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to

The second approach was the preparation and ROMP of a novel class of

monomers bearing dual functionality.^'^ Modular norbornene derivatives are designed

contain two separate domains in close proximity, where the nature and balance of polar

and nonpolar functionalities are tuned and locked into the monomer structure.

Extending the polar character into a water soluble functionality, allows this technique to

become a novel approach for the preparation of well-defined amphiphilic polymers. In

general the amphiphilicity of a polymer arises from the amphiphilic nature of a single

substituent on each repeating unit without a good control over the

hydrophilic/hydrophobic balance. The hydrophilic/hydrophobic balance and the

character of the polar functionality are key structural features that dictates the

interactions of an amphiphilic polymer with its environment (biogenic or abiogenic).

The objective of modular norbornene design is to offer a facile route to control basic

structural features of an amphiphilic polymer and to probe its behavior.

X, X' = hydrophobic

Y = hydrophilic

O
Figure 1 .6 General structure of amphiphilic modular norbornene derivative.

1.5 Applications for Well-Defined Amphiphilic Polymers: Antibacterial Activity

Well-defined amphiphilic macromolecules find important applications in

biology and medical sciences. Examples include the use of polymeric materials in drug

delivery,""^"^"* gene delivery,^^'"'^ tissue engineering,"^^""" antibiotic agent applications.''^''*^

Continuing research efforts are focusing on the use of polymeric therapeutics as
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alternative antibiotic agents in the f.ght against baeteriai diseases. Antibacterial activity

of cationic polymers have been known for several decades.'^ ^ Various polymeric

structures carrying cationic moieties have found considerable interest in non-medical

use such as food preservatives, pesticides, and disinfectants-'^ Ver>' recently

antibacterial activity of relatively simple cationic polymers has started to be considered

within the scope of the studies involving naturally occurring host-defense peptides, and

their synthetic mimics.'*'^-^' Although more complex in their structure, antimicrobial

peptides commonly contain cationic and hydrophobic domains " Successful research

efforts that target synthetic mimics of host-defense peptides has typically followed a

top-down approach, through structural modifications of naturally occurring peptide

structures, in an effort to establish an understanding of structure-property

relationships/^ In the development stage synthetic mimics of host-defense peptides

require elaborate and extensive techniques.^''" Relatively simple synthetic cationic

polymers olTer an inexpensive alternative, however they suffer from their high

cytotoxicity if considered for therapeutic applications.'^ Encouraged by the synthetic

abilities for the controlled preparation of amphiphilic polymers, and inspired both by

antimicrobial peptide research and synthetic biocidal polymers, this thesis work seeks a

determination of macromolecular properties that allows for antibacterial activity while

suppressing cytotoxicity. ROMP of amphiphilic modular norbornene derivatives

allowed for the facile probing of the effect of basic macromolecular variables on the

interactions of polymers with living cells, bacterial and mammalian.
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CHAPTER 2

ALTERNATING COPOLYMERIZATIONS OF POLAR AND NONPOLAR CYCLICOLEFINS BY RING-OPENING METATHESIS POLYMERIZAT^O^^

2.1 Introduction

Large numbers of functional polymer architectures accessible via ROMP consist

of homopolymers or block copolymers prepared by sequential monomer addition. The

properties of these polymers are tuned by modifying the ftinctionality on each monomer

unit. Copolymerization, in general, provides a new route to tune material properties

through combinations of various monomers and reaction stoichiometry. The study of

copolymerization by ring-opening metathesis has not attracted much attention when

compared to the corresponding homopolymerization.''^ The study of copolymerizations

of a variety of easily accessible cyclic olefins by ring-opening metathesis holds promise

for the preparation of versatile polymers with multiple functional groups (e.g.

amphiphilic polymers). The understanding and control over the copolymerization and

placement of different monomers in a polymer chain requires the study of

copolymerization rates of a series of model cyclic olefin monomers. Depending on the

choice of comonomers, copolymerization may result in a random copolymer, block or

tapered block copolymer, or alternating copolymer microstructure. A special case of

copolymerization, alternating copolymerization results in a well-defined polymer

microstructure where the repeating unit consists of two comonomer units. These can

possibly carry two different functionality, regularly placed in alternation.

Alternating copolymers can be synthesized by various polymerization methods.^

However, alternating copolymerization of monomer mixtures by ring-opening

metathesis polymerization is very rare. There have been only two reports in the
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literature. The first report was the alternating copolymerization of the enantiomers of 1-

methylnorbomene catalyzed by ReCls, in which it was not possible to polymerize an

optically pure monomer due to steric effects.^ The low activity of this heterogeneous

catalyst and consequently its intolerance towards steric hinderence was presumably a

key parameter in this alternation mechanism. The second example was the alternating

copolymerization of cyclopentene and norbomene, two nonpolar monomers, using

RUCI3, IrCb or OsCb in the presence of phenol as a co-catalyst or solvent. A hydrogen-

bonded solvent cage around the catalyst site was invoked to explain rapid cross-

propagation relative to homopolymerization. The alternating distribution was obtained

under condition of a 1 :8 norbomene to cyclopentene feed ratio and was maintained

throughout yields ranging from 2 to 20%.^'^

The synthetic utility of alternating ring-opening metathesis copolymerization

can be expanded considering the recent progress in olefin metathesis that utilize highly

active well-defined catalyst systems for polymerizations of various functionalized polar

or nonpolar monomers. This chapter presents the first example of alternating ring-

opening metathesis copolymerization that utilizes a homogeneous catalyst system and

incorporates polar and nonpolar monomers resulting in a series of alternating

copolymers with tailorable functionalities.^

2.2 Experimental Section

2.2.1 Materials

Mo(CHCMe2Ph)(NAr)(OCMe(CF3)2) (1), RuCl2(=CHPh)(PCy3)2 (2), and

(tricylohexylphosphine)(l,3-dimesitylimidazolidine-2-ylidine)benzylideneruthenium

dichloride (3) were purchased from Strem Chemical. The [(H2lmes)(3-Br-py)2-

(Cl)2Ru=CHPh] (4)^ and monomers exo 6, and exo 7^ were prepared according to
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literature procedures. All other reagents were obtained from Aldrich. Cyclooctene,

cyclooctadiene, cyclopentene and deuterated chloroform were passed through columns

of basic activated alumina prior to use. Methylene chloride was vacuum-distilled from

CaH2 prior to use. Norbomene was used as received.

2.2.2 Preparation of Exo 5

A stirred solution of A^-ethylmaleimide (50 mmol) and furan (500 mmol) in dry

benzene was heated at reflux for 18 hours. Benzene and excess furan were evaporated

under vacuum at 60°C. The solid product was recrystallized in 91% yield from diethyl

ether and dried under vacuum at room temperature. The product was determined to be

pure exo isomer by 'H NMR spectroscopy. 'H NMR (300 MHz, CDCI3, ppm): 6 6.50

(s, 2 H), 5.26 (s, 2 H), 3.51 (q, 2 H), 2.82 (s, 2 H), 1.15 (t, 3 H). High-resolution mass

spectroscopy, electron ionization (HRMS, EI) calcd for C10H11NO3 193.074 g/mol,

found 193.074 g/mol.

2.2.3 Preparation of Endo 5

A solution of A^-ethylmaleimide (50 mmol) and furan (500 mmol) in dry

benzene was allowed to react at room temperature for 4 days. Benzene and excess furan

was evaporated under vacuum at 40°C. The solid product was washed with cold diethyl

ether and dried under vacuum at room temperature to give a 89% yield. The product

was determined to be pure endo isomer by 'H NMR spectroscopy. 'H NMR (300 MHz,

CDCI3, ppm): 5 6.39 (s, 2 H), 5.31 (d, 2 H), 3.49 (d, 2 H), 3.36 (q, 2 H), 1.03 (t, 3 H).

HRMS (EI) calcd for C,oH,iN03 193.074 g/mol, found 193.074 g/mol.

2.2.4 Polymer Characterization

'H (300 MHz), '^C (75 MHz) and 'H-'H COSY NMR spectra were obtained at

with a Bruker DPX-300 NMR spectrometer. Gel permeation chromatography (GPC)
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was performed with a Polymer Lab LCI 120 high performance liquid chromatography

(HPLC) pump equipped with a Waters differential refractometer detector. The mobile

phase was tetrahydrofuran with a flow rate of 1 mL/min. Separations were performed

with 10^ \0\ and 10' A Polymer Lab columns. Molecular weights were calibrated

versus narrow molecular weight polystyrene standards.

2.2.5 General Copolymerization Procedures

Catalyst 2 or 3 (4 //mol) was dissolved in 1 mL of CH2CI2 and added to a

solution of an equimolar mixture of a polar and non-polar monomer (1 mmol total) in 1

mL CH2CI2. The reaction mixture was stirred for 12 hours at room temperature. The

reaction was stopped with injection of 5 ml of CH2CI2 containing a trace amount of

ethyl vinyl ether. The polymer was precipitated in 30 ml of methanol except for the

anhydride-functionalized polymers, which were precipitated in pentane. The polymers

were recovered by filtration and dried overnight under vacuum at room temperature.

The isolated yields were between 80-97% depending on starting monomer

combinations.

Reactivity ratio values were obtained according to the following procedure. Five

monomer mixtures with 1/9, 3/7, 5/5, 7/3, 9/1 cyclooctene to endo 5 ratios were

prepared (1 mmol total) and dissolved in 2 mL CH2CI2. Catalyst 2 (4 |imol) was added

to each of these solutions. The polymerizations were stopped at low conversion by

precipitation in excess methanol. The polymers were separated from methanol by

centrifugation and dried overnight under vacuum at room temperature. The polymer

composition values were obtained by 'H NMR. Reactivity ratio values were obtained by

nonlinear regression.'
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2.2.6 Homopoiymerization of Endo 5

Poly(endo 5), which was used for the 'H NMR analysis for structural

comparisons of the corresponding homopolymers and copolymers, was prepared as

follows. Catalyst 3 (10 ^mol) was dissolved in 0.5 mL of CH2CI2 and added to a

solution of endo 5 (1 mmol) in 0.5 mL CH^Cb. The reaction mixture was stirred for 12

hours at 35T in a sealed reactor. The reaction was stopped with injection of 1 ml of

CH2CI2 containing a trace amount of ethyl vinyl ether. The polymer was precipitated in

10 ml of pentane. The polymer was recovered by centrifugation and removal of

supernatant, followed by drying overnight under vacuum at room temperature. The

isolated yield was 40%. 'h NMR (300 MHz, CDCI3, ppm): 5 6.10 (s, trans), 5.82 (s,

cis) (cis/trans - 33/67), 5.05 (br, cis), 4.52 (s, trans), (2H, cis/trans = 35/65), 3.52 (s,

2H),3.30(s, 2H), 1.14 (t,3H).

2.2.7 Homopoiymerization of Cyclooctene

Polycyclooctene, which was used for the 'H NMR analysis for structural

comparisons of the corresponding homopolymers and copolymers, was prepared as

follows. Catalyst 2 (4 /umol) was dissolved in 1 mL of CH2CI2 and added to a solution

of cyclooctene (1 mmol) in 1 mL CH2CI2. The reaction mixture was stirred for 2 hours

at room temperature. The reaction was stopped with injection of 1 ml of CH2CI2

containing a trace amount of ethyl vinyl ether. The polymer was precipitated in 20 ml of

pentane. The polymer was recovered by filtration and dried overnight under vacuum at

room temperature. The isolated yield was 85%. 'H NMR (300 MHz, CDCI3, ppm): 6

5.36 (m, 2H), 2.02 (s, 4H), 1.34 (s, 8H).
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2.2.8 Polymerization Monitoring by 'H NMR and Rate Comparison Experiments

The sample solutions were prepared with 0.2 mmol of total monomer in 0.7 mL

CDCI3 in an NMR tube. For copolymerizations equimolar mixtures of monomers were

used. Catalyst 2 or 3 (0.8 pimol) was dissolved in 0.1 mL of CDCI3 and added to the

monomer solution at room temperature. Rate comparison experiments were conducted

by 'h NMR. Data was collected every 2 minutes using naphthalene as an internal

standard. It was not possible to probe the homopolymerization of exo 7 with the above

monomer and catalyst concentrations due to polymer precipitation. Consequently, for

these experiments a 1 : 1 0 catalyst to monomer ratio was used and the rate constant data

was adjusted accordingly.

The preparation of ruthenium-cyclooctene chain-end species was performed by

addition of cylooctene (60 jumo\) to catalyst 2(12 fimol) in 0.8 mL CDCI3 and then

allowed to react for 20 minutes at room temperature. The reaction ofendo 5 with the

resulting chain-ends was performed by adding an excess ofendo 5 (0.2 mmol) to this

solution. The preparation of ruthmium-endo 5 chain-end species was performed by

addition ofendo 5 (36/^mol) to catalyst 2 (12/^mol) in 0.8 mL CDCI3 and then allowed

to react for 20 minutes at room temperature. The reaction of cyclooctene with these

chain-ends was performed by adding an excess cyclooctene (0.4 mmol) to this solution.

2.3 Results and Discussion

2.3.1 Determination of Alternating Microstructure

The H and C NMR spectra of the polymer resulting from the

copolymerization of an equimolar mixture of endo 5 and cyclooctene using catalyst 2

indicated the absence of resonances for either homopolymer. This is most clearly seen

by analysis of the olefmic region in the *H NMR spectrum that reveals resonances from
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a mixture of cis and trans isomers of an asymmetric carbon-carbon double bond of a

regular alternating structure (Figure 2.1).

Figure 2.1 'H NMR spectra of the homopolymer of endo 5 (Top), alternating copolymer

of endo 5 and cyclooctene (Middle) and the homopolymer of cyclooctene (Bottom) in

CDCI3.
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Changing the reaction time, catalyst or total monomer concentrations did not affect the

resulting high levels (>98%) of alternation in the copolymer. Molecular weights were

tunable from 10,000 to approximately 200,000 g/mol depending on the ratio of catalyst

to monomers, from 1/200 to 1/1500 respectively, with polydispersity values near 2.

Inspection of the 'H-'H COSY NMR spectrum clearly shows the internal connectivity

of a repeat unit that results from an alternating polymerization of endo 5 and

cyclooctene (Figure 2.2).

0.00

- 1.00

2.00

- 3 ,00

4,00

5.00

BOO

Itt 1

Figure 2.2 H- H COSY NMR spectrum of alternating copolymer of endo 5 and

cyclooctene. The rectangles show the off-axis peaks establishing the connectivity,

Dashed lines represent the cis isomer.

2.3.2 Alternating Copolymerization of Endo 5 and Cyclooctene

To quantify the tendency towards alternation, the reactivity ratios for the

copolymerization of endo 5 and cyclooctene were calculated using copolymer
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composition equation.^ As expected the reactivity ratios are very small, and the

corresponding reactivity ratio product approaches zero (Table 2.
1 ). In an ideal

alternating copolymerization these values become zero representing the absence of any

homopolymerization.

+ n

6 ^2^5

I

C2H5
Figure 2.3 Alternating copolymerization of endo 5 and cyclooctene.

Table 2.1 Reactivity ratios for the copolymerization of cyclooctene and endo 5 using
catalyst 2 and the corresponding reactivity ratio product.

^cyclooctene 0.08 V. 0.02

^endo 5 0.04 V. 0.02

Reactivity ratio product 0.001 < rcyclooctene Wo S < 0.006

The in s itu monitoring of the copolymerization was performed in a series of

NMR tube experiments. The rate of disappearance of each monomer was observed to be

equal. Furthermore, it was also observed that only an alternating structure appeared

from the very onset of polymerization. For comparison the homopolymerizations of

endo 5 and cyclooctene were also monitored by 'H NMR. The copolymerization of

endo 5 with cyclooctene was observed to be faster than homopolymerization of endo 5

but slower than homopolymerization cyclooctene (Figure 2.4). When (ln[monomer] -

ln[monomer]o) data was plotted versus time, linear functions were obtained for the

copolymerization and either of the homopolymerizations. From these calculations the

rate constants were found lo be 2.3x10" sec" for cyclooctene homopolymerization,
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4x10-^ sec-' for cndo 5 homopolymcrizalion and 4x10"^ sec"' for Ihcir copolymcri/ation

Although only an alternating structure is observed from an cquiniolar monomer

mixture, the rate of copolymerization is slower than cyclooctene homopolymeri/ation.

20 30

timc/miiui(cs

I 'igure 2.4 The comparison of the rates of cyclooctene homopolymeri/ation (a),

copolymerization of an equimolar mixture of cyclooctene and cmio 5 (b) and
homopolymeri/ation oW'iuh 5 (c) using catalyst 2.

An alternating copolymerization includes two different propagation reactions. In

this particular case, one step is the addition oW'ndo 5 to a ruthenium-cyclooctene chain

end and the other is the addition of cyclooctene to a ruthenium-t'm/o 5 chain-end. To

resolve these two propagation rates both propagating species were independently

generated and then allowed to react with the other monomer. Addition of excess

cyclooctene to catalyst 2 in CDCI3 consumed all cyclooctene and initial catalyst in less

than 20 minutes generating ruthenium carbene species at the chain-ends of cyclooctene

oligomers as observed by 'li NMR. An excess oW'ndo 5 was added to this solution, fhe

reaction rate was observed from the disappearance of the resonance for the ruthenium

carbene proton of the ruthenium-cyclooctene chain-end ( 1').3 ppm) and appearance of a

resonance for the ruthenium-t'mA; 5 chain-end (18.6 ppm). In a similar fashion the

ruthenium-c'/7c/o 5 chain-ends were generated in an NMR lube, an excess of cyclooctene
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was added to this solution. The comparison of the rates for the different propagating

steps are presented in I 'igure 2.5 The observation that R, is approximately two times

faster then Rb would result in a preference for an alternating structure. On the other

hand the observation that R^ is more than ten times slower than R„ explains why the

overall rate for copolymerization of cyclooctene and endo 5 is slower than cyclooctene

homopolymerization.

RuLn +

LnRu

0 >'^RuL

Ra > Rb > Rc > Rd

Figure 2.5 Comparison of the rates for cndo 5 addition to a ruthenium-cyclooctene

chain-end (R;,), cyclooctene addition to a ruthenium-cyclooctene chain-end (Rb),

cyclooctene addition to a m\\\c\-\\wm-cndo 5 chain-end (Rc) and cndo 5 addition to a

ruthenium-t'/76/o 5 chain-end (Rj). Both chain-ends were derived from catalyst 2.

2.3.3 Alternating Copolymerization of Exo 7 and Cyclooctene

The conversion versus time data for the copolymerization of exo 7 with

cyclooctene and their homopolymerizations were obtained in a similar manner. The

comparison of the plots revealed that the copolymerization of exo 7 with cyclooctene is
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faster than homopolymerization of either monomer (Figure 2.6). This resuU is

consistent with the resulting alternating distribution. The rate constant was 5x10"^ sec''

for exo 7 homopolymerization, 2.3x10-^ sec"' for cyclooctene homopolymerization and

2.2x 10-2 sec ' for their copolymerization. The value for the copolymerization rate

constant is presumably a lower limit as the first data point the polymerization was at

very high conversion. Unlike the homopolymer of exo 7 this alternating copolymer is

soluble in common organic solvents. An importance of this alternating copolymer is the

precisely separated anhydride functionalities, which provide the opportunity for further

functionalization.

0 5 10 15 20

time/minutes

Figure 2.6 The comparison of the rates of homopolymerization of cyclooctene (a), exo 7

(d) and their copolymerization from an equimolar mixture (e) using catalyst 2.

2.3.4 Generality of Alternating Copolymerization

2.3.4.1 Monomer Structure

Oxanorbornenes are known to be more reactive than cyclooctene in ring-

opening metathesis homopolymerization due to their higher ring strain. Rather than

obtaining a block copolymer structure that would have resulted from preferential

consumption of one monomer prior to consumption of the other, we have observed

alternating structures for the copolymerization of cyclooctene with either endo 5, exo 6
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or exo 7 (Table 2.2). The change from the endo to exo isomer of 5 decreases the

tendency towards ahernation. This resuU can be understood if the approach of a

propagating metal center to an oxanorbornene derivative to form a metallocyclobutane

intermediate is accepted to be from the endo face of the carbon-carbon double bond.

Thus the more hindered endo isomer of 5 undergoes a slower homopropagation relative

to the cross-propagation with cyclooctene. After cyclooctene has ring-opened, the

chain- end becomes less sterically hindered and preferentially propagates by the

addition of the higher ring strain endo 5. In comparison, exo 5 has a less hindered

carbon-carbon double bond and consequently undergoes faster homopropagation in the

presence of cyclooctene leading to a less precisely alternating structure. The copolymers

prepared from cyclooctene and endo 5 or exo 7 are observed to be the closest to

perfectly alternating copolymers. In their 'H NMR spectra, a small peak arising from a

homopolymer of only one of the comonomers (e.g. a' in Figure 2.1, Middle) indicates a

possible stoichiometric mismatch in the reaction feed rather than tendency to random

monomer addition in which case the presence of both types of homopolymers would be

observed. In the case of exo 6 the alternating diad content was slightly decreased to be

91%. One difference of this monomer is the mobility of the 2,3-substituents that could

bring an additional steric hinderence when compared to the rigid five-membered ring

substitutions at the 2 and 3 positions of endo 5, exo 5, and exo 7. A balanced effect of

increased steric hinderence and decreased polar character of dimethyl esters compared

to the anhydride functionality of exo 7 could explain the above result for attempted

alternating copolymerization of cyclooctene and exo 6.

25



Table 2 2 Percentage of alternating diads^ resulting from the copolymerizations of
ditterent monomer combmations for catalysts 2 and 3.

Monomers

O

O
endo 5

98 85

O o

exo 5

O 80 70

O o

exo 6
91 60'

O

exo 7

9
p
b 96 75'

O

exo 7

q

exo 7

O
O

b

O
O

b

O

92'

85 70'

Oo

/Cm
o

exo 7

40

" Based on 'H NMR spectra. " Equimolar mixtures of monomers. ' Not determined.

%5 error margin due to poor resolution of the peaks.
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When cyclooctene is replaced by cyclooctadiene, cyclopentene or norbornene

the alternating copolymer structure begins to have more irregularities indicating the

effect of different ring strains. Cyclooctadiene has the same ring size as cyclooctene

providing a steric hinderence very similar to cyclooctene. However the second carbon-

carbon unsaturation on cyclooctadiene ring is expected to alter the ring strain and also

act as an additional coordination site for the approaching ruthenium catalyst. With these

structural features cyclooctadiene is known to be a slower ROMP monomer compared

to cyclooctene. All these factors would be expected to contribute in the decreased

alternation character of cyclooctadiene-exo 7 copolymer. In the case of cyclopentene the

changes in ring strain and steric hinderence, related to the decreased ring size, are the

expected reasons for further decreased alternation behavior in its copolymerization with

exo 7. In the copolymerization of norbornene and exo 7 the tendency towards

alternation is lost as the norbornene has a very similar ring strain to oxanorbornene

while lacking the 2,3-disubstitution. Overall, these results indicate that in the ruthenium

catalyzed ring-opening metathesis copolymerization, a balance of ring strain and steric

hinderence of the comonomers are crucial factors for achieving alternation.

2.3.4.2 Comonomer Feed Ratio

In sections 2.3.2 and 2.3.3, the tendency toward alternation has been shown to

be related to corresponding relative propagation rates. It is also well known that the

polymerization rate of a monomer, in homo- or copolymerizations, is directly related to

its concentration in the polymerization solution. In order to further test the extent of the

tendency toward ahernation an uneven comonomer feed ratio was used in the

copolymerization of exo 7 and cyclooctene. This comonomer combination has been

shown to copolymerize in a highly alternating fashion in the case of equal feed ratios
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