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ABSTRACT
Soluble polymers have been used as supports for reagent/catalyst
immobilization and synthesis. Two polymers are commonly used
in this context, linear polystyrene and poly(ethylene glycol). The
complementary solubility properties of these polymers allow access
to a wide range of chemistries. Parallel and combinatorial libraries
of small molecules have been prepared using these polymers, and
reagents/catalysts that are easily recovered and recycled have been
immobilized on them. To develop soluble polymers with novel
properties, bifunctional polymerization initiators have been used
in a parallel combinatorial methodology to prepare block copoly-
mers that exhibit unique solubility profiles.

1. Introduction
Recent advances in the high-throughput screening of
compounds for efficacy in biological assays have revolu-
tionized the drug discovery process. The major effect of
these new screening methods has been the shifting of the
bottleneck of the process to the production of compounds
for testing. This demand for large numbers of new
compounds has, in turn, caused chemists to look for ways
to simplify, expedite, and automate the process of small
organic molecule synthesis. To this end, organic chemists
have borrowed techniques from the peptide chemistry
community in which polymers are used as supports for
either substrate or reagent immobilization. The primary
advantages of the attachment of one reaction component
to a polymer are that (1) substrate removal from the
reaction mixture is easily accomplished and (2) the bulk
properties of the polymer carriers make them well suited
for use with automation equipment.

Traditionally, insoluble polymer resins have been used
as supports, and much organic chemistry has been
performed with them.1-3 Insoluble polymers have been

most commonly used since they can easily be isolated by
filtration and washed by passing solvent over them.
Unfortunately, the heterogeneous reaction conditions that
insoluble polymers dictate often complicate the transfer
of traditional solution-phase chemical methodologies to
solid-phase synthesis. Reaction kinetics can be nonlinear,
and it is difficult to assess the completeness of reactions
and the purity of the immobilized substrate being syn-
thesized. In an attempt to make polymer-supported
chemistry more solution-like, soluble polymers and fluo-
rous systems have been utilized.4-7 The use of soluble
polymers has the potential to combine the best aspects
of both solid-phase chemistry and solution-phase chem-
istry. The soluble polymers afford more normal reaction
kinetics, facilitate compound characterization, and allow
for polymer/compound isolation and purification through
precipitation and filtration. We have focused our studies
regarding high-throughput organic synthesis on the de-
velopment of soluble polymer-based strategies and tech-
niques, and our most recent work is described herein.

2. Soluble Polymer-Supported Small Organic
Molecule Synthesis
Many polymers exist which are soluble in common
organic solvents and suitable as supports for small organic
molecule synthesis.8 Our group has explored the scope
of the utility of poly(ethylene glycol) (PEG) and linear
polystyrene (LPS) in such applications. We have chosen
these two polymers because (1) PEG is available com-
mercially in a wide range of molecular weights in monom-
ethyl ether (MPEG) and diol (PEG) form and (2) LPS is
simple to prepare with a wide variety of functional groups
and is compatible with a broad spectrum of chemistries.
Furthermore, the polar nature of hydrophilic PEG and the
nonpolar hydrophobic nature of LPS are complementary
and should therefore allow access to a wide array of
compound types.

A. PEG-Supported Synthesis. Prior to our entry into
the field of soluble polymer-supported organic chemistry,
PEG was used as a support for the synthesis of oligopep-
tides,9 oligonucleotides,10 and oligosaccharides.11-14 Our
first work in this area involved the use of PEG as a support
for the combinatorial and parallel synthesis of pentapep-
tide and sulfonamide libraries, respectively.15 This was the
first report of the use of PEG in small organic molecule
synthesis, and the pentapeptide library preparation was
the first application of this polymer in a combinatorial
sense. Members of the library were found to be ligands
for a monoclonal antibody elicited against â-endorphin,
and the identities of the ligands were determined through
a recursive deconvolution strategy which was previously
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developed by our group.16 Methodology similar to that
used in the generation of the pentapetide library was also
used to synthesize a new class of peptidomimetics,
azatides, which are constructed of “R-aza-amino acids”.17

We next developed traceless linker systems for the
formation of aliphatic C-H bonds that are based on the
reduction of aryl sulfides and sulfones.18-21 The sulfone
version of the linker system was used to prepare alkylated
malonates22 and 3,5-pyrazolidinediones 1 (Figure 1),23 a
class of compounds which are used to treat rheumatoid
arthritis and other diseases. A key observation made
during the synthesis of compounds 1 was that isopropyl
alcohol (IPA) is effective in precipitating PEG. Tradition-
ally, diethyl ether and tert-butyl methyl ether have been
used for this purpose. Since diethyl ether is relatively
nonpolar, polar impurities are often associated with
polymers precipitated from it, and the use of tert-butyl
methyl ether to dissolve these impurities is undesirable
due to it being environmentally unfriendly. The use of IPA
overcomes these problems and affords more pure polymer-
bound synthetic intermediates.

We have used an intramolecular cyclization cleavage
strategy in the synthesis of 3-aminoimidazoline-2,4-diones
(2).24 Prior to our report, the syntheses and structural

assignments of such structures were confusing and inef-
ficient. Compound 2 is isomeric with hexahydro-1,2,4-
triazine-3,6-dione (3), and the planned synthesis of one

of these classes of compounds often resulted in the
formation of the other class along with racemization of
the product. Our synthesis was the first controlled method
for preparing compounds 2 that maintained the stereo-
chemistry of the starting materials (Figure 2).

Palladium-catalyzed cross-coupling of organotin re-
agents with organic electrophiles has become a versatile
and common technique for the synthesis of conjugated
systems.25 We have explored the scope of such chemistry
with PEG-immobilized aryl iodides with tributyl stannanes
to form compounds 6.26 It was observed that the use of
Pd(PPh3)2Cl2 as the catalyst in DMF at 80 °C in the
presence of LiCl was optimal for the formation of the
desired products (Figure 3).

B. LPS-Supported Synthesis. The insolubility of PEG
in tetrahydrofuran at low temperature and its potential
to complex metal cations preclude its use as a support
for much standard organometallic and anion chemistry.
An alternative polymer that does not exhibit such limita-

FIGURE 1. PEG-supported synthesis of 3,5-pyrazolidinediones. Conditions: (a) MsCl, Et3N, CH2Cl2, room temperature, 12 h; (b) 4-HO-C6H4-S)2,
Cs2CO3, DMF, 65 °C, 6 h; (c) DTT, H2O, reflux, 3 h; (d) BrCH2CH2Br, Cs2CO3, DMF, room temperature, 14 h; (e) CH2(CO2Me)2, Cs2CO3, DMF, room
temperature, 17 h; (f) 4-Cl-C6H4CH2Cl, Cs2CO3, DMF, room temperature, 17 h; (g) (i) NaOH, H2O, room temperature, 5 h, (ii) Amberlite IR-120
(H+), 1 h; (h) CH3NHNH2, PyBOP, iPr2EtN, DMF, room temperature, 43 h; (i) KHSO5, H2O, room temperature; (j) 5% Na/Hg, Na2HPO4, MeOH/
DMF (1/8), room temperature, 18 h.
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tions is LPS. Previously, LPS had been used as a support
for the synthesis of polypeptides.27-29 An additional ad-
vantage of LPS is that the loading level of the polymer is
not limited to twice the inverse of its molecular weight,

as it is with PEG. The linear nature of PEG dictates that a
maximum of two molecules can be attached to each
polymer molecule, one at each terminus. Since a molec-
ular weight of at least 2000 Da is necessary for PEG to
have the desired precipitation properties, the maximum
loading level is 1 mmol/g. The loading level of LPS can
be adjusted as desired by changing the ratio of monomers
used in the polymerization reaction and can approach the
theoretical maximum of unfunctionalized polystyrene (9.6
mmol/g). When the LPS is functionalized with chloro-
methyl groups, it is essentially a soluble form of Merrifield
resin (theoretical maximum loading of 6.6 mmol/g), and
all chemistry performed with this resin could, therefore,
in principle, be done under homogeneous reaction condi-
tions. However, a caveat to the issue of loading is that, at
a point when loading is too high or the molecules attached
are too large, the polymer begins to exhibit the solubility
properties of the attached molecules and may not pre-
cipitate properly. Furthermore, if there are many mol-
ecules attached closely on the polymer, they may interact
with one another in undesirable ways.

To test the utility of LPS for low-temperature organo-
metallic/anion chemistry, we have used chloromethyl-LPS
as a support for the synthesis of prostaglandin E2 methyl
ester (7) and prostaglandin F2R (8) (Figure 4).30,31 In
choosing these targets, we envisioned using a three-
component (9-11) coupling strategy that would require
the use of organocuprate and alkyllithium reagents.

Furthermore, such a LPS-supported synthesis would allow
easy access to combinatorial or parallel libraries of
analogues, through the variation of 9-11, that could be
tested for potential therapeutic use.

In the synthesis of 7 and 8, we used the dihydropyran
linker group introduced by Thompson and Ellman,32 and
(R)-9 was attached through this onto the polymer to
provide the prostaglandin core on which to append the
R- and ω-chains (Figure 4). In the synthesis of 7, a
vinylstannane was used as the precursor to vinylcuprate
10 that installed the ω-chain. Conjugate addition of 10
and subsequent trapping of the resulting enolate as the
corresponding trimethylsilyl ether, rather than direct
quenching with an electrophilic R-chain equivalent, makes
the synthesis useful for split-pool combinatorial library
generation by allowing the combining of different reactive
intermediates. The enolate was regenerated from the silyl
enol ether by treatment with methyllithium and quenched
with propargylic triflate 11 to install the R-chain. Selective
reduction of the triple bond and cleavage from the
polymer afforded 7 in 37% yield after purification.30 Since
hydrostannylation of the triple bond to form the cuprate

FIGURE 2. PEG-supported synthesis of 3-aminoimidazoline-2,4-
diones. Conditions: (a) MeO-PEG-CH2CH2-NH2, DCC, DMAP; (b) TFA/
CH2Cl2 (1/1, v/v); (c) 4; (d) 5, DCC; (e) dilution, iPr2EtN (1.1 equiv).

FIGURE 3. PEG-supported Stille cross-coupling reaction of an aryl
iodide and tributyl stannanes: (a) ArSnBu3, Pd(PPh3)2Cl2, LiCl, DMF,
80 °C, 24 h; (b) KCN, MeOH, room temperature, 24 h.
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precursor was neither stereospecific nor regiospecific, we
used hydrozirconation by the Schwartz reagent to cleanly
generate a trans-vinylcuprate precursor for the subsequent
synthesis of 8. Selective reduction of the ketone group with
L-Selectride and saponification of the methyl ester prior
to cleavage from the polymer afforded 8 in 30% overall
yield.31 The saponification of the methyl ester highlights
one potential advantage of LPS over divinylbenzene cross-
linked polystyrene resins. Such resins are notorious for
their lack of swelling in alcohols and water, and the use
of such solvents often results in long reaction times and
poor conversions. When an appropriate cosolvent is used,
LPS can be dissolved in the presence of protic solvents,
and standard reaction kinetics can be observed.

As stated vide supra, the prostaglandins were chosen
as synthetic targets because they can be assembled by the
three-component coupling strategy and each of the
components can be considered a point of diversity.
Variation of each of these components can lead to
combinatorial or parallel libraries from which biological

activity can be identified and optimized. Our first effort
toward this end was to vary both the R- and ω-chains and
analyze the resulting prostanoid library for inhibition of
cytomegalovirus (CMV).33 By using four different R- and
ω-chain precursors, we were able to prepare a 16-member
library using what we term a “parallel-pool” strategy
(Figure 5).

The four different ω-chain precursors 12a-d were
added individually to the previously described polymer-
bound cyclopent-2-en-1-one (Figure 5, step a). These
adducts were mixed together in equal amounts, and the
mixture was then divided into four portions. Each portion
was treated with one of the R-chain precursors 13a-d
(Figure 5, step b). This process resulted in four mixtures
containing four compounds each. Reduction of the triple
bonds and release from the polymers afforded mixtures
14a-d, 15a-d, 16a-d, and 17a-d. These mixtures were
tested for inhibition of murine CMV growth in NIH 3T3
cells, and it was found that the mixture of 14a-d
produced the desired inhibition. Through parallel syn-

FIGURE 4. LPS-supported synthesis of prostaglandin E2 methyl ester and prostaglandin F2R. Conditions: (a) 9, PPTS, CH2Cl2, room temperature,
24 h; (b) 10, THF, -78 °C, 15 min; (c) (i) TMSCl, -78 °C, 30 min, (ii) Et3N 0 °C, 15 min; (d) MeLi, THF -23 °C, 20 min; (e) 11, -78 °C, 10 min
then -23 °C, 30 min; (f) H2, 5% Pd-BaSO4, quinoline, benzene/cyclohexane (1:1), room temperature, 48 h; (g) 48% aqueous HF/THF (3:20, v/v),
45 °C, 6 h; (h) L-Selectride, THF, -78 °C, 1 h; (i) 3 N LiOH, THF, MeOH, room temperature, 48 h.
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thesis of 14a-d as single compounds, it was determined
that 14a was the component of the mixture responsible
for the inhibition. These observations are significant since
there are few antiviral drug therapies clinically available
for CMV infection.34

To increase the diversity of our prostanoid library and
to further study structure-activity relationships between
CMV and our compounds, we have also changed the
scaffold from a five- to a six-membered ring.35 It was
surprising to find that despite the enormous amount of
work studying the biological activity of five-membered
ring prostanoids and the many synthetic techniques used
to prepare them, there were no reports in the literature
describing general methods for the preparation of diverse
six-membered-ring prostanoids. Thus, we first optimized
the three-component coupling procedure using traditional

solution-phase techniques and then applied it to the LPS-
supported synthesis. Our synthetic approach mirrored that
which we used previously for the five-membered-ring
compounds (Figure 6): (a) immobilization of the cyclo-
hex-2-en-1-one (18) on the polymer via an acetal linkage;
(b) addition of the ω-chain through the conjugate addition
of a vinylcuprate (19a-c); (c) trapping of the resulting
enolate as a silyl ether; (d) regeneration of the enolate and
addition of the R-chain by trapping with a propargyl
triflate (20a-c); (e) reduction of the alkyne to an alkene;

FIGURE 5. LPS-supported combinatorial synthesis of a prostanoid library. Conditions: (a) (i) 12a, 12b, 12c, or 12d (5 equiv), Cp2Zr(H)Cl (5
equiv), THF, room temperature, 30 min, (ii) MeLi (10 equiv), -50 °C, 10 min, then CuCN (5 equiv), -50 °C, 15 min, (iii) MeLi (5 equiv), -50 °C,
(iv) TMSCl (25 equiv), -50 °C, 40 min, then NEt3 (50 equiv), -50 °C, 15 min; (b) (i) MeLi (4 equiv), THF, -23 °C, 40 min, (ii) 13a, 13b, 13c, or
13d (18 equiv), THF, -78 °C, 10 min, then -23 °C, 40 min; (c) H2, 5% Pd/BaSO4, quinoline, benzene/cyclohexane (1/1), 45 °C, 49 h; (d) 48%
aqueous HF, THF, 45 °C, 6 h.

18

19a:
19b:
19c:

20a:
20b:
20c:
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and (f) removal of the compound from the polymer. We
have used this methodology to make a small set of six-
membered-ring-containing prostanoids (21a-e). Impor-
tantly, the overall yields from the liquid- and solution-
phase syntheses were comparable. The trans,trans stereo-
chemical relationships between the side chains and the
hydroxyl group of 21a-e were determined through 1H
NMR studies.35 We are currently working to increase the
size of the library by increasing the diversity of the side
chains.

3. Soluble Polymer-Supported Reagents and
Catalysts
Traditional polymer-assisted synthesis has involved con-
struction of a molecule on a polymer support. An alterna-
tive concept that has emerged over the past several years
is the immobilization of reagents and catalysts on in-
soluble and soluble polymer supports for use in solution-
phase synthesis.36-38 Reagents can be used in excess to
drive reactions to completion. The excess and polymer-
bound byproducts can be removed by filtration, resulting
in products that do not require further purification.
Polymer-bound catalysts can likewise easily be removed
from the reaction mixture and recycled.

A. PEG-Supported Cinchona Ligands. An example of
this concept is the use of polymers to support expensive
chiral ligands for asymmetric catalysis so that they can
be recovered and reused. We have reported the im-
mobilization of cinchona alkaloid ligands on PEG and
their use in the Sharpless asymmetric dihydroxylation
reaction.39-41 These ligands, 22 and 23, afford enantiose-
lectivities that mirror those of the original Sharpless

ligands for olefinic substrates. Ligand 22 was recovered

and reused five times for the dihydroxylation of trans-
stilbene, with no apparent decrease in yield or enanti-
oselectivity. Ligands 22 and 23 have also been used in a
multipolymer dihydroxylation system in which the olefinic
substrates were attached to insoluble polystyrene resins
(Figure 7).41

B. PEG-Supported Reagents. Triphenylphosphine is a
very versatile regent in organic synthesis. It is used in
Wittig, Mitsunobu, Staudinger, and reduction reactions.

21
21
21
21
21

FIGURE 6. LPS-supported synthesis of six-membered-ring prostanoids. Conditions: (a) 18, PPTS; (b) 19a, 19b, or 19c; (c) TMSCl, NEt3; (d)
(i) MeLi, (ii) 20a, 20b, or 20c; (e) H2, 5% Pd/BaSO4, quinoline; (f) 48% aqueous HF.

FIGURE 7. Multipolymer Sharpless asymmetric dihydroxylation
system.

22

23
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Unfortunately, its byproduct in these reactions, triphen-
ylphosphine oxide, is a polar material that is often difficult
to remove from the reaction mixture. Because of these
factors, PEG-bound triphenylphosphine reagents have
been prepared, and their utility and efficiency compared
to those of polystyrene resin-supported triphenylphos-
phine (24) has been explored. The first-generation reagent
25 was linked to the PEG by a carbamate linkage.42 Its
reactivity was found to be enhanced compared to that of
the resin-bound reagent 24 in Staudinger and Mitsunobu
reactions. In some cases, 25 afforded product when 24
did not, such as in aryl ether fromation from benzyl
alcohol. The second-generation reagent 26 contains a

phenyl ether linkage which should broaden the scope of
chemistry with which it is compatible.43 It has been
applied in the quenching of ozonolysis reactions and as
a support for phosphonium salts in aqueous Wittig
reactions. Furthermore, we have found that the phosphine
product from these reactions, the oxide of 26, can easily
be reduced with alane to regenerate 26.

Reagents that selectively but reversibly react with
reaction products can be used to isolate compounds from
reaction mixtures by the “fishing out” principle.44,45 We
have demonstrated that this principle can be used with

PEG-bound dialkylborane reagent 27 to isolate â-amino
alcohols.46 In this work, amines were used to open

epoxides to afford â-amino alcohols that were isolated by
addition of the PEG-bound reagent. Precipitation of the
PEG-bound reagent from the reaction mixture with diethyl
ether was followed by treatment with methanolic HCl to
release the â-amino alcohol.

Vinyl and aryl triflates are synthetically useful com-
pounds in metal-catalyzed cross-coupling reactions for the
formation of carbon-carbon and carbon-heteroatom
bonds. Unfortunately, their reactive nature often compli-
cates their preparation and purification since they are
prone to hydrolysis. We have developed PEG-bound
triflimide 28 that simplifies the purification process by
eliminating the need for an aqueous extraction of the
reaction mixture to remove byproducts.47 The triflimide
byproducts are removed by simple precipitation with
diethyl ether, and the salt byproducts are removed by
filtration through silica gel. Yields of triflate formation with
28 were found to be comparable to those obtained using
the traditional solution-phase reagent 29.

FIGURE 8. Block and graft copolymers prepared from initiators 30 and 32.

27

28

29
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4. Parallel/Combinatorial Synthesis of New
Polymer Supports for Liquid-Phase Chemistry
In addition to our use of common and commercially
available polymers, we have a program in our laboratory
aimed at developing new polymers with improved solubil-
ity properties for organic synthesis. Along these lines, we
have developed bifunctional free radical polymerization
initiators 30-32 that allow for the preparation of non-
cross-linked block and graft (comb) copolymers that could
be used as liquid-phase supports (Figure 8).48,49 The

bifunctional nature of 30 and 31 is based on the different
thermal stability of their diazene and TEMPO moieties.
Initiation of polymerization of one monomer at 70 °C
afforded homopolymers containing TEMPO moieties. To
alter the solubility properties of the resulting polymers,
the TEMPO moieties could then be used to initiate
polymerization of a second monomer at 130 °C to form
block copolymers (Figure 8). Radical polymerization of
initiator 32 in the presence of another monomer allows
for preparation of graft (comb) copolymers since the
TEMPO moiety is unchanged in the first polymerization.
Initiation of polymerization of a second monomer at 130
°C produces the grafts.

Initiator 31 was used to prepare a library of 20 block
copolymersfromstyrene,4-tert-butylstyrene,3,4-dimethoxy-
styrene, N-vinylpyrrolidinone, and N-isopropylacryla-
mide.49 The solubility profiles of these copolymers were
studied, and some of the copolymers were found to exhibit

unique solubility properties not observed with either of
the homopolymer polymers prepared from the individual
monomers. For example, poly-tert-butylstyrene-poly-3,4-
dimethoxystyrene (polyBS-DS) was found to be soluble
in tetrahydrofuran and diethyl ether but insoluble in
water. Interestingly, the solubility profiles of some of the
block copolymers differed slightly between the two poly-
mers derived from the same monomers but polymerized
in the opposite order. These differences may be attribut-
able to differences in block lengths. The utility of polyBS-
DS as a catalyst support was demonstrated by the attach-
ment of a chiral phosphine ligand to it for use in an
asymmetric reduction reaction. Initiator 32 was used to
prepare a library of seven graft copolymers from the same
set of monomers (vide supra), and their solubility profiles
were also examined and found to be different from those
of the block copolymers prepared from 31.49 Initiator 30
contains ester moieties that are incorporated into the
block copolymers prepared from it. Using this initiator,
we prepared polymers via a two-dimensional polymeri-
zation that could oscillate between organic and aqueous
phases upon ester cleavage (Figure 9).49 Shown is the
oscillation between water solubility and organic solubility,
but the reverse is also possible.

5. Conclusion
The past decade has seen a renewal in interest in polymer-
supported chemistry, and the vast majority of this work
has used insoluble polymer resins in heterogeneous
reaction conditions. We have demonstrated that, in many
applications, soluble polymers can serve as superior
alternatives due to the homogeneous reaction conditions
they impart. Not only can soluble polymers be used as
platforms for organic synthesis, but they can also serve
as reagent supports that allow for simple purification of
solution-phase products.

The work described in this Account was supported financially
by the National Institutes of Health (GM-56154), The Scripps
Research Institute, and The Skaggs Institute for Chemical Biology.
The authors thank Dr. Tom Reger for assistance in the production
of this manuscript.

FIGURE 9. Oscillating solubility of liquid-phase polymer supports.
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