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Summary

Poly(y-dec-1-enyl-L-gltamate) and polytdec-1-enyleo-y-alkyl-L-glutamate), helical
polypeptides with pendent, terminal C-C double bonds in the side chains, were
crosslinked through an interecular olefin metathesis reaction usingugbs'

ruthenium catalyst. Polymer samples were crosslinked at a variety of concentrations and
with varying content of pendent C-C double bonds. Base promoted hydrolysis of the
resulting gels was carried out to determine the nature of the chemical crosslink in the gel.

Introduction

In recent years Ru complexes developed hybBs and co-workers (1-5) have been used
to catalyze ring closing olefin metathesis reactiorfeim 5-8membered adocycles or
heterocycles. Furstner and Langem& malso found that largmacrocycles could be
formed using the same catalyst. In contrast to these intramolecular reactions, Clark and
Ghadiri (7) carried out an interrdezular olefin metathesis usingbbs Rucatalyst to
covalently link cyclic peptides into aigramolecular, cytidrical structure. The latter two
studies demonstrated the potentiddipad apfpcation of the Gubbscatalyst in olefin
metathesis reactions anaggested its usefulness in crosslinkingair polymers
containing pender®-C double bonds. However, it is apparengg@ssary to have a

polar functional group (e.g., a carbonyl group) in close ipriy to the C-C double bond
which coordimtes with the Ru in the catalyst to aidonoperly pogioning the C-C

double bond for thenetathesis reactiai®).

Herein we describe the use of Grulidzgalyst to crosslink poly{dec-1-enyl-L-

glutamate) and polyfalkyl-L-glutamate)s (PALGs) containing varying aomtsy-dec-1-
enyl-L-glutamate repeating unit8) through an intermecular olefin metathesis reaction.
Reactionsnvolving the modiication of the penderttouble bond of these polymers have
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been previously described (8). The structures of these polymers, represented
schematically in Fjure 1, are known (9) to exist as stiff, rod-like polymers in organic
solvents due to thear-helical seondary confamation. This &ct is useful in computing
chain dimensions as described later in this papenoAth the crosslinking of PALGs
can be accomplished by heating the polymer in the presence of a d{a6vhe), the
intermolecular olefin metathesis reaction described biees a getier, faster (typically
a few minutes) method for crosslinking without pataity deleterious reactions
occurring on the backbone of the polypeptide. method is broadly apigable for the
crosslinking of a variety of PALGs by simplppolymerzing the N-carboxyanhydride
(NCA) monomer of choice with theppropiate quantity of-dec-1-enyl-L-gltamate
NCA monomer.
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Figure 1. Structure of the PALGs used in the crosslinking reactions.

Experimental

The chain dimensionsperted in Figure 3 wermeasured using a ThermoSeparations
model KMX-6 low angle laser light scattering detector in the "batch" mode (HeNe laser,
633 nm). Sattering was measuréwm tetrahydrofuran (THF) solutions in the
concentration range of 0.2-20 mg-. The THF was distilledfom potassiunmetal
immediately prior to use. The refractive index increment, dn/dc, ofydbg-1-enyl-L-
glutamate) was measuredé®3 nm on a Bce-Phoenix differential refractometer and
found to be 0.082 £ 0.00#L/g. Light scattering data were then used to calculate chain
dimensions in the usual manner, with the weight average molar mgsstkacted
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from y-intercept of a plot of reducedadtering vs. concentrat, and the osntic second
virial coefficient, A, extractedrom the slope of the linear fit.

The synthesis of the polymers shown in Figure 1 is reported elsewhere (12). Grubbs'
catalyst, benzylidene-bis(tricyclohegylosphine)dichlororuthenium, was purchased from
Fluka ChemicaCo. and used agceived. A typical example of the crosslinking reaction
is as follows: A solution of 0.2 g of polymer in 4 mL of dichlorethane (DCM) was
prepared in a glass vial with a teflon lined cap. It was then mixed with 10 mgilolh$5
catalyst dissolved in 1 mL of diaiomethane. The capped vial was placed in a water
bath at 40°C until a stiff gel was noted. Typically, reaction timesuveler 30 minutes
produced the gel. The DChhtalyst solution was initially a brigpurple color. After

the reacion, the gel waseflow orbrown presumably due to entrapped, @ed catalyst
residue. To date, we have riotind a solvent stable for removing the sperdatalyst
residue from the gel.

A typical example of filnformation is as follows: A cd.0% w/v solution of the polymer
in DCM was poured into a alow glass dish. The dish was warmed until the solution
ceased to flow. It was then uncovered to allow the DCM tp@nedefrom the thin gel.
An optically clear film or membrane resulted.

The crosslink moietjormed from thanetathesis reaction (shown irgkre 4, structure
A) was isolatedrom the gel using basmtalyzedhydrolysis of the gel. The gel was
refluxed for 3 days in ca. 20% aque®BH. The cooledeaction was extracted with
hexane to isolate the crosd#li After removing the hexane by evaation, the residue
was vacuum dried overnight and analyzed by FT-IR"Enahd“C NMR to verify the
structure of the crosslink.

Results and Discussion

The gel produced by the interfeoular olefin metathesis qualitatively appeared quite
stiff and tough. We also noted no flow of timaterial when the reaction vial containing
it was inverted for an extended periodiafe (eg., several weeks). We dgnl Grubbs
catalyst to both polytdec-1-enyl-L-gltamate) and polyfdecyl-L-glutamate)

containing varying quantities of the pend@i€C double bond. We also varied the
concentration of the polymer to determine the lower concentration limit necessary to
form a gel. Polyf-dec-1-enyl-L-gltamate) crosslinked readily at concentration
exceeding 5% w/w. A 1% w/w solution did not appear to gel but the usual color change
from purple to brown inidating spent catalyst was noted. The possibility of intrachain
crosslinking (making big "loops" on the chain backbone) was considered but there is
presently no data available to verify this structure. However, it is worth speculating
about this possility since such a structure woupatovide a chain arétecture with a "re-
inforced" a-helix. Figure 2 shows an over-simplified structure thaeswdtically
represents this loop foration. At very low concen#tions of polymer, it is conceivable
such a structure could foraithough it eems unlikely that pende@tC double bonds on
adjacentrepeat units would metathesize due to their positions ontetical ba&bone.
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Figure 2. Suggested structure formed by intrachain olefin metathesis
reaction. Metathesis of double bonds on adjacent repeat units
is probably not realistic.

PALG copolymers camining=10 mol% decenyl side chains were observed to form gels
in the metathesis reaoti. When the PALG backbone was "loaded" witlitde as 1

mol% decenyl side chains, no gelation was observed. At present, we are investigating
methods of removing the sperdtalyst residuéom the gel without dmaging its

structure. Dialysis of any of these gels against a variety of solvents has failed to remove
the residue.

For this study, we were interested in working with mateto high molecular weight
materials. It iknown (13) that rods with an &t ratio (length/diameter) exceeding
about 5 are capable of forming lyotropic liquid ¢als. One obur goals in making
these PALG gels is to "lock™ an ordenmedcrostruture, due to the formation of a liquid
crystalline phase, into the crosslinked nextkv It was useful, therefore, to have some
knowledge of the chainimhiensions prior to crosslinkg. The chainigdnensions can be
computed fromtsitic light scattering data as demonstrated gufé 3 for a tyjcal
poly(y-dec-1-enyl-L-gltamate) sample. These data were represented in a reduced
scattering vs. concentraion pfodbm which the weight average molar mass )Mhe
osmotic seond virial coefficient (A), and the diameter of mutual exclusion)(d@ere
computed. The rodidmeter was calculated using the Zimm-Schulz-Onsgigked 6)
relationship below:

A2 =1N,d L*/ 4M,’
where, N is Avogadro's number
L is the length of the rod

This relationship relates the dimensions ob@like polymer to A Since the value of
A, for a polymer-solventemperature combination is directly accessihleugh $atic
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light scattering measurements, the dimensions ofdtie€an be readily computed. The
value of L was computed using L = 0.15nm§M , where 0.15 nm is the known
pitch/residudor ana-helix and M is the repeat unit molar mass. The diameter
computed was 20 A, indicating that 16&0 side chains are somewhat "folded" or "
pushed down" along the polypeptide backbone in solutions of THF (17).
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Figure 3. Chain dimensions for poly(y -dec-1-enyl-L-glutamate)

As shown in Figure 4, the crosslitdthers the macromolecular chaihsough ester
linkages. Therefore, a sample of the gel was hydrolyzed in ordedateisbe crosslink
moiety in the polymer netwk. FT-IR,'H and”C NMR spectroscopic data indicated a
structure consistent with a usual olefin metathesis usingl§s'catalyst. That is, the
spectroscopic data indicated the pend&@ double bonds in the side chains of the
polymer reacted tiborm a new C-C bond with expulsion of ethylene. The struciuref
the crosslink is shown in Figure 4.
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Figure 4. Hydrolysis of the gel at the ester linkages (marked with stars)
yields the crosslink moiety. Subscript y represents the number of
crosslinks; x, the numbeof unreacted terminal C-C double bonds.
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