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Introduction. The use of functionalized polymers as
scaffolds for the delivery of drugs is an area of research
that has seen considerable growth during the past
decade.1-3 Drugs in the polymeric form offer several
advantages over their monomeric precursors, including
longer retention time in the body, lower toxicity, and a
greater specificity of action. The treatment of cancer
lends itself particularly well to this form of therapy, due
in large part to the enhanced permeability and retention
of macromolecules by cancerous tumors.4 The basis of
this phenomenon, known as the EPR effect, can be
traced to enhanced tumor vascular permeability com-
bined with a substantial decrease in the tumor lym-
phatic drainage system.4

Currently, many polymer-based drug delivery systems
rely on grafting pharmaceutically active molecules to
backbones that are comprised of either poly-N-(2-
hydroxypropyl)methacrylamide (poly-HPMA)5-7 or poly-
(ethylene glycol) (PEG).8,9 Although these systems are
inherently biocompatible, they often suffer from limited
functionalizability. For example, a typical PEG unit has
only two modifiable groups (the end groups) that can
be used as drug attachment sites, which results in a
low degree of drug incorporation into the polymer chain.
Further, since most treatment strategies rely on a
combination of multiple drugs to achieve optimum
benefit,10,11 well-defined block copolymers which are
simultaneously functionalized with a high density of two

or more drugs may be an extremely useful means of
drug delivery. Herein, we communicate our initial
efforts to utilize living ring-opening metathesis polym-
erization (ROMP) for the preparation of such materials.

The recent development and commercialization of
well-defined, single-site cyclic olefin metathesis catalysts
such as Cl2(PCy3)2RudCHPh (1) has resulted in a
substantial increase in the number of monodisperse
polymers and block copolymers that can be made using
ROMP.12-15 The exceptional functional group tolerance
and selectivity of 1 are such that virtually any moiety
that can be attached to a norbornene group can subse-
quently be included in the corresponding ROMP poly-
mer, allowing for the isolation of heretofore unattainable
macromolecules. To utilize ROMP in the synthesis of
polymeric drugs, especially those that are relevant for
cancer chemotherapy, several issues need to be ad-
dressed: (1) Are there known anticancer drugs that can
be readily modified with a norbornene group? (2) Once
obtained, will such functionalized molecules be polym-
erizable using catalyst 1? (3) Will these new compounds
be amenable to the synthesis of well-defined block
copolymers? (4) What steps are necessary to maximize
the biocompatibility and overall effectiveness of these
macromolecules? We specifically address these ques-
tions in this report.

Results and Discussion. a. Preparation of Nor-
bornenyl-Modified Anticancer Agents. In this in-
vestigation, three commercially available compounds
with demonstrated anticancer activity were targeted for
modification with exo-5-norbornen-2-ol (2), a useful
norbornene intermediate that we have used for the
synthesis of several complex ROMP monomers.16-19

Indomethacin is a nonsteroidal antiinflammatory drug
which has potent cancer-preventive and tumor-regres-
sive activity.10,20 For example, it has recently been
shown that indomethacin is involved in the induction
of apoptosis of colon cancer cells.20 The most reactive
group of indomethacin is a carboxylic acid functionality.
We exploited this reactivity by first converting the acid
to an acid chloride and then allowing it to react with 2
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in the presence of triethylamine to yield the desired
ROMP monomer 3 in greater than 90% yield (Scheme
1).

The second anticancer ROMP monomer targeted in
this study was based on 2-(4-aminophenyl)-6-methyl-
benzothiazole, one of a series of (aminophenyl)benzo-
thiazoles shown to exhibit significant activity against
certain types of colon, lung, melanoma, renal, breast,
and ovarian cancer,21-23 although the mechanism of
action of these drugs remains unknown. The free amino
group is the most reactive functionality of these com-
pounds and hence was utilized for the attachment of
the norbornene. When 2 is treated with succinic anhy-
dride in the presence of triethylamine, a ring-opening
condensation reaction occurs, resulting in a carboxylic
acid substituted norbornene. Conversion of the acid
group to an acid chloride, followed by condensation with
2-(4-aminophenyl)-6-methylbenzothiazole, yielded the
desired compound 4 in greater than 80% yield (Scheme
2). This product was found to be insoluble in most
organic solvents (such as CH2Cl2), limiting the extent
to which its polymerization activity could be probed
(vide infra).

Chlorambucil is a bifunctional alkylating agent that
has been utilized for the treatment of chronic lymphatic
leukemia as well as malignant lymphomas such as
Hodgkin’s disease.24-26 The free carboxylic acid group
of chlorambucil was coupled to 2 under Dean-Stark
conditions, yielding 5 in moderate yields (45%) as a clear
oil (Scheme 3). This compound was found to be freely
soluble in most organic solvents.

b. Preparation of Norbornenyl-Modified Trieth-
ylene Glycol. As described earlier, PEG-based drug
delivery systems are advantageous because of their

biocompatibility, which arises from their water solubil-
ity and lack of ionic character. A triethylene glycol-
derivatized norbornene 6 was constructed as a model
solublizing comonomer. Reaction of the sodium salt of
triethylene glycol monomethyl ether with R-bromo-R′-
(exo-5-norbornene-2-ol)-p-xylene19 afforded 6 in nearly
quantitative yield (Scheme 4). Although 6 is only
slightly soluble in water, a true water-solubilizing
comonomer can be targeted using a longer PEG chain
segment (vide infra).

c. Initial Survey of the ROMP Activity of 3-6
with 1. To test the ROMP activity of 3-6 with 1, four
NMR tube polymerization experiments were set up and
monitored by 1H NMR spectroscopy. In these experi-
ments, each monomer (20 equiv) was mixed with a
catalytic amount of 1 (1 equiv) in the appropriate solvent
(CDCl3 for 3, 5, and 6; DMF-d7 for 4). The conversion
of monomer to polymer was signaled by the loss of
resonances associated with the olefinic protons of the
norbornene monomer (at 5.9 and 6.2 ppm). The simul-
taneous growth of resonances associated with the ole-
finic protons of the ring-opened polymer (from 5 to 5.4
ppm) was also observed, indicating that 1 was tolerant
to each of the functionally diverse monomers 3-6.

d. Synthesis of Polymers and Block Copolymers.
After verifying the polymerization reactivity of mono-
mers 3-6, several larger scale (∼100 mg) polymeriza-
tion experiments were performed. A ROMP homopoly-
mer of 3 was isolated by stirring an excess of 3 with 1
in CH2Cl2 for 30 min at room temperature. Termination
of the polymerization reaction with ethyl vinyl ether27

and subsequent purification by precipitation yielded a
polymer with a Mn of 19 400 (vs polystyrene standards)
and a PDI of 1.25. Similarly, a homopolymer of 5 was
prepared and found to have a Mn of 16 800 and a PDI
of 1.26. Since these experiments and molecular weight
determinations were carried out in CH2Cl2, larger scale
ROMP experiments of the CH2Cl2 insoluble complex 4
were not carried out. A well-defined block copolymer of
3 and 5 was isolated by allowing an excess of 3 to fully
react with 1, followed by the injection of a solution of

Scheme 1

Scheme 2

Scheme 3

Scheme 4

3508 Communications to the Editor Macromolecules, Vol. 34, No. 11, 2001



5 into the reaction vessel. Characterization of this
polymer revealed a Mn of 27 600 and a narrow PDI of
1.20. Finally, a random copolymer of 3 and 6 was
synthesized by reacting a mixture of the two monomers
with 1. In this case, a larger Mn of 78 300 was observed,
as well as a broadening of the PDI to 2.03. In all cases,
quantitative yields of polymer were obtained.

Conclusions. Herein, we have demonstrated that at
least three anticancer drugs can be readily modified
with a norbornene group and that the resulting multi-
functional molecules can be polymerized using the
ruthenium carbene initiator 1. Further, these com-
pounds are amenable to the synthesis of either block
copolymers in combination with each other or random
copolymers in combination with the triethylene glycol
monomer 6. To our knowledge, this report represents
the simplest route to multifunctional pharmaceutical-
containing block copolymers that contain a high density
of drugs and a narrow polydispersity. The unique ability
of ROMP initiators such as 1 to polymerize such diverse
monomers under mild conditions should allow chemists
to further capitalize upon these initial results. In
addition, the narrow polydispersity obtained in living
ROMP chemistry can be advantageous in the control of
dosage in pharmacotherapy and pharmacokinetics. Fu-
ture work in this area by our group will concentrate on
improving the overall biological compatibility of these
systems by increasing the length of the ethylene glycol
chain of 6, by using amide connections in place of ester
linkages, and by incorporating the tetrapeptide linker
Gly-Phe-Leu-Gly into 3-5. This linker is enzymatically
hydrolyzed in the cellular environment and has been
extensively used in the field of drug delivery.8 These
studies, as well as an examination of the biological
activity of these systems, will be the topic of future
reports.
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