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John Lillig," and Anthony W. Czarnik
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9390 Towne Center Dre, Suite 200, San Diego, California 92121

Receied August 28, 1998

New solid supports for organic synthesis have been developed by radiolytically grafting polystyrene onto
inert fluoropolymer tubes. The grafted tubes have been functionalized and utilized in two solid-phase organic
reactions performed at high temperatures.

Solid-phase organic synthesims been developing rapidly  controlling radiation grafting conditions, long polystyrene
since the concept of combinatorial chemistry and biofogy chains with minimum cross-linking can be grafted onto the
began to attract increasing attention in the drug discovery surfaces of the fluoropolymer tubes. The nearly linear
community. The most widely used solid supports for organic polystyrene chains on the insoluble polymer tubes would
synthesis today are divinylbenzene cross-linked polystyrenemore readily solvate in organic solvents and might be more
resin beads and their derivative$n the development of  accessible to reagents than cross-linked polystyrene resin
memory encoded MicroReactor technologies for high- beads.

throughput combinatorial organic synthesis and biological |t has been reported that under the radiation conditions
i ,5 i I- .

screenind,®we have searched for chemically and mechani- he gegree of swelling of the polymer would affect the rate
cally stable solid matrixes that have the desired chemical ¢ grafting” Thus, high-strength fluoropolymer tubes (i.d.
properties to act as solid supports in organic syntheses. Useful_ 3 6 mm. o0.d= 4.8 mm. 25 mm in length) were washed
synthesis supports would retain the appropriate mechanical it methylene chioride (DCM) and air-dried. Methanol was
properties to be conveniently fabricated with microdigital o6 as the nonswelling solvent for polystyrene in our
or opticaf memory devices. We now report our preliminary experiment. MicroTubes were immersed in a mixture of
results on the preparation and derivatization of surface grafteds,[yrene methanol, and mineral acid apdtritated with a

fluoropolymer matrixes and their applications in solid-phase Cof source (patent pending, “Methods for Radiation Grafting

organic sy_nthe3|s_ at_elevated temperature. to Polymeric Surfaces’®’ The radiated polymer tubes were
Radiolytic grafting is a well-documented process for graft then thoroughly washed with DCM to remove the excess

copolymerizatior!.Grafted solid supports have been reported monomer and homopolymer formed in the solution until the

for application in peptideand ollgonucleotp‘esyntheses. washing is clear of any UV-detectable materials and air-
We chose fluoropolymer tubes as our grafting substrate for dried overnight

the following reasons. First, for organic synthesis, high

mechanical, thermal, and chemical stability is required. 1n€ a@bove polystyrene grafted fluoropolymer tubes were
Fluoropolymers, polytetrafluoroethylene (PTFE), and eth- aminomethylatedusing the TscherniaeEinhorn reactioff
ylenetetrafluoroethylene (ETFE) are among the most Stab|efo_llowed by hydrazinolysis. Th_us_, the tubes were first _treated
polymers. Second, the base substrate must have acceptab@ith N-(hydroxymethyl)phthalimide (0.12 mM) and trifluo-
reactivity toward radiolytic grafting. Polyethylene and poly- romethanesulfonic acid (0.5%, v/v) in trifluoroacetic acid/
propylene have similar reactivity while fluoropolymers are DCM (1:1, v/v; 100 mL/100 tubes) at room temperature for
less reactive toward radiation grafting, even though accept- Varous lengths of time. The solution was removed, and the
able grafts can still be obtained via optimized grafting tubes were thoroughly washed with methylene chlorid@)(
conditions® Third, the substrate must be able to readily and dried under vacuum. The resulting phthalimidometh-
associate with micromemory devices. Since the current radioYlated fluoropolymer tubes were then reacted with hydrazine
frequency memory Chips arein acy|indrica| fofﬁp0|ymer (5%, V/V) in reflUXing ethanol for 20 h. The reaction was
tubes with a slightly bigger i.d. (3.5 to 4 mm) were used so cooled to room temperature, and the tubes were washed

that the memory chips can be conveniently enclosed. By thoroughly with 20% piperidin&l,N-dimethylformamide

(DMF) and DCM until the solution was free of phthalhy-
* To whom correspondence should be addressed. Phone: 619-546-1300(razide by UV detection and dried under vacuum overnight.

Fa>T<.IR601%§46-3083_ Fmall: Chanfeng@irort.com. The disappearance of the<© stretch (1709 crt)!tin the

*1lllumina, Inc. IR spectrum indicated complete conversion of the phthal-
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Scheme 1.[3 + 2] Cycloaddition on Polystyrene Grafted PTFE Tubes
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imide to the free amine. Fmoc analysis (by capping the amino 25:75 to 100:0) analysis indicated that the crude cleavage
groups on the tubes with Fmec€l, thoroughly washing product was obtained in over 90% purity confirmed by
away excess reagents, removing the tube-bound Fmoc groupsMR .16
with 20% piperidine/DMF, and spectrophotomically measur- A [4 + 2] cycloaddition between tube-bound alkethand
ing the concentration of the released 9-fluorenylmethylidene/ 1-phenylbutyldien¥ was similarly performed on 4-hy-
piperidine adduct) indicated an average loading of:B®l droxymethylphenoxyacetic acid (HMPA)-modified PTFE
per PTFE tube and 3bmol per ETFE tube with less than and ETFE tube5'8in xylene at an even higher temperature
10% variation. (145 °C, 24 h)}*20The desired cyclohexyl compourgi

A variety of linkers can be appended onto the above was isolated in an overall yield of 46% based on the initial
aminomethyl fluoropolymer (Rink amide, PAL, HMPB, loading of5 (Scheme 2).
BAL, safety catch, etc.). Other functionalities such as We have demonstrated that polystyrene grafted fluo-
chloromethyl (Merrifield type) and 4-hydroxymethylphenoxy ropolymer matrixes can be readily prepared using the process
(Wang type) have also been obtaitié@hese functionalized  of radiolytic grafting. These matrixes have been used
and linker-modified fluoropolymer tubes have been success-successfully in high-temperature organic reactions. They are
fully utilized by us in the synthesis of heterocyclic molecules. mechanically and chemically stable and can be readily
We report the excellent performance of the polystyrene fabricated with microencoding devices (radio frequency
grafted PTFE and ETFE tubes in nonpolar/aromatic solventstags?® 2D bar code¥ to form the desired MicroReactors
at elevated temperatures. utilized in nonchemically encoded combinatorial synthesis.

Formation of isoxazoles and isoxazolines through{3 ~ The PTFE and ETFE supports are especially stable to
2] cycloaddition of nitrile oxides with alkynes and alkenes Solvents and temperatures and are useful when nonpolar/
on polystyrene resins has previously been repdithen aromatic solvents and elevated temperatures are required.
nitroalkyl compounds are used as the precursors of the nitrile Even without the encoding devices, these matrixes bring
oxides, the reactions need to be performed in toluene at 100advantages as general solid supports in organic synthesis over
°C. Under this condition, grafted polypropylene and poly- conventional resin beads owing to their ease of handling in
ethylene supports will completely disintegrate. Thus, poly- agitation, transferring, and washing. Their use should provide
styrene grafted PTFE and ETFE MicroTubes were used for @n attractive alternative in solid-phase organic synthesis.
this reaction (Scheme 1). Aminomethylated PTFE/ETFE
MicroTubes were coupled with Rink amide linkérand the
unreacted amine groups were capped with 0.5 MQAand General. 4-Hydroxymethylphenoxyacetic acitHMPA
0.5 M DIEA in DCM at room temperature f&@ h (or until linker) was obtained from Novabiochem (San Diego),
a negative ninhydrin test result was achiev&djhe loading p-I(R,9-a-[1-(9H-fluoren-9-yl)-methoxyformamido]-2,4-
was measured to be 30nol/35umol per PTFE/ETFE tube  dimethoxybenzyl]phenoxyacetic acid (Rink amide linker) and
by Fmoc group deprotection (20% piperidine in DMF) and benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexa-
UV measurement. PTFE tubes with Rink amide linkér (  fluorophosphate (PyBop) were purchased from Midwest
were treated with 4-pentynoic acid (0.1 M)/DIEA (0.2 M)/ Biotech (Fishers). All the other chemicals were purchased
PyBop (0.1 M) in DCM at room temperature for 24 h to from Aldrich (Milwaukee, WI) and used without further
yield the alkyne tube&. These tubes were then reacted with purification. Polymer tubes were purchased from Cole-
nitroethane (0.1 M)/phenyl isocyanate (0.1 M}NE{(0.12 Palmer (Vernon Hills, IL)1H NMR and MS spectra were
M)/in toluene at 100°C for 5 h, yielding the tube-bound obtained separately from NuMega Resonance Labs, Inc., and
isoxazole3, which was cleaved using standard conditions Mass Consortium Corporation (San Diego). UV spectra were
to afford isoxazole amidd at 76% overall yield based on measured using an HP 8453 spectrophotometer. HPLC
the initial loading of microtub&. HPLC (CHCN:H,0, from analysis was performed using a HP 1050 HPLC. IR spectra

Experimental Section
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Scheme 2.[4 + 2] Cycloaddition on Polystyrene Grafted PTFE Tubes

[o}

A
N\n/\o
o}

EtsN, DCM, rt, 2 h

5: PTFE tubes 6
30 umolitube
S X | phenyl-B-naphthylamine
xylene, 145 °C, 24 h
O [o]

ZT

HO ‘ 95% TFA, rt, 1h |
:

8 { major product) 7

were obtained using a Perkin-Elmer Spectrum 1000 IR the absence of the=€0 stretch in the IR spectrum indicated
spectrometer. the complete conversion of the phthalimide to free amine.
General Reaction and Washing ConditionsReactions ~ The amine loading was measured by first coupling Fmoc
with the MicroTube were generally performed using 1 mL Cl onto the tubes: five MicroTubes were placed into a 12
of solvent per tube. Agitation was achieved by shaking on a mL vial, and then anhydrous DCM (5 mL), FmeC€l (129
Gio gyrotory shaker (Fisher Scientific) at 150 rpm. Between mg, 0.1 M), and DIEA (174L, 0.2 M) were added. The
each reaction step, the MicroTube was washed by repeatingeaction was completed at room temperature in 1 h. After

the following washing cycle three times: DCM 5 min, reaction, MicroTubes were washed thoroughly using the
methanolx 5 min. The last washing solvent was either ethyl washing protocol described above, and the Fmoc group was
ether or DCM. Amount of washing solvents was2 mL removed (using 6 mL of 20% piperidine/DMF per tube, room
per tube. temperature, 1 h). Finally, the released 9-fluorenylmethyli-

Amino MicroTube Preparation. Polystyrene was first ~ dine/piperidine adduct was spectrophotometrically measured
covalently attached onto MicroTubes using theadiation ~ at 301 nm. The average loading is #8nol/tube (with
technique. Methanol was chosen as the nonswelling solventstandard deviatiors 3.5 umol).
for polystyrene in our experimeftTwenty-five Teflon Rink Amide AM Linker (Knorr Linker) Coupling (1).
(PTFE) or PTFEETFE copolymer tubes, 3.6 mm (i.dx) Using the method shown in Scheme 1, five aminomthylated
4.8 mm (0.d.)x 25 mm (length), were immersed in 25 mL PTFE tubes (ETFE tubes were also used for all the reactions
of 50% styrene/methanol (v:v) containing 0.1 M sulfuric acid reported here) were placed ina 8 mLvial, and 5 mL of
in a 50 mL glass bottle. The solution was carefully degased anhydrous DCM was added, followed by the addiation of
by bubbling with argon at a rate of 5 émin for 5 min. DIEA (100 L, 0.2M), Knorr linker (270 mg, 0.1M), and
The glass bottle was sealed with Teflon tape arittitated PyBop (260 mg, 0.1M). The reaction was shaken at 200 rpm
with a Cd° source (patent pendinMethods for Radiation overnight. The unreacted amine group was capped using 0.5
Grafting to Polymeric Surfaces”). Polystyrene (PS) grafted M DIEA/0.5 M acetic anhydride at room temperature for 2
fluoropolymer tubes were washed thoroughly with DCM to  h (or until a negative ninhydrin té8twas obtained). After
remove residual monomer and nonattached polystyrene frombeing washed, the tubes were treated with 6 mL of 20%
radiation grafting. After drying, the tubes were weighted and piperidine/DMF individually for 1 h. An average loading of
polystyrene loading or tube weight increase was determined30 umol/per tube and yield of 86% (based on starting tube
as 35 mg per tube. MicroTubes were aminomethylated usingloading) was obtained. After being washed, the tubes were
the TscherniaeEinhorn reactiof? followed by hydrazinoly-  dried under vacuum overnight. The FTIR spectrum (Figure
sis. One thousand tubes were pufirat 2 L round bottle 1) of tube 1 indicated the amide bond formation at 1654
flask, 1 L of 1:1 (v/v) trifluoroacetic acid (TFA):DCM was ~ cm %
added as solvents, and then 24.8 g (4 equiv based on 35 MicroTubes (2). 4-Pentynoic acid was coupled to Mi-
umol/per tube) oN-(hydroxymethyl) phthalimide and 5 mL  croTubel using the following conditions: 0.1 M 4-pentynoic
of trifluoromethanesulfonic acid were added. The reaction acid, 0.1 M PyBop, 0.2 M DIEA, DCM, room temperature,
was sealed and shaken at room temperature for 24 h. A 120 h. Ninhydrin test was used to confirm the complete
mm x 1 mm piece of tube surface was cut off using a razor reaction conversion. The tubes were washed and dried before
blade and analyzed with attenuated total reflectance (ATR)- the next step.

FTIR. The IR spectrum revealed the expected@stretch Nitrile Oxides Cycloaddition (3).*® Two of the Micro-

at 1714 cm?, indicating the presence of phthalimide. The Tubes2 and a stirring bar were placed into a 50 mL round
predetermined loading can be obtained by changing thebottle flask. Addition of toluene (20 mL), phenyl isocyanate
concentrations of reagents, catalyst, and reaction time. The(238 mg, 0.1 M), nitroethane (150 mg, 0.1 M), and
hydrazinolysis of these tubes was accomplished by refluxing triethylamine (330uL, 0.12 M) followed. The reaction
in 1000 mL of 5:95 (v/v) hydrazine:ethanol for 24 h, and mixture was heated at 100 for 5 h with gentle stirring
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Figure 3. Proton NMR of 1-phenyl-1,3-butadiene (CR@las used
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Figure 1. FTIR spectra of Rink amide linker attached microtube
and aminomethylated microtube.
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Figure 2. Proton NMR of compound} (CDCl; was used as 1-Phenyl-1,3-butadieneA 3.57 g (0.01 mol, 1.2 equiv)

Ivent). . . .
solvent sample of methyltriphenyl phosphinium bromide was reacted

(300 rpm) to form tube-bound isoxazold The final With 1.$3g (0.01 mol, 1.2 eq.) of sodium bis(trimethylsilyl)
compound was cleaved off the tube using 2 mL of 50:50 of amide in anhydrous tetrahydrofuran (THF) at room temper-

TFA:DCM at room temperature for 1 h, the solvents were &ture for 30 min. Then 1.1 g (0.0083 mol, 1.0 equivjrahs:
removed, and the compound was dried under vacuum forcmnamaldehyde was added into the reaction solution slowly.

overnight. The overall yield of the final compouddwas The reaction was continued forlgnorthé. h at room
3.5 mg/per tube or 76% (based on the loading)ofH NMR temperature. The product was purified using a thqmatg)g-
(CDCl, 500 MHz): & 2.2 (s, 3H), 2.5 (t, 2H), 3.1 (t, 2H), Eaphy column, and DCM was used 6.15 solvent. Yield: 46%.
5.7 (b, 1H), 5.8 (s, 1H), 6.1 (b, 1H). M8Ve (Figure 2): - NMR (Figure 3, CDCJ, 500 MHz): 6 5.2 (d, 1H), 5. 4

155 (MH"). HPLC (CHCN/H,0) results indicated that the (9 1H), 6.4 10 6.6 (m, 2H), 6.7t0 6.8 (q, 1H), 7.2 (t, 1H),

crude cleavage product was obtained in over 90% purity 73 _(t’ 2H), 7.4 (d, 2H). I\(I.Sm/e: 131 _(MH+)' o
confirmed by NMR. Diels—Alder Cycloaddition Reaction (7). Yedidia

previously reported the DietsAlder cycloaddition reaction
of polymer-bound benzyl acrylate with 1-phenyl-1,3-buta-
diene. The reaction temperature was 1@5Since the PTFE
tubes would be chemically and thermally stable at over 200
: . °C, this high-temperature cycloaddition reaction was chosen
microtubes. The Iqadlng of the hydroxyl group was measured as the second example of our demonstration. Five Micro-
by Fmoc protection (0.1 M FmoeCl, pyridine, room  rpaqq were refluxed in 50 mL ob-xylene for 24 h at 145
temperature, 2 h), then depr_otect|on W'Ith 20% piperidine/ o in the presence of 2% phengtnaphthylamine and
DMF, and spect_rqphotpmgtr_m measuring of the relea_sed 1-phenyl-1,3-butyldiene (650 mg, 0.1 M). The obtained
9-fluorenylmethylidine/piperidine adduct as described earlier. \icroTubes7 were washed thoroughly with benzene and
MicroTube (6). Five dried MicroTubes o were placed  DCM, and the final product was cleaved using 2 mL/tube
into a 8 mLvial, and 5 mL of dried DCM was added as of 95:5 (v/v) of TFA:HO at room temperature for 1 h.
solvent, followed by the addition of triethylamine (138, Product8 was purified using preparative TLC, and the
0.2 M) and acryloyl chloride (6&L, 0.15 M, slow addition). mixture of 95% DCM/5% MeOH/0.5% HOAc was used as
The reaction was shaken at room temperate for 2 h. After solvent. The NMR showed the major addition product was
being washed, the MicroTubes ®fvere dried under vacuum  a mixture of cis and trans isomers of 2-phenyl-3-cyclohex-
overnight. enecarboxylic acid. The overall yield was 2.7 mg/tube or

MicroTube with 4-Hydroxymethylphenoxyacetic Acid
(HMPA) Linker (5). Using the method shown in Scheme
2, tube5 was prepared using a method similar to that of a
Knorr linker starting with aminomethylated PTFE and ETFE
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45% (based on tubs), determined usingH NMR with
tetramethylsilane as internal standalid. NMR (Figure 4,
CDCl;, 500 MHz): 6 1.7-2.3 (m, 2 CH), 2.6-2.9 (m, 1H),
3.7-3.8 (m, 1H), 5.6-5.9 (m, 2 H, vinylic), 7.£7.3 (m,
5H, aromatic). MSme: 225 (MNa').
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