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The ring-opening metathesis polymerization (ROMP) can gener- vary length VEyAeD gy
ate polymers with diverse attributésThe characteristics and T Suo;gjo;sgo;guo;o BN, Hhﬁ HN.OHN\.O
therefore function of a polymer can be tailored by altering its length / /

and the substituents displayed on the backbone. Methods for the @ ™" om b i SN OTW

0 o] o]
combinatorial synthesis of polymers using ROMP could accelerate S0 Su0 Suo . H%”N‘
the production of materials with novel properties. To this end, m m
polymer scaffolds that can be readily modified in solution have OS“:)ijo st R
been devise&? The rapid synthesis of polymer libraries from these ¢ N. » N’

scaffolds is hindered by purification of the resulting functionalized Figure 1. Strategy for the solid-supported synthesis of polymers displaying

polymers. Purification methods depend on the physical properties diverse functional groups. Polymers of different lengths can be immobilized,
. and substituents can be conjugated to Myaydroxysuccinimidyl ester

qf the reaptant; useq and the polymers that réstiie compllca (OSu)-substituted polymer.

tions of isolating diverse polymers render the solution-phase

synthesis of libraries impractical. Solid-phase synthesis has beenye sought to increase the immobilization efficiency using a short
used to simplify purification steps en route to libraries of small  pjock containing functional groups that can be captured on a reactive
molecules; reaction products remain immobilized, and soluble yesin, Third, we needed an immobilization strategy that allows facile
byproducts are washed awayThe application of solid-phase  puyrification of the cleaved polymers. We envisioned that a reversible
methods to polymer chemistry, however, is more complex. Devel- pje|s—Alder reaction could be used to append polymer to resin.
oping such a strategy involves attaching a soluble polymer to an The reactivity of NHS esters is orthogonal to that of typical diene/
insoluble one. The immobilized polymer can be derivatized and gjienophile pairs. Moreover, we anticipated that the linkage between
subsequently released from the resin. To implement such anthe resin and the polymers could be severed under mild condi-
approach is challenging: an immobilization method that is or- tjgng11.12
thogonal to the polymer modification chemistry is required, asisa g test our synthetic strategy, we generated block copolymers
process for polymer release that affords minimal byproducts. Here, ysing ROMP. One block was designed for immobilization, the other
we report a general method for the solid-phase synthesis of polymersfor presenting functionality of interest. We reacted a ruthenium
using ROMP that surmounts these barriers. carbene initiatd# first with a monomer bearing an NHS ester and
Immobilized polymers have been synthesized by ROMP from a then with one bearing a maleimide dienophile. The length of the
surface-anchored monomer or cataf/st. The kinetics of such  pjock of activated ester groups was varied by controlling the ratio
polymerization reactions will be complex; consequently, the result- of NHS ester-substituted monomer to initiator (M:1); 50:1 and 100:1
ing polymers will be more heterogeneous than those generated inratios were employed. When the initial monomer was consumed,
solution. We sought to preserve the high level of control over z maleimide-substituted norbornene was added (10:1 M:| ratio) to
polymer structure that can be obtained with ROMP in solution. zfforg polymers3a,b. This order of monomer polymerization
Under these conditions, ROMP effected using metal carbene ensyres that all living polymer chains possess the key functionality
initiators can be “living”, that is, termination or chain transfer required for immobilization; any chains that have undergone
processes do not compete with initiation or propagation. Thus, premature termination will remain in solution. To test the Diels
following monomer consumption, a metathesis-active metal carbene p|der immobilization strategy, we exposed the polymers to Rink
exists at the polymer termind&The presence of this reactive moiety  gmide polystyrene resin substituted with furan groufjsunder
facilitates the introduction of unique functionality at the termfus  microwave irradiation. Microwave irradiation can promote Diels
or the synthesis of block copolymers by continued polymerization Ajder reactions? and we found that it facilitated the linkage of
with a different monome¥? When the rate of initiation significantly  he polymer to the resin. Indeed, this process resulted in highly
exceeds that of propagation, polymers of defined lengths and narrowefficient polymer immobilization. Over 90% of the polymer was
polydispersity indices can be generated. Our goal, therefore, wasScaptured® Attempts to immobilize polymers using a single end-
to develop a solid-phase synthetic strategy that would retain thesegroup were inefficient. Specifically, when polymers bearing a single
advantages. end-group dienophile were exposed to resin, the immobilization
Our synthetic strategy has three critical features. First, we wanted yield was only 30948 The excellent yields we obtained for block
to immobilize a polymer that could be readily diversified. We had copolymers attests to the advantages of their use.
demonstrated that polymers bearing readtiveydroxysuccinimidyl With immobilized polymers in hand, we explored conditions for
(NHS) esters can be modified using an efficiency of polymer capture thejr functionalization. We conjugated two amines with very
by presenting multiple copies of a group that can participate in the gifferent structures, a mannose derivative and 2,4-dinitrophenyl
immobilization process of a variety of amiig&igure 1). Second,  (DNP) lysine. The amide bond-forming reactions were conducted
t Department of Chemistry. using a 10:1_ratio of a_mine to NHS ester in the presence of base.
* Department of Biochemistry. Spectroscopic analysis of the polymer products generated upon
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Scheme 1. Strategy for Polymer Synthesis?@
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aPolymers displayindN-hydroxysuccinimidyl esters (M:1 100:1 or 50:
1) and a short maleimide-substituted block (M:I of 10:1) were generated.
A Diels—Alder reaction between polymer maleimide and a resin-bound furan
results in immobilization. After conjugation of amine-bearing groups,
cleavage can be effected using a diene, which irreversibly traps the incipient
polymer maleimide groups in solution.

microwave, 70 °C, 5 min., 90%
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1. @-NH2

N-methyl morpholine
_—

. ()

Ph.

n

)
HN H
@ N\/(CH2)3YCOZH
-

ON

Ph. %:é
o\ 08 n m (CH,)sCOCH;
Po 19 0 o

6an~50

Ph.
o\ on 0 (CHZ)sCOCH,
&% o

O. (o]

6bn~100
HN

o
8an~50
8bn~100

moles ConA / mole polymer

Ml

50:1 50:1 100:1
6 8
Figure 2. Quantitative precipitation of ConA with mannose-bearing
polymers. Stoichiometric composition of precipitate was calculated as
previously describeéf-'8Ratios depicted are the number of ConA tetramers

estimated to be clustered with each mannose polymer.

100:1

to that of many other functional groups. In addition, the reversibility
of the furan Diels-Alder reaction provides a means to release the
polymer from the solid suppoetind a handle for further function-
alization. We postulate that the strained alkene that results can
participate in additional ROMP reactions to build branched
copolymers. Alternatively, other reactive species could be used to
trap the dienophile (e.g., thiolates) to produce block copolymers
that display a range of functionality. We anticipate that the flexibility

cleavagé® indicates that the amide bond-forming reaction is ©f this strategy will markedly accelerate the synthesis of soluble
efficient; it appears to proceed in quantitative yield based on the Polymers with novel functions.

NHS ester. To complete our solld-pha_se synthesis, a method to Acknowledgment. We thank Prof. H. E. Blackwell and M.
liberate polymer from the resin was required. The tendency of furan Bowman for helpful discussions. This research was supported by

to engage in reversible DietsAlder reactions underlies our cleavage the NIH (GM55984, AI55258) and the Keck Foundation. M.J.A.
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irreversible Diels-Alder adducts with dienophiles, such as male-
imide, resulted in polymer cleavage. To verify that the majority of
the polymer was liberated, we exposed the resin to acid to sever
the Rink amide linker. No additional polymer was detected in the
resulting eluent. Additionally, chromatographic analysis of the
functionalized polymers indicated that they have the expected
molecular masses and possess narrow polydispersity iffi€esse
investigations demonstrate the utility of our synthetic strategy.
The properties of block copolymers and homopolymers can vary.
To determine whether our method affords functional polymers with
activities similar to their homopolymer counterparts, we compared
the ability of polymers6a,b and 8a,b to interact with the target
protein, concanavalin A (ConA). Multivalent displays of saccharides
can cluster and thereby precipitate lectih&® We found that the
initial rates of ConA precipitation mediated by polynta,b are
comparable to those obtained wiha,b.*> To test whether differ-

ences in activities that depend on polymer length are preserved,

we used quantitative precipitation to estimate the stoichiometric
composition of precipitated polymer cross-linked lectin com-
plexes!”1® The concentration of ligand required to completely
precipitate the ConA was extrapolated to determine the relative
stoichiometry of ConA and polym¥r (Figure 2). Our results
indicate that activities of the polymers do not depend on the method
used for their synthesis. Thus, our solid-phase synthetic method
can be used to generate polymers with desired properties.

The data presented suggest this solid-phase route can be used(17)

for the synthesis of libraries of soluble polymers. Our conjugation
strategy is effective for generating polymers of the lengths neede
to probe biological systems. Moreover, use of the Didiider
reaction of furan offers many advantages for immobilizatiei?.
As discussed, the reactivity of the reaction partners is orthogonal
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