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Preparation of Designer Resins via Living Free Radical
Polymerization of Functional Monomers on Solid Support

John C. Hodges,* Lalgudi S. Harikrishnan, and Stephanie Ault-Justus
Parke-Daiis Pharmaceutical Research, 2800 Plymouth Road, Ann Arbor, Michigan 48105

Receied October 26, 1999

Merrifield resin is converted to a solid-supported free radical initiator by reacting with the TEMPO-Na.
Heating TEMPO-methyl resin with a variety of functionalized styrene and acrylate monomers gives larger
resin beads via living free radical polymerization. We have coined the term Rasta resin to describe resin
beads prepared in this fashion. The process can be described as a solvent-free suspension polymerization.
It is particularly well suited for preparation of resin beads from monomers which contain electrophilic groups
that would be destroyed upon suspension polymerization in water. Rasta resins have a novel macromolecular
architecture wherein long straight chain polymers bearing reactive functional groups emanate from the phenyl
groups of a cross-linked polystyrene core. With judicious choice of co-monomers and polymerization strategy,
the solvent affinity, loading capacity, and distance of functionality from the cross-linked core may be controlled
giving beads with properties that are tailored to specific uses as synthesis supports and scavenging resins.

Introduction Most solid-supported syntheses utilize polystyrene that is
Solid supports have been used in a variety of ways to cross-linked with +2% divinylbenzene as the support. In

facilitate combinatorial synthesis. The method of solid phase e vast majority of cases, the linker functionality is attached
synthesis, whereby a starting material is attached to a solid!© € phenyl rings of the pre-polymerized polystyrene-

support and subsequently modified by one or more synthetic divinylbenzene beads via chemical reactiétisAlterna-
transformations prior to cleavage of the final product from tively, selected functional styrenes have been employed and

the support in substantially pure form, is in fact responsible used in suspension polymerization to create polystyrene

for the genesis of the field of combinatorial chemistiviore resins with desirable linker functionalityA major require-
recently, solid-supported scavengers have been employed ir{ngnt of this Iat'ger techn'lque is t'hat the functional monomers
solution phase parallel synthesis in order to purify combi- neither react w!th nor dissolve in water, the most frequently
natorial libraries prepared via solution phase mettiods,  Used suspending solvent. Regardless of the method of
variety of solid-supported nucleophiles and electrophiles Preparation, a nonpolar resin-swelling solvent is normally
make excellent scavengers for the sequestration of excessequired for reggents to penetrate all of the attachment sites
reactants, thereby facilitating parallel isolation of the desired N IoW cross-linked polystyrene beads.
library members in a process that is amenable to automation. A second popular solid phase synthesis resin is Tenfagel.
Methylisocyanate polystyrene is a scavenger resin which Tentagel resin consists of a cross-linked polystyrene core
is useful for sequestration of aminesThe loading of  from which tentacles of poly(ethylene glycol) emanate. The
isocyanate groups that is possible by converting aminomethyl hydroxy terminus of each poly(ethylene glycol) tentacle
polystyrene to methylisocyanate polystyrene is limited. serves as the attachment point for a Variety of linkers that
Despite a considerable effort at process optimization, the are useful in solid phase synthesis. Unlike polystyrene resins,
maximal reproducible loading in our hands is about 1.5 mmol Tentagel swells in a wide variety of both polar and nonpolar
NCO groups per gram of resin. The formation of urea cross- solvents. However, the price pald for this solvent erX|b|I|ty
links competes with isocyanate formation at higher loading. is the added mass of the ethylene glycol tentacles which
|ncreasing the isocyanate |oading above 1.5 mm0|/g is decreases the Ioading of attachment sites. The result is that
desirable for the purpose of scavenging since it would allow Tentagel resin is generally not considered useful for prepara-
a decrease in reaction workup volume. Additionally, the tion of scavenger resins and is reserved for solid phase
three-step process of preparing methylisocyanate polystyrenesynthesis.
from polystyrene resin uses expensive (chloromethylphthal- Soluble polymer supports provide an alternative to in-
imide) and hazardous (hydrazine and phosgene) reagents angoluble solid supports in combinatorial synthesis. Most
therefore results in an expensive resin. A simpler processwidely used is poly(ethylene glycol) which may be attached
for producing scavenger resins bearing isocyanate groupsto a starting material and then subjected to synthetic
would be more cost-effective, particularly if loading is transformationg.After each reaction, the polymer-supported
increased. A number of alternatives to methylisocyanate material is isolated by precipitation following addition to
polystyrene resin for scavenging amines have recently beendiethyl ether. Soluble dendrimers have also been employed
described. as supports for combinatorial chemistrgynthetic inter-
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Scheme 1. Nitroxide-Mediated Living Free Radical Scheme 2. TEMPO-Methyl Resin Synthesis
Polymerization of Block Copolyme¥
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mediates and products that are attached to dendrimers ar o’ 130" copped via s j);>
easily isolated by size exclusion chromatography or ultra-
filtration. Since the large molecular size is shared by all 6 (50 mg) 7 (450 mg)
library members, a common and parallel means of separation
is easily achieved. One reported advantage of using solublesupports ring opening olefin methathesis on vinyl poly-
polymer or dendrimer supports is that synthetic route styrene!®and the use of nitroxide-mediated living free radical
development is simplified since the reactions are homoge- polymerization to attach polystyrene combs to silicon
neous and predictable solution phase reaction kinetics arewafers!® To this growing body of literature on solid-
more apt to apply. supported polymerization we add the following results.

Initially, the search for a high loading isocyanate scavenger
resin led us to consider polymerization of isocyanate bearing
monomers. One report of suspension polymerization of As shown in Scheme 2, reduction of commercially
methacryloyloxyethyl isocyanate in perfluorocarbon solvent available TEMPO radical4, by treatment with sodium
which prepared resin beads bearing 5.2 mmol nitrogen perascorbate followed by deprotonation with NaH in DMF gives
gram (presumably 5.2 mmol NCO per gram) looked most the sodium salt of TEMPO5. Addition of a solution of
promising®® This process is complicated by the fact that excess of5 in DMF to Merrifield resin affords TEMPO-
methacryloyloxyethyl isocyanate appears on the Environ- methyl resin6. We have noticed that complete displacement
mental Protection Agency’s list of chemicals with high acute of chlorine from Merrifield resin by TEMPO-Na is difficult
toxicity, making the monomer difficult to obtain and clearly to achieve with some lots of resin and easy to achieve with
undesirable to use on a large scale. Additionally, perfluo- others even when the Merrifield resin was purchased from
rocarbon solvents are expensive albeit potentially easy toa single manufacturer. In general, higher loading Merrifield
recycle. resin is more difficult to react quantitatively with TEMPO-

The subject of living free radical polymerization has Na. These inconsistencies aside, resin bearing 0.8 to 1.0
received considerable attention in the recent literafu@ne mmol TEMPO-methyl groups per gram is easily achieved
method by which straight chain soluble polystyrenes and from Merrifield resin that was~1.2 mmol Cl per gram. In
polyacrylates with low polydispersity may be prepared those cases where traces of Cl remain, no deleterious effect
involves heating these monomers with a benzylic nitroxide on subsequent living polymerization reactions was observed.

Results and Discussion

initiator such as 1-phenylethyl-TEMP® and 2,2,5-tri- Heating6 with ~92-fold molar excess of freshly distilled
methyl-3-(1-phenylethoxy)-4-phenyl-3-azahexatte Ben- 4-bromostyrene under an inert atmosphere at I30eads
zylic nitroxides reversibly thermolyze above 123, gen- to nearly complete solidification of the monomer in 3 h

erating a benzyl radical and nitroxyl radical. The benzyl (Scheme 3). After cooling the resulting polymeric mass,
radical is free to react with the monomer, and polymerization addition of DCM dissolves any remaining monomer and
ensues. Chain termination reactions such as the condensatiosome soluble polymer. Filtration and washing with several
of two benzyl radicals are inhibited by the presence of cycles of alternating portions of DCM and MeOH affords
nitroxyl radicals. Upon cooling, the nitroxyl radical recom- free flowing resin beads following drying at reduced pressure.
bines with the benzyl radical at the polymer terminus to These beadsy, are visibly larger thar, show a 9-fold
generate a polymer that can serve as an initiator in subsequenincrease in mass, and contain 40.4% Br and 0.13% N by
rounds of polymerization (Scheme 1). elemental analysis. They remain round in shape, swell in
A variety of strategies for solid-supported polymerization DCM, and shrink in MeOH.

have appeared in the recent literature. Included are methods We have coined the term “Rasta resin” to describe this
for radical polymerization of acrylamides onto acrylamide new type of resin bead wherein linear polymers emerge from
derivatized polystyren® dendrimer growth on various solid  some of the phenyl rings of the core polystyrene bEdd.
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Br Scheme 5.Resins with Tertiary Benzylic TEMPO Ethers

7 9, R=Br

Figure 1. Rasta resin cartoon architecture and shorthand repre-
sentation.

At 16, X=Br, Y=H
Scheme 4. Attempted Polymerization of TMI 17, X=H, Y= CFs

While the initial result with TMI polymerization was
disappointing, it points out a potentially useful transforma-
tion. When 6, which is a solid-supported initiator that
contains primary benzylic TEMPO ether residues, is heated
with ano-methylstyrene it is converted to a solid-supported
initiator with tertiary benzylic residues. Secondary benzylic
nitroxides have been shown to be superior initiators com-
pared to primary benzylic nitroxides in homogeneous ver-
sions of living free radical polymerizatiof:'2 The former
have a shorter half-life at 123C and thereby reduce the
degree of polydispersity in the polymeric product. Tertiary
benzylic nitroxides have not previously been described, but
based upon well established patterns of free radical stability
(8° > 2° > 1°) one would expect that a tertiary benzylic
TEMPO adduct would also have a short half-life above 123
°C and promote uniform polymer length. For comparative
purposes, 4-broma-methylstyrene 14) and 3-trifluoro-
methyl-a-methylstyreneX5) were prepared and heated with
6 for 24 h (Scheme 5). Halogen analyses I6rand17 are
Figure 1, the architecture of a Rasta resin is represented byconsistent with limited incorporation of themethylstyrene
the cartoon structure8. The original cross-linked bead is moiety (~1.3 o-methylstyrene equivalents per TEMPO
depicted by the shaded circle, and the new polymer growth initiator site); however, lower than expectbivalues were
is represented by the hair-like appendages. A shorthandobtained in both cases, indicating the possible elimination
representation o8 is shown byd wherein the shaded inner  of TEMPO-H from tertiary benzylic positions on prolonged
circle represents the original cross-linked bead, the white heating at 13C°C. It is noteworthy that the filtrates from
outer circle represents the new linear polymer, and R is anythese two polymerization reactions both turn red upon
functionality on this new polymer. It is interesting thats standing, consistent with air oxidation of TEMPO-H to
difficult to crush with a mortar and pestel wheréds readily TEMPO. On the basis of elemental analysis, approximately
ground to a powder. This resistance to crushing is sharedhalf of the TEMPO ether residues appear to have been lost
by other Rasta resins described below and is likely a resultfrom the polymer in both cases.
of the lack of cross-linking in the new polymer growth. Though TMI is known not to self-polymerize by a free

Encouraged by the above results, we attempted to prepargadical mechanism, it has been shown to copolymerize with
a Rasta resin from the inexpensive monomer, 3-isopropenyl-other less hindered monomers such as butyl acrylate (BA)
a,a-dimethylbenzyl isocyanate (TMLQ). When6 is heated and styrene (ST). With proper ratios of co-monomers, a
with TMI as above for 18 h, a polymeric mass does not result polymer of alternating monomers resufitsThus, when6
(Scheme 4). The beads remain suspended in TMI monomer.(~1 mol % TEMPO) is heated with a mixture that is 61
Recovery of the beads by filtration, washing with alternating mol % TMI and 39 mol % BA, the Rasta resli8 is formed
cycles of DCM and hexanes, and drying affords small (Scheme 6). The IR spectrum ©8 shows both isocyanate
product beads1(l) with a strong isocyanate stretch in the and ester absorbances at 2259 and 1733'craspectively.

IR spectrum. Elemental analysis bf is consistent with the  Figure 2 shows photographs ®and18 at equal magnifica-
addition of a single TMI residue. Treatment bf with an tion. Reaction with 2-(4-bromophenyl)-ethylamine and sub-
excess of 2-(4-bromophenyl)-ethylamine in DCM affoi@s sequent TFA cleavage as described abovd igurovides a
Again, elemental analysis is consistent with a ratio of three consistent trail of evidence supporting a loading-e.5

N for each Br. Finally, treatment df2 with 30% TFA in mmol NCO per gram o18. Similarly, when6 (~1.3 mol %
DCM affords the primary ured3 as an analytically pure  TEMPO) is heated with a mixture that is 64 mol % TMI
solid upon evaporation of solvents. No evidence of TEMPO and 36 mol % ST, the Rasta resl® is formed. The IR
cleavage was seen by NMR. The yield 18 is consistent ~ spectrum forl9 shows a strong isocyanate absorbance. The
with 1 mmol NCO per gram of.1. loading was analogously established to#&5 mmol NCO
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Scheme 6.High Loading Rasta-NCO Resins

65% TMI OCN
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18, R=CO,Bu
19, R=Ph
20, R = pentafluorophenyl

per gram of19. In yet another variation, heating 6fwith a
64:36 mixture of TMI and 2,3,4,5,6-pentafluorostyrene
(FsST) affords20 with a loading of~2.3 mmol NCO per
gram. In all three case&3, which is produced fromi8, 19,
and 20, crystallizes as an analytically pure solid upon
evaporation of DCM and TFA and shows no traces of
TEMPO or resin fragments by NMR.

If desired, the loading of isocyanate groups may be
attenuated by diluting the polymerization mixture with
a-methylstyrene (MeST). Thus heatieg(~0.7 mol %) in
a mixture of TMI (32 mol %), MeST (32 mol %), and ST
(36 mol %) provide21 with a loading established atl1.4

mmol NCO per gram (Scheme 7). Furthermore, the iso-
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subsequently heated with TMI and ST to aff@8 The
loading for 23 was established as previously described to
be ~1.0 mmol NCO per gram. A shorthand representation
for 23 wherein the two rounds of living polymerization
provide the outer two colorless layers of the bead is shown
in parentheses below the structure.

The facile preparation, cleavage, and isolation of fiBe
in high yield, while not a rigorous test of suitability for solid
phase synthesis applications, at least demonstrates convenient
loading and cleavage reactions on Rasta-NCO resins. Within
the constraints of urea reactivity, it is reasonable to expect
that it would be possible to attach an amine to the resin,
perform additional synthetic transformations, and cleave the
product from the resin as a primary urea adduct. Furthermore,
it should be possible to fine tune the solvent affinity and
linker reactivity of Rasta-NCO resins through the appropriate
choice of the co-monomer(s) for TMI and location of the
isocyanate groups in the new polymer growth. Detailed
studies usingl9, 21, and 23 as supports in solid phase
syntheses are in progress and will be reported in due course.

The scope and limitations of9 as a solid-supported
scavenger were investigated with a variety of amines under
a protocol that mimics a typical parallel purification for a
solution phase library (Scheme 8). Equimolar quantities of
an amine and 4-bromoanisole were dissolved in G2@GH
the solution was then shaken with a 2-fold excess each of
resin 19 and polyamine resifi 24 overnight. An NMR
spectrum of the filtrate shows that all of the amines were
completely scavenged except 3-bromoaniline which remained
in virtually identical concentration with the internal standard.
Only resonances attributable to 4-bromoanisole and hexanes
(trapped in the resin on drying) were visible in the NMR
spectra. Under the conditions of this experiment, no differ-
ence in reactivity betweeh9 and methylisocyanate poly-
styrene was detected. It is worth noting that visual inspection
of the recovered bead mixture shows no evidence of reaction

cyanate groups may be confined to the tips of the new betweerl9and24. In other words, the reactive functionality

polymer growth by stepwise growth of a triblock copolymer.
Heating of 17 with ST gives 22 which is isolated and

Scheme 7.Controlled Loading and Spacing

17

on the Rasta-NCO beads remains isolated from that of the
polyamine beads.
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Scheme 8.Scope and Limitations of9 as a Scavenger Resin
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The scope and limitations of monomers and co-monomersscribed in the literature. In our hands, heatthgvith neat
in forming Rasta resins are described in Table 1. A variety AA provided a hard polymeric mass in only 2 h. Visual
of functional monomers were successfully polymerized on inspection shows beads imbedded in the polymeric mass
TEMPO-methyl resin either alone or when mixed with co- which could not be liberated with common solvents including
monomers. It is worth noting that the preservative that is DCM, DMF, dioxane, EtOAc, and toluene, even upon
added to commercial monomers can in some instances inhibitheating. Similarly, heating with a mixture of TMI (64 mol
the living polymerization process. This was most dramatically %) and AA (36 mol %) produced a polymeric mass in 3 h
observed in the case of BA which did not appreciably from which the beads could not be liberated. Alternatively,
polymerize ontc6 unless the preservative was inactivated. heating6 at 130°C with a solution of AA (64 mol %) in
Aside from distillation, there are two other convenient gichlorobenzene (36 mol %) gave a gelatinous mass after
methods for avoiding the deleterious effects of preservatives 20 min. Upon cooling, the resin beads could be separated
in commercially obtained monomers: (1) filtration from  fom this mass by washing with two cycles of dioxane, DMF,
highly basic resins and (2) in situ inaptivation by an acylatiqg DCM, and hexanes; however, the isolated beads showed no
reagent. In our hands, a convenient reagent for in SitU jncrease in mass. In this last case, it would appear that
inactivation of phenolllc preservatlvesm;tolyl |s.,ocya.nate incomplete polymerization of AA happened in solution to
(0.5-1 mol % added directly to the polymerization mixture).  iye holymer of low enough molecular weight and sufficient
In those cases where T.MI IS u_sed as a monomer, the aOlOIItIOnsolubility to be washed away. There is no evidence for
of another |socyanate_ is obviously unnecessary. polymerization on the bead by a living process.

One monomer that illustrates a potential limitation is the o o .

A limited study of the scope and limitations of starting

amine25which is prepared by hydrolysis of TMI. In a single N o . ;
attempt wherd was heated wit5 and styrene, a polymeric €SS is shown in Figure 3. Three types of resins with

mass was not formed and the beads do not gain significantV27Ying degrees of cross-linking and levels of TEMPO-
mass. Nitrogen content of the resulting resin is increased by Methy! loading were compared, side by side, in polymeri-
about 50% relative t® and a small amino absorbance is Zation reactions with TMI plus ST. For a high cross-linking,

seen at 3367 cnit in the IR spectrum. Better results were Mmacroreticular resin, chloromethyl Argopore (6040 mesh
obtained with monome26 where the amine is protected as Pead size) was used. This was compared to two resins with

its trimethylsilylethyl carbamate which allowed in situ 1% (106-200 mesh) and 2% (268400 mesh) cross-linking.
inactivation of the preservative in ST. The TEMPO-methyl |Oading was modulated by partial

The use of acrylic anhydride (AA) as a monomer also displacement of Cl with substoichiometric amounts of sodium

proved troublesome in three different experiments. AA is methoxide, followed by displacement of the remaining Cl
reported to undergo cyclopolymerization to form a chain of with excess TEMPO-Na. Nitrogen analysis was used to
cyclic anhydrides when heated with radical initiators such estimate the TEMPO-methyl loading. The following trends
as AIBN ! Depending upon concentration, solvent polarity, were observed: (1) The two low cross-linked resins grew
and temperature, the chain can be either predominantly six-more new polymer than the high cross-linked resin. (2) With
membered rings or five-membered rings. The effect of both low cross-linked resins, the amount of new polymer
nitroxide initiators on AA cyclopolymerization is not de- growth on the bead is proportional to the TEMPO-methyl

\,
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Table 1. Monomer Scope and Limitations

Monomer(s) Initiator Inhibitor Time P/1° IR Analysis
(Mol %) Removal (hr) (cm™)
ST 16 m-Tolyl-NCO 24 12.6 697 C91.44; H7.48;
(0.25) 1069 N 0.07; Br0.64
ST 17 m-Tolyl-NCO 24 12.6 1126 C91.72; H7.75;
(0.25) 1328 N0.07; F0.71
4-BrST 6 PS-base” 3 9 1072 C55.74; H4.39;
(1.0) 1484 N 0.13; Br40.40
FsST 6 m-Tolyl-NCO 18 13.1 959  C52.56; H2.02;
(0.8) 1496 N 0.19; F 44.83
3 & 4-CICH,ST 6 none 15 >6" 1265  C73.73; H6.22;
1.0) 2924 N 0.05; C119.35
3 & 4-HOCH,ST 6 none 18 1.8 3150t0  C81.89; H7.34;
(1.5) 3550  NO.21
BA 6 n-Bu-NCO 5 1.8 1734 C 78.37, H8.85;
(2.4) 2923 N0.81
AA 6 none 2 9 - -
(1.7
64% AA +36% 1,2- 6 none 0.33 1.0 - -
dichlorobenzene (2.1%)
61% TMI + 39% BA 6 none 24 5.6 1733 C76.04; H8.33;
(1.6) 2259 N3.81
62% TMI + 38% BA 11 none 20 5.9 1731 C74.21; H8.05;
(0.7) 2258  N3.96
64% TMI + 36% ST 6 none 20 5.2 699 C 83.65; H 8.00;
(1.25) 2251 N 3.67
64% TMI + 36% ST 11 none 24 4.2 697  C84.20; H8.03;
(1.4) 2249 N3.63
64% TMI + 36% FsST 6 none 18 9.2 1499  C67.63; H5.44;
0.9) 2250 N 3.48; F17.26
64% TMI + 36% ST 22 none 18 1.35 697  C88.62; H7.92;
(0.02) 2259 N 1.55; F0.55
64% TMI + 36% AA 6 none 3 yahl - -
(0.6)
68% MeST + 6 none 18 2.3 697 C81.93; H7.27;
32% (3 & 4-CICH,ST) (1.2) 1265 N 0.20; C19.66
6 none 24 1.04 697 C87.17; H8.45;
NH, (1.2) 3368 N 2.58
64% +36% ST
25
6 m-Tolyl-NCO 15 1.7 697 C81.56; H8.57;
b (4.0) 1730 N 1.97; Si185
64% { OO +36%ST
26 SMes
32% TMI + 32% MeST + 6 none 18 6.5 697  C86.95 H8.21;
36% ST (0.8) 2259 N 2.30

*Weight of product beads/weight of initiator beadd.,5,7-Triazabicyclo[4.4.0]dec-5-ene on polystyrene-divinylbenzene beads (Fluka).
+ Some beads could not be freed from the polymeric mass and are not incfud&li.beads stuck in an intractable polymeric mass.
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Per Gram of Starting Resin purchased from Aldrich Chemical Co. Except for those
35 monomers with preparation described below, monomers were
used as obtained from commercial suppliers without distil-
lation. Polymerization reactions were carried out under N
atmosphere in septum capped tubes. Heating was provided
by an aluminum well dry bath (Barnstead Thermolyne model
DB28215) with temperature monitored by a thermometer
inserted into the aluminum block. Gentle agitation was
achieved at early stages of the polymerization reactions by
shaking the dry bath on an orbital shaker. Unless otherwise
stated, drying of resins and solids was accomplished by
heating at 4550 °C in a vacuum oven (1012 mmHg) to

AR AR A ]
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- | . .
0.5 o 5 ) constant weight (generally overnight). IR spectra were
o : ; mi obtained by pulverizing the resin beads and fixing the powder
0 e ‘ in a KBr pellet. IR absorptions are reported in ¢mn

2% Xink 1% Xlink Macroret. Elemental analyses were performed by Quantitative Tech-
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mesh mesh mesh

TEMPO-Methyl Resin (6). A solution of sodium ascor-
bate (12 g, 60 mmol) in water (150 mL) was shaken with a
solution of TEMPO in Et;O (125 mL) until the deep
Figure 3. Scope and limitations for solid support. burgundy color faded to pale orange. Thelayer was

separated and dried over Mgsénd evaporated on a rotary
loading. (3) Bead size (surface area) had no obvious effectevaporator (bath temperature did not exceed@pto give
in the range tested. an orange oil. This oil was dissolved in 50 mL of anhydrous
DMF (50 mL) and added dropwise over 10 min to a stirred,
Summary septum-capped flask containing NaH (60% suspension in

We have demonstrated the use of nitroxide-mediated living mineral oil, 1.5 g, 37.5 mmol) and DMF (50 mL) undeg N
free radical polymerization in the generation of novel atmosphere. After the mixture was stirred for an additional
supports for combinatorial chemistry, called Rasta resins. 30 min at room temperature, the septum was removed,
This solvent-free process compliments existing methods for Merrifield resin (5.0 g, 6 mmol) was quickly added, and the
preparation of functionalized resins that are intended for septum was immediately replaced. Stirring was continued
combinatorial chemistry applications. It is particularly useful for 16 h at 22°C. The reaction flask was then cooled in an
for the suspension polymerization of monomers bearing ice water bath and quenched carefully with cold water while
water-sensitive functionality; however, a wide variety of swirling the contents of the flask. The resin was collected
water-insensitive functional monomers may also be em- by filtration and washed successively with 380 mL
ployed, leading to a broad range of functional resins. Rastaportions of DMF, HO, MeOH, HO (x2), MeOH (x2),
resins have a unique bead architecture wherein long linearDCM then MeOH 3), DCM (x2), and hexanes. It was
functional polymer chains emanate from a nonfunctional, then dried at 0.5 mmHg, 28 overnight, to afford 5.6 g of
cross-linked core. This architecture allows for the preparation 6 as a sand-colored resin. Found: C, 87.87; H, 8.59; N, 1.39;
of designer resins with fine-tuned solvent affinity, functional Cl, 0.12; indicates 1.0 mmol TEMPO-methyl residues per
group loading, functional group spacing, and solution phase gram.
reagent accessibility. The strategic usaxaiethylstyrenes TMI/TEMPO Resin (11). A suspension o6 (200 mg,
as co-monomers with styrenes and acrylates is integral t00.2 mmol) in TMI (2 mL, 10.1 mmol) was heated at 13D
control of functional group spacing and loading in many for 18 h. After cooling, the reaction mixture was diluted with
Rasta resins. Stepwise block polymerization provides control DCM (5 mL) and the resin beads were collected by filtration.
of the distance of desired functionality from the cross-linked Washing with dichloromethane then hexanes (5 cycles)
core. TEMPO-methyl resing, is a conveniently prepared followed by two hexane washes affordeti(247 mg, 103%)
and broadly applicable polymer-supported initiator from upon drying. IR: 2250 (NCO). Found: C, 86.01; H, 7.97;
which Rasta resins or other solid phase initiators may be N, 2.27. Calcd forll N, 2.33.
prepared. Particularly noteworthy from this investigation is  4-Bromo-a-methylstyrene/TEMPO Resin (16).A sus-
the high loading isocyanate resi® which is prepared from  pension of6 (150 mg, 0.15 mmol) ii4 (2.0 g, 10.2 mmol)

6 by heating with TMI and ST. This resin is a useful parallel \yas heated at 130C for 24 h. After cooling, the reaction
purification tool with reactivity suited for scavenging a wide mixture was diluted with DCM (3 mL) and the resin beads

’ B TEMPO (mMol) polymer growth (grams)—‘

variety of primary and secondary amines. were collected by filtration. Washing with dichloromethane
E : tal Secti then MeOH (5 cycles) followed by an additional MeOH wash
xpenmental section afforded16 (167 mg, 93%) upon drying. Found: C, 81.97;

General. Merrifield resin was purchased from Novabio- H, 7.35; N, 0.52; Br, 8.88. Calcd fd6: N, 1.16; Br, 6.77.
chem (product number 01-64-0070, X000 mesh, 1%  The filtrate was saved to recover unuséd. Initially
cross-linking, 1.2 mmol Cl per gram of resin). TEMP@as colorless, it develops a red color upon standing.
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3-Trifluoromethyl- o-methylstyrene/TEMPO Resin (17). filtration and washed with DCM then hexanes (5 cycles),
A suspension 06 (150 mg, 0.15 mmol) irL5 (2.0 g, 10.7 followed by an additional two hexane washes before drying.
mmol) was heated at 130C for 24 h. After cooling, the  Isolated was23 (135 mg). IR: 2259 (NCO). Found: C,
reaction mixture was diluted with DCM (3 mL) and the resin  88.62; H, 7.92; N, 1.55; F, 0.55.

beads were collected by filtration. Washing with dichlo- 1-Bromo-4-isopropenylbenzene (14)To a solution of
MeOH wash affordedl6 (160 mg, 90%) upon drying.  tetrahydrofuran at 0C was added a solution of-butyl-
Found: C, 85.15; H, 7.52; N, 0.61; F, 6.24. Calcd 1d lithium in hexanes (72.8 mmol) dropwise with stirring under
N, 1.18; F, 4.81. The filtrate was saved to recover unused N, atmosphere. After the mixture was stirred for 2 h,
15. Initially colorless, it develops a red color upon standing. 4-bromoacetophenone (5.0 g, 25.1 mmol) was added. The
Rasta-NCO Resin (19): A Representative Procedure  reaction mixture was allowed to warm to room temperature
for Living Free Radical Polymerization on Solid Support. and was stirred 18 h, then heated to €D for 6 h under
A suspension o6 (1.0 g, 1.0 mmol), TMI (10 mL, 50.6  nitrogen with stirring. Half the volume of solvent was
mmol), and ST (3.3 mL, 28.8 mmol) was heated at 180 evaporated at reduced pressure, the®Etnd water were
for 20 h. (See comments in General section above.) After 5dded. The water layer was discarded, and th© Eayer
cooling, the resulting polymeric mass was shaken with DCM a5 washed with watei. M aqueous hydrochloric acid, and
(25 mL) for about 5 min until the resin beads float free. The \yater. It was then dried over MgS@nd concentrated. The
hexanes (5 cycles), followed by an additional two hexane (50/50 EtOAc/hexanes), product containing fractions were
washes before drying. Isolated wi8 (5.2 g, 47.5% based  concentrated, and the product was distilled by Kugelrohr to
on ST). IR: 2251 (NCO). FOUI’_ld C, 83.65; H, 8_.00; N, 3.96. afford 14 (3_4 g, 68%).1H NMR (CDC|3)Z 5 2.109 (S, 3H),
Calcd for19 based upon mass increase, assuming alternatings ogo (s, 1H), 5.342 (s, 1H), 7.3 (d, 2H), 7.4 (d, 2H). Calcd

TMI and ST residues in the new polymer growth and no ¢q, CHeBr: C, 54.85: H. 4.60: N, 0.00; Br, 40.55. Found:
TEMPO loss: N, 3.97; NCO loading;2.6 mmol per gram < &5 12- 4 4.68 N. 0.07- Br. 40.57.

(see below). ) L _ 1-Trifluoromethyl-3-isopropenylbenzene (15).The pro-
NCO-Loading Verification for 19: A General Proce- cedure forl4 was followed, substituting 4-trifluoromethyl-
dure for NCO Estimation. A suspension ofl9 (50 mg, acetophenone to afforts (52% yield).'H NMR (CDC):

mophenylethylamine (0.1 mL, 0.65 mmol). The resulting 7.5 (d, 1H), 7.61 (d, 1H), 7.668 (s, 1H). Calcd forBsFs;
mixture was shaken at 22 for 24 h. After the mixture c 64’51' H 487 N 0 (’)O E 30 ’61 Found: C. 6231 H

was diluted with MeOH (1 mL), the resin was collected by 469 N. 0.11

filtration and washed with DCM then MeOH (5 cycles). Two ' ' 777 ) . .
additional washes with MeOH were performed before drying _ 3-'SoPropenylbenzyla,a-dimethyl Trimethylsilylethyl
to afford the urea derivative resin (55 mg). IR shows no NCO Carbamate (26).To a mixture of TMI (2.4 mL, 12.1 mmol)

absorption at 2250, 1646 (CO), 3350 (NH). Found: C, 69.5: dissolved in 1,2-dichloroethane (40 mL) were added 2-tri-
H, 6.55; N, 4.61, Br, 17.44, indicating 2.5 mmol NCO per methylsilylethanol (4.5 mL, 31.4 mmol) and catalytic Dabco

gram of19. This urea derivative resin was treated with DCM (135 Mg, 1.2 mmol). The reaction mixture was heated to 65
(0.7 mL) and TFA (0.3 mL) and shaken at 2 for 4 h. °C with stirring for 20 h under static NDCM was added,
The red colored resin was removed by filtration and rinsed @nd the product was washed(lqueous NaHC& 1x 5%
with DCM (2 x 1.5 mL). The combined filtrate and washings adueous citric acid, and-xlwater), dried over MgS&) and
were evaporated. The residue was dried overnight to afford concentrated to afford crud26 which was purified by
ureal3 (27 mg). MS (APCH): 243, 245 (m+1). *H NMR column chromatography on silica gel (2% ethyl acetate/
(CDCl; + MeOD): & 7.36 (d, 2H), 7.02 (d, 2H), 3.30 (t, hexanes) to afford pur6 (2.0 g, 52%)*H NMR (CDCl):
2H), 3.14 (br, 3H), 2.69 (t, 2H). Calcd forsH1,BrN,O: C, 0 0.00 (s, 9H), 0.941 (m, 2H), 1.666 (s, 6H), 2.142 (s, 3H),
44.47; H, 4.56; N, 11.52; Br, 32.87. Found: C, 44.40; H, 4.061 (m, 2H), 5.068 (s, 1H), 5.334 (s, 1H), 7.295 (m, 3H),
4.40; N, 11.12; Br, 32.57. Recovery b8is consistent with ~ 7-480 (s, 1H). Calcd for H2oNO2Si: C, 67.66; H, 9.15;

>2.2 mmol NCO per gram ofo. N, 4.38. Found: C, 6741, H, 924, N, 4.42.
Triblock-Rasta-NCO Resin (23).A suspension 017 (50 3-Isopropenylbenzyla,o-dimethyl Isocyanate (25).To

mg, ~22 umol) in ST (1.0 mL, 8.7 mmol) was treated with @ mixture of26 (2.3 g, 7.2 mmol) dissolved in dimethyl-

mrtolylisocyanate (5@iL, 0.38 mmol) and heated at 13Q formamide (15 mL) was added tetrabutylammonium fluoride

for 15 h. After cooling, the resulting polymeric mass was as a 1 Msolution in tetrahydrofuran (14.4 mL, 14.4 mmol).
shaken with DCM (6 mL) for 1 h. The resin was collected The reaction mixture was stirred at room temperature for
by filtration and washed with DCM then MeOH (5 cycles), 48 h, concentrated at reduced pressure, and purified by
followed by an MeOH wash before drying. Isolated v@&s chromatography on silica gel (EtOAc) to affa28 (510 mg,
(628 mg). Found: C, 91.72; H, 7.75, N, 0.07; F, 0.71. A 42%). MS(APCH): 176 (mt+1).'H NMR (CDCl): 0 1.487
suspension oR2 (100 mg,~3.5 umol) in TMI (1.5 mL, (s, 6H), 2.149 (s, 3H), 5.065 (s, 1H), 5.343 (s, 1H), 7.28 (m,
7.58 mmol) and ST (0.5 mL, 4.35 mmol) was heated at 130 2H), 7.404 (m, 1H), 7.594 (m, 1H). Calcd for£1/N+0.1H,-

°C for 18 h. After cooling, the resulting syrup/bead mixture COjs: C, 80.08; H, 9.55; N, 7.72. Found: C, 80.24; H, 9.57,;
was diluted with DCM (5 mL). The resin was collected by N, 7.29.



88 Journal of Combinatorial Chemistry, 2000, Vol. 2, No. 1

References and Notes

(1) (a) Lebl, M. Parallel personal comments on “classical” papers in

combinatorial chemistryd. Comb. Chen999 1, 3—24. (b) Obrecht,

D.; Villagordo, J. M. Solid-supported combinatorial and parallel

synthesis of small-molecular-weight compound librariestrahedron

Organic Chemistry Series, Volume; Baldwin, J. E., Williams, F.

R. S., Williams, R. M., Eds.; Permagon: The Netherlad®88 pp

1-43.

For recent reviews, see: (a) Parlow, J. J.; Devraj, R. V.; South, M.

S. Solution-phase chemical library synthesis using polymer-assisted

purification techniquesCurr. Opin. Chem. Biol1999 3, 320-336.

(b) Booth, R. J.; Hodges, J. C. Solid-supported reagent strategies for

rapid purification of combinatorial synthesis produdd&c. Chem.

Res. 1999 32, 18-26. (c) Gayo, L. M. Solution-phase library

generation: methods and applications in drug discov&technol.

Bioeng.1998 61, 95-106. (d) Flynn, D. L.; Devraj, R. V.; Naing,

W.; Parlow, J. J.; Weidner, J. J.; Yang, S. Polymer-assisted solution

phase (PASP) chemical library synthedited. Chem. Re4.99§ 8,

219-243. (e) Ferritto, R.; Seneci, P. High throughput purification

methods in combinatorial solution phase syntheBisigs Future

1998 23, 643-654.

(3) (a) Kaldor, S. W.; Siegel, M. G.; Fritz, J. E.; Dressman, B. A.; Hahn,
P. J. Use of solid supported nucleophiles and electrophiles for the
purification of non-peptide small molecule librarid®trahedron Lett
1996 37, 7193-7196. (b) Booth, R. J.; Hodges, J. C. Polymer-
Supported Quenching Reagents for Parallel PurificaloAm. Chem.
Soc 1997 119, 4882-4886.

(4) (a) Parlow, J. J.; Mischke, D. A.; Woodard, S. S. Utility of
Complementary Molecular Reactivity and Molecular Recognition
(CMR/R) Technology and Polymer-Supported Reagents in the
Solution-Phase Synthesis of Heterocyclic CarboxamidesOrg.
Chem.1997 62, 5908-5919. (b) Coppola, G. M. A new scavenger
resin for aminesTetrahedron Lett1998 39, 8233-8236. (c) Barrett,

A. G. M,; Smith, M. L.; Zecri, F. J. Impurity annihilation; a strategy
for solution phase combinatorial chemistry with minimal purification.
Chem. Commuril998 2317-2318.

(5) (a) Doerner, B.; Steinauer, R.; White, P. Solid-phase organic
chemistry. Linkers and functionalized solid suppo@&imia 1999
53, 11-17. (b) Blackburn, C. Polymer supports for solid-phase
organic synthesisBiopolymers1999 47, 311-351.

(6) (a) Arshady, R.; Kenner, G. W.; Ledwith, A. The introduction of
chloromethyl groups into styrene-based polymers, 1. Synthesis of
4-chloromethylstyrene and 4-methoxymethyl-styrene and their co-
polymerizations with styrenéMakromol. Chem1976 177, 2911
18. (b) Halm, C.; Kurth, M. J. Functionalized cross-linked copoly-
mers: A “G-symmetric” solid-phase catalyst for enantioselective
reactions.Angew. Chem., Int. Ed. Engl998 37, 510-512. (c)
Garibay, P.; Toy, P. H.; Hoeg-Jensen, T.; Janda, K. D. Application
of a new solid-phase resin: Benzamide ortho-litiation and the
synthesis of a phthalide librargynlett1999 1438-1440.

(7) (a) Bayer, E.; Rapp, W. New polymer supports for seliquid-
phase peptide synthesiShem. Pept. Proteink986 3, 3—8. (b) Rapp,

W. PEG Grafted Polystyrene Tentacle Polymers: Physico-Chemical
Properties and Applications in Chemical SynthesisCémbinatorial
Peptide and Nonpeptide Librariedung, G., Ed.; VCH: Weinheim,
New York, 1996; pp 425464. (c) Gooding, O. W.; Baudart, S.;
Deegan, T. L.; Heisler, K.; Labadie, J. W.; Newcomb, W. S.; Porco,
J. A., Jr.; Van Eikeren, P. On the Development of New Poly(styrene-
oxyethylene) Graft Copolymer Resin Supports for Solid-Phase
Organic Synthesisl. Comb. Chem1999 1, 113-122.

(8) (a) Han, H.; Wolfe, M. M.; Brenner, S.; Janda, K. D. Liquid-phase
combinatorial synthesisProc. Natl. Acad. Sci. U.S.AL1995 92,
6419-23. (b) Harwig, C. W.; Gravert, D. J.; Janda, K. D. Soluble
polymers: New options in both traditional and combinatorial
synthesisChemtracts1999 12, 1-26.

(9) (a) Kim, R. M.; Manna, M.; Hutchins, S. M.; Griffin, P. R.; Yates,
N. A.; Bernick, A. M.; Chapman, K. T. Dendrimer-supported
combinatorial chemistryProc. Natl. Acad. Sci. U.S.AL996 93,

@

—

Hodges et al.

10012-10017. (b) Hovestad, N. J.; Jastrzebski, J. T. B. H.; Van
Koten, G. Carbosilane dendritic species as soluble supports in
synthesis. An example: the metal-mediated synthesislattams.
Polym. Mater. Sci. Engl999 80, 53—54.

(10) Zhu, Dong-Wei. Perfluorocarbon Fluids: Universal Suspension
Polymerization MediaMacromolecules996 29, 2813-17.

(11) (a) Hawker, C. J.; Hedrick, J. L.; Malmstrom, E.; Trollsas, M.;
Stehling, U. M.; Waymouth, R. M. A versatile synthesis of block
and graft copolymers by bulk “living” free radical procedur&€S
Symp. Serl998 713 (Solvent-Free Polymerization and Processes),
127-139. (b) Malmstrom, E. E.; Hawker, C. J. Macromolecular
engineering via “living” free radical polymerization84acromol.
Chem. Phys1998 199, 923-35.

(12) (a) Hawker, C. J.; Barclay, G. G.; Orellana, A.; Dao, J.; Devonport,
W. Initiating Systems for Nitroxide-Mediated “Living” Free Radical
Polymerizations: Synthesis and EvaluatiMacromolecules996
29, 5245-5254. (b) Benoit, D.; Chaplinski, V.; Braslau, R.; Hawker,
C. J. Development of a universal alkosyamine for “living” free radical
polymrizations.J. Am. Chem. So0d.999 121, 3904-3920.

(13) small, P. W.; Sherrington, D. C. Design and application of a new
rigid support for high efficiency continuous-flow peptide synthesis.
J. Chem. Soc., Chem. Commu®989 1589-1591.

(14) (a) Bharathi, P.; Moore, J. S. Controlled hyperbranched polymeriza-

tions and new hyperbranched polymePolym. Mater. Sci. Eng.

1997 77, 111-112. (b) Kenawy, E.-R. Synthesis and modifications

of dendrimers on polymer system supported on montmorillonite and

their use in organic synthesid. Macromol. Sci., Pure Appl. Chem.

1998 A35 657-672. (c) Guadarrama, P.; Fomina, L.; Pankov, V.;

Matus, W.; Fomine, S. Solid-supported synthesis of hyperbranched

polymer with discrete conjugated uniiolym. J.1999 31 (5), 423-

428. (d) Mahajan, A.; Chabra, S. R.; Chan, W. C. Resin-bound

dendrimers as high loading supports for solid-phase chemistry.

Tetrahedron Lett1999 40, 4909-4912.

Barrett, A. G. M.; Cramp, S. M.; Roberts, R. S. ROMS$pheres:

A Novel High-Loading Polymer Support Using Cross Metathesis

between Vinyl Polystyrene and Norbornene Derivativesy. Lett.

1999 1, 1083-1086.

Husseman, M.; Malmstrom, E. E.; McNamara, M.; Mate, M.;

Mecerreyes, D.; Benoit, D. G.; Hedrick, J. L.; Mansky, P.; Huang,

E.; Russell, T. P.; Hawker, C. J. Controlled Synthesis of Polymer

Brushes by “Living” Free Radical Polymerization Techniques.

Macromoleculesl999 32, 1424-1431.

(17) The term Rasta was derived from the cartB8drecause it looks like
the bead has dreadlocks.

(18) (a) Lee, C. H.; Brauer, G. M. Oligomers with pendant isocyanate
groups as adhesives for dentin and other tisslieBent. Res1989
68, 484-488. (b) Mohammed, S.; Daniels, E. S.; Klein, A.; EI-Asser
M. S. Bulk copolymerization of dimethyl meta-isopropenyl benzyl
isocyanate (TMI): Determination of reactivity ratiak.Appl. Polym.
Sci. 1998 67, 559-568.

(19) (a) Butler, G. B.; Matsumoto, A. Effect of solvent and temperature
on the cyclopolymerization of acrylic and methacrylic anhydrides
leading to five- or six-membered ring formatiod. Polym. Sci.,
Polym. Lett. E1981, 19, 167—-76. (b) Matsumoto, A.; Kitamura,
T.; Oiwa, M.; Butler, G. B. Further discussion of the cyclopolymer-
ization of acrylic anhydride in terms of ring size contrdl.Polym.
Sci., Polym. Chem. EA981, 19, 2531-40. (c) Ohya, Takahiro; Otsu,
Takayuki. Head-to-head vinyl polymers. XI. Preparation and char-
acterization of poly(methyl acrylate) and poly(methyl methacrylate)
consisting of head-to-head and head-to-tail units through cyclo-
polymerization of acrylic and methacrylic anhydridésPolym. Sci.,
Polym. Chem. Ed1983 21, 3503-15.

(20) Quantitative Technologies Inc., P.O. Box 470, Salem Industrial Park,
Bldg. 5, Rt. 22E, Whitehouse, NJ 08888.

CC990067M

(15)

(16)



