, 131.6, 130.5, 130.3, 129.2, 126.1, 44.8, 39.0, 32.8,
32.2,30.1, 29.2, 27.3. Intermediate-10 and trimethylamine aqueous solution (45% wt, 1
mL) were mixed in acetonitrile (2 mL). The solution was heated to 70°C for 4 h. The
crude solution was evaporated to remove solvent to provide Rcopolymer-10 as a brown
powder. '"H NMR (600 MHz, D,0) & 7.20-7.01 (m, 5H), 6.23 (b, 25H), 5.28 (b, 60H),
3.28 (m, 100H), 3.02 (b, 225H), 2.43-1.50 (m, 324H) 1.21 (b, 248H).

1.3 Preparative Scale ROMP/ROM/AROMP

8a;: 13a and 14a. A solution of 8a (40.0 mg, 0.357 mmol) in dry CH,Cl, (4 mL)
was added to a solution of precatalyst 5 (474 mg, 0.536 mmol) in dry CH,Cl, (4 mL) at rt.
The solution was stirred at rt for 20 h and ethylvinyl ether (5 mL, 52.2 mmol) was added
to the reaction mixture. After 60 min, the solvent was evaporated and the residue was
purified by silica column chromatography with CH,Cl,. The purified fractions were
evaporated to afford the products 13a (Z) and 14a (£) (42.1 mg, 55%) in a 1:2.3 molar
ratio. "H-NMR (600 MHz, CD,Cl,) 1-mer 13a Z-isomer & 7.36-7.19 (m, 5H), 6.47 (d,
J=12.6 Hz, 1H), 6.15 (s, 1H), 5.68 (dt, J=11.4, 7.8 Hz, 1H), 5.60 (s,1H), 3.72 (s, 3H),
2.50 (m, 2H), 2.43 (m, 2H). 1-mer 14a E-isomer 0 7.36-7.19 (m, 5H), 6.42 (d, J=16.2 Hz,
1H), 6.25 (dt, J=22.8, 6.0 Hz, 1H), 6.17 (s, 1H), 5.60 (s, 1H), 3.75 (s, 3H), 2.50 (m, 2H),
2.43 (m, 2H). "C-NMR (100 MHz, CD,Cl,) 1-mer 13a Z-isomer & 167.9, 140.6, 138.1,
132.1, 130.8, 130.0, 129.3, 128.6, 127.2, 125.5, 52.2, 32.6, 28.0. 1-mer 14a E-isomer o
168.0, 140.7, 138.1, 131.0, 130.3, 129.0, 128.7, 127.5, 126.5, 52.2, 32.4, 32.3. LC-MS
(APCI): peak time=2.18 min, M/Z calcd for C,4H;60; [MJrH]+ 217.12, found 217.21.

(8a-20a)s. Cyclobutene 8a (0.28 mmol, 31 mg) and 5 (0.093 mmol, 82 mg) were
mixed in CH,Cl, (2 mL) and stirred for 3 h at rt. Then cyclohexene 20a (0.56 mmol, 56

uL) was added to the solution, which was stirred for 3 h. The reaction was quenched with
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ethylvinyl ether (500 puL) and was stirred for 1 h. The solvent was evaporated, and the
residue was purified by flash column chromatography (acetone:CH,Cl,/4:96) to provide
polymer (8a-20a); as a sticky oil (47 mg, 74 %). '"H-NMR (125 MHz, CD,Cl,) §7.35-
7.21 (m, 5H), 6.80 (m, 6H), 6.42 (d, J=16 Hz, 1H), 6.26 (m, 1H), 5.84 (b, 1H), 5.44 (b, 4
H), 5.04 (d, J=17 Hz, 1H), 4.97 (d, J=15 Hz, 1H), 3.73 (b, 9H), 2.61-2.04 (b, 24H), 1.54
(b, 12H). °C (125 MHz, CD,Cl,) & 170.70 (m), 146.00-145.08 (m), 134.30-132.03 (m),
131.10, 130.77, 129.51, 128.53, 127.51, 126.91, 54.00, 36.20-34.11 (m), 32.34-28.48 (m).

(8a-20a)1p. Cyclobutene 8a (0.23 mmol, 26 mg) and 5 (0.024 mmol, 21 mg) were
mixed in CH,Cl, (2.3 mL) and stirred for 25 min at rt. Then cyclohexene 20a (0.47 mmol,
47 uL) was added to the solution, which was stirred for 4 h. The reaction was quenched
with ethylvinyl ether (350 pL), and was stirred for 1 h. The solvent was evaporated, and
the residue was purified by flash column chromatography (acetone:CH,Cl,/1:99) to
provide polymer (8a-20a)y as a sticky oil (32 mg, 71 %). "H-NMR (500 MHz, CD,Cl,)
7.41-7.21 (m, 5H), 6.77 (b, 10H), 6.41 (d, J=15.5 Hz, 1H), 6.26 (d, J=16.0 Hz, 1H), 5.84
(b, 1H), 5.49 (b, 18H), 5.04 (d, J=17.0 Hz, 1H), 4.97 (d, J= 10.0 Hz, 1H), 3.72 (s, 30H),
2.56- 2.02 (b, m, 80H), 1.46 (b, 40H). The broad signal centered at 7.29 ppm was
assigned to the phenyl group. All the internal trisubstituted olefinic protons exhibited a
broad signal centered at 6.78 ppm, which confirmed all the internal trisubstituted olefin
bonds carried the E-configuration. All the internal disubstituted olefinic protons also
showed a broad signal centered at 5.39 ppm. The peaks at 5.87 ppm and 5.02 ppm
correspond to the terminal vinyl protons, while the peaks at 6.42 ppm and 6.30 ppm could
be assigned to the two styrenyl olefinic protons with E-configuration. The relative
intensities of all these signals were (5: 11: 18: 1: 1: 2: 1) (7.29, 6.78, 5.39, 6.42, 6.30,
5.02, 5.89 ppm), which clearly indicated that polymer (8a-20a);9 contained nearly equal

amounts of repeating units A and B generated from monomers 8a and 20a, respectively.

(8a-20a),0. Cyclobutene 8a (0.47 mmol, 53 mg) and 5 (0.024 mmol, 21 mg) were
mixed in CH,Cl, (2 mL) and stirred for 25 min at rt. Then cyclohexene 20a (0.94 mmol,
95 uL) was added to the solution, and the solution was stirred for 5 h thereafter. The
reaction was quenched with ethylvinyl ether (350 pL), and was stirred for 1 h. The
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solvent was evaporated, and the residue was purified by flash column chromatography
(acetone:CH,Cl,/4:96) to provide polymer (8a-20a)y as a sticky oil (67 mg, 74%).
Polymer (8a-20a),9 was characterized by '"H-NMR, *C-NMR, gHMQC, 'H -'H gCOSY
and "*C-APT spectroscopy (Table 3-9).

I1. Gaussian Computational Methods

All the structure optimizations were performed using the hybrid DFT method at
the B3LYP level, a combination of Becke’s three-parameter hybrid exchange function
(B3)*"*%® with the Lee-Yang-Parr correlation function®” as implemented in Gaussian
03W. The basis sets for the optimization of monomers and their corresponding ring-
opened ruthenium carbenes were 6-31G* and LANL2DZ, respectively. The predicted
chemical shifts were calculated using B3LYP and the /6-31G(d) basis set. The NBO
charge calculations were performed using Hartree-Fock with the 6-31G++* basis set (for
cyclobutene monomers) and the LANL2DZ basis set (for ruthenium carbenes). The AIM
(atoms in molecule) electron density analysis was performed using the AIMPAC
package.*'

The initial ruthenium-carbene structure was obtained from the crystal structure of
(H,IMes)(Pyridine),CLLRu=CHPh,'” and was modified with GaussianView 3.0. The
optimization of the ruthenium-carbenes was performed using the B3LYP/LANL2DZ
method. The structures of the metallacyclobutane intermediates were optimized using
B3LYP/LANL2DZ in the following way: only one bond in the metallocyclobutane ring
was optimized while the other three bond lengths were kept constant, and the partial
optimization was continued optimizing each bond in turn until the optimized structure
changed little in energy (AE < 6.3x10™* kcal/mol). Vibrational frequency calculations
using B3LYP/LANL2DZ were performed for all model compounds, and there were no
imaginary vibrations present in any of the final structures. Free energies computed for
structures in solvent (CH,Cl,) include the electronic energy plus the solvation free energy

from the CPCM solvation model based on the UAKS radii using Gaussian 03W.
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III. Lipid Dye Leakage Assay

Lipid Vesicle Preparation.”***!' Two stock buffer solutions were used: buffer A
(20 mM calcein, 10 mM Na,HPO,, pH = 7.0) and buffer B (10 mM Na,HPO,, 90 mM
NaCl, pH = 7.0). Appropriate amounts of lipid (DOPC 25 mg, POPE/POPG 20 mg/15.6
mg, 1, 1°, 2, 2’-tetraoleoyl cardiolipin (sodium salt) (CL) 47.8 mg) were dissolved in
buffer A (1 mL) separately, followed by one hour stirring. The solution was subjected to
five freeze-thaw cycles, and was extruded five times through a polycarbonate membrane
(Whatman, pore size 100 nm). The external calcein was removed by gel filtration
(Sephadex G-25 resin) with the use of buffer B. After gel filtration, the solution was
typically diluted 7-fold to yield a final lipid concentration of around 4.5 mM in buffer B.
The above vesicle solution (100 pL) was diluted in buffer B (9.9 mL) to make the stock

vesicle solution (45 uM).

Dye Leakage Experiments of Lipid Vesicles.”***!" The stock vesicle solution
(100 pL) and buffer B (900 pL) were mixed in a fluorimeter cuvette. The fluorescence
signal was allowed to stabilize (Aexcitation = 490 nm, Aemission = 510 nm) for 100 s at 37 °C
before addition of polymer solution (1 ug/mL or 4 pg/mL). The change in fluorescence
over 5 min was recorded followed by the addition of 20% Trition X-100 (50 uL) to
determine the maximum fluorescence of the dye. The dye leakage percentage was
calculated according to the equation:

dye leakage percentage = 100[(/, - 1y)/(I» - Ip)]

Where [ is the fluorescence intensity before the addition of samples, and I, is the

fluorescence intensity after the addition of 20% Triton X-100.

IV. Potassium Release Assay

Potassium ion release assays were performed by following the method of
Silverman et al.*'? E. coli (ATCC 25922) and S. aureus (ATCC 25923) were grown to the
logarithmic phase in MHBc (OD600 = 1.0). The bacterial suspension was washed twice
with 10 mM HEPES (pH 7.2) and 0.5% glucose, and was resuspended in the same
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amount of 10 mM HEPES (pH 7.2) and 0.5% glucose. The bacterial suspension (2 ml)
was placed in a fluorimeter cuvette containing a stir bar. The fluorescence of the bacterial
suspension was allowed to stabilize for 60 s at 37 °C (Aexcitation = 346 NM, Aemission = 05
nm) before the addition of PBFI-AM (potassium indicator, 1 uM). Data were collected
for an additional 2 min to establish a baseline signal before the addition of polymers (32
pg/mL). The fluorescence signals were collected for each sample over 1000 s. For the
control sample, valinomycin (10 pg/mL) was added to the sample solution and stirred for
1000 s, followed by the addition of KCI (I mM) to demonstrate continued indicator
responsiveness. Data were normalized relative to the fluorescent signal change in 1000 s
after the addition of valinomycin according to the equation:
Potassium release percentage = 100[(/, - 1p)/(I - I})]

Where /) is I; before the addition of polymers, /; is the fluorescence intensity before the
addition of valinomycin, and /. is the fluorescence intensity at 1000 s after the addition

of valinomycin.

V. Thin-section TEM

Both E. coli (ATCC 25922) and S. aureus (ATCC 25923) were grown to to the
logarithmic phase in MHBc (OD600 = 1.0). The bacterial suspension was washed with
PBS buffer (pH 7.0) twice, and was resuspended in the same amount of PBS buffer (pH
7.0). An aqueous solution of Acopolymer-1 was added to the bacterial suspension, and
the mixture was incubated at 37 °C for 30 min. The bacterial suspension was washed with
PBS buffer (pH 7.0), and was resuspended in the same amount of 2.5% glutaraldehyde in
sodium cacodylate buffer (pH 7.0). After fixation, samples were then placed in 2%
osmium tetroxide in PBS buffer (pH 7.0), dehydrated in a graded series of ethyl alcohol
and embedded in Epon resin. Ultrathin sections of 80 nm were cut with a Reichert-Jung
Ultracut E ultramicrotome and placed on formvar coated slot copper grids. Sections were
then counterstained with uranyl acetate and lead citrate and viewed with a FEI Tecnail2
BioTwinG” electron microscope. Digital images were acquired with an AMT XR-60

CCD Digital Camera system.
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VI. Membrane Depolarization Assay and Cell Viability Assay

Both E. coli (ATCC 25922) and S. aureus (ATCC 25923) were grown to to the
logarithmic phase in MHBc (OD600 = 0.05). The bacterial suspension was washed with
HEPES buffer (5 mM, pH 7.4) twice, and was resuspended in the same amount of
HEPES buffer (5 mM, pH 7.4). A final concentration of 0.2 mM EDTA (pH 7.4) was
added to the bacterial suspension. The bacterial suspension (2 mL) was transferred to a
fluorescence cuvette, and diSC;5 was added at a final concentration of 0.4 puM. The
fluorescence was allowed to quench for 20-30 min before the addition of 100 mM KCI.
The fluorescence was allowed to stabilize for 60 s before the addition of valinomycin,
Acopolymer-1, Rcopolymer-8, Homopolymer-11 or Homopolymer-13. The
fluorescence change thereafter was recorded for 1 h.

The residual cell viability in the membrane depolarization assay was assessed. At
regular intervals (0, 5, 15, 45 and 60 min) an aliquot of the bacterial suspension was
plated on MH agar plates and incubated at 37 °C for 24 h (E. coli) or 48 h (S. aureus), and

residual colony forming units (CFU) were determined.
VII. MIC and Hemolysis Assay

MIC assays were conducted using a standardized assay.*'> Hemolysis assays were
conducted using 0.1 M phosphate buffer (pH = 7.4) as described by Murthy et al
(1999)*'* except washed sheep RBC were used.

VIII. Small Angle Neutron Scattering (SANS)

The SANS experiments were performed at room temperature with a 30 m SANS
instrument installed at High Flux Isotope Reactor (HFIR) in Oak Ridge National
Laboratory (ORNL), Tennessee, USA. The incident neutron beam was monochromatized
to be 4.75A. The SANS experiment was performed according to the literature.*'> D =
(12*RA)"?, where R is the radius of gyration, calculated from the slope of Guinier plot

(I vs q°), and D is the thickness of the vesicle membrane.
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A-1: Checklist for compounds

Compound Ref. 'H-NMR PC-NMR Other
11 111,404 O O
6a 111 O O
6b O O HRMS (ESI)
6v O 0 HRMS (ESI)
6d O 0) HRMS (ESI)
6e O 0) HRMS (ESI)
8a O O HRMS (ESI)
7b O 0) HRMS (ESI)
8a 250, 251 O O HRMS (ESI)
8b O 0) HRMS (ESI)
8c O O HRMS (ESI)
8d O 0) HRMS (ESI)
8e O 0) HRMS (ESI)
8f O 0) HRMS (ESI)
8¢ O O HRMS (ESI)
12 O O
9a O 0) HRMS (ESI)
20b O 0) LC-MS (APCI)
20d O O LC-MS (APCI)
20e O O
23 405 O O
20f 405 O O
20g O
20h 405 O
20k O o HRMS (ESI)
20m O 0) HRMS (ESI)
29b O O
30 O O HRMS (ESI)
31 406 O
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Compound Ref. 'H-NMR BC-NMR Other

33 348
34

o
o

0 HRMS (ESI)
6a;
6b1o
6¢10
6d;o
6eqo
8a,;
9a;

(8a-20a);

(8a-20a);

(8a-20a)y

© O 0O o0 O o o o o o o

O gCOSY, gHMQC,
BC-APT
(8a-20a)s
(8a-20a)190
(8a-20a)2¢9
(8a-20a-Dy)20
(8a-20a-D1¢)20-[25]
cyc-(8a-20a-Dyg)20
(8¢-20a),
(8d-20a)0
(8a-20d)2o
(8a-29a),(-[28]
Intermediate-1
Intermediate-2
Intermediate-3
Intermediate-4
Intermediate-5

Intermediate-6

© O OO0 O O O O o o o o o o o o o

Intermediate-7
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Compound

Ref.

"H.NMR

BC-NMR

Other

Intermediate-8
Intermediate-9
Intermediate-10
Intermediate-11
Intermediate-12
Intermediate-13
Intermediate-14
Acopolymer-1
Acopolymer-2
Acopolymer-3
Acopolymer-4
Acopolymer-5
Acopolymer-6
Acopolymer-7
Rcopolymer-8
Rcopolymer-9
Rcopolymer-10
Homopolymer-11
Homopolymer-12
Homopolymer-13
Homopolymer-14

o

© O O 0 O O O O O o o o oo o o o o o o

gCOSY
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A-2: GPC traces of alternating copolymers

(8a-20a)

200

Retention time (min)
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A-3: GPC traces of homopolymers

TN

10 12 14 16
(9a) 10
| ' | ' | ' |
10 12 14 16
(6e)10 f/\
1 ' 1 ' 1 ' 1
10 12 14 16
(6d)10A
| ' | ' | ' |
10 12 14 16
(6¢c),,
1 1 ' 1 1
10 12 14 16
—(6b),, J\
' 1 ' 1 ' 1 ' 1
10 12 14 16

Retention time (min)
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A-4: GPC traces of Intermediate-1 to Intermediate-7

Intermediate-7/\/\/—\

10 12 14 16
Intermediate-6

10 12 14 16

Intermediate-5

10 12 14 16
Intermediate-4 /\
T | T | v | v 1
10 12 14 16
Intermediate-3 A
1 | ' | ' |
10 12 14 16

Intermediate-2

; i :
10 12 14 16

Intermediite-l/’\_\
g T y T y T y 1
10 12 14 16

Retention time (min)
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A-5: GPC traces of Intermediate-8 to Intermediate-10

Intermediate-10

Intermediate-9

6 8 10 12 14 16

Intermediate-8

6 8 10 12 14 16

Retention time (min)
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A-6: GPC traces of Homopolymer-11 to Homopolymer-14

Intermediate-14

10 12 14 16

Intermediate-13

10 12 14 16

Intermediate-12

10 12 14 16

Intermediate-11

10 12 14 16

Retention time (min)
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A-8: ESI-Mass spectrum of (8a-20a);, with catalyst 5

¢

(-]

T

Relalive Abundance

[

P
s

5

0.0°-0.98 AV: 31
ms [200.00-3000.00]
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