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Surfactant Mediated Cationic and Anionic Suspension Polymerization
of PEG-Based Resins in Silicon Oil: Beaded SPOCC 1500 and
POEPOP 1500

Morten Grgtli, Jog Rademan, Thomas Groth, William D. LubélLes P. Miranda, and
Morten Meldal*

Department of Chemistry, Carlsberg Laboratory, Gamle Carlsbeydg0, DK-2500 Valby, Denmark
Receied June 26, 2000

A novel surfactant has been synthesized for use in cationic and anionic ring-opening suspension polymerization
of PEG-based macromonomers in silicon oil. A polymer of acrylate esters containing pentamethyldisiloxane
and PEG was prepared by radical polymerization. The surfactant can stabilize an emulsion of PEG-based
macromonomers, initiator, and solvent in silicon oil such that polymer beads are obtained by ring-opening
polymerization, initiated either by a Lewis acid (cationic ring opening) or potasteurbutoxide (anionic

ring opening). The average bead size could be controlled by varying the stirring rate and the amount of
surfactant and solvent. The surfactant does not interfere with the polymerization and can be removed together
with residual silicon oil by a simple washing procedure.

Introduction The solid-phase chemistry performed previously with

The recent renaissance of solid-phase organic chemistryPEG-based resins has employed mainly polymer prepared
for small molecule generation has created an increasingby bulk polymerization, followed by mechanical grinding
demand for new solid supports. Traditionally, polystyrene- and sieving to afford an appropriate particle size. However,
divinylbenzene (PS-DVB) has been used as a support forthe grinding process is labor-intensive and generates irregular
solid-phase chemistry because of its high thermal stability, Particles as well as a considerable quantity of fines which
chemical inertness, and mechanical robustness. However, théas to be removed by sedimentation. Due to these limitations
limited swelling of PS-DVB supports in polar media can limit and because irregular and more fragile particles may later
reagent accessibility and prevent chemical applications in Prove troublesome for on-bead screening assays, we have
which complete solvation of the polymer matrix is essential Pursued the production of beaded polymers.
for the reactivity> For example, the poor swelling of Inverse suspension polymerization methods for producing
conventional PS-DVB in polar solvents such as aqueous beads from acrylic monomers are well establistatt can
buffers results in limited diffusion of reagents and low yields produce a higher yield of particles possessing uniform shape
for reactions performed in these media. Although increased and size. Initially, we found that POEPS-3 could be prepared
swelling in polar solvents can be achieved by grafting poly- in beaded form by inverse suspension polymerization using
(ethylene glycol) (PEG) to chloromethylated PS-DVB, the water to generate stable emulsion droplets in a mixture of
resulting PEG-grafted PS-DVB supports such as TentaGelcarbon tetrachloride and heptafieWater is, however,
and ArgoGel have also been demonstrated to have limita- incompatible with the cationic and anionic ring-opening
tions for use in agueous solvents and for enzymatic chem-polymerization methods to prepare SPOCC and POEPOP
istry.4 polymers, respectively. To circumvent the problems of using

Our interest in solid-phase synthesis and enzymatic reac-dispersants that interfered with the cationic and anionic
tions on solid phase has resulted in the development ofreactions, an entirely new suspension polymerization tech-
several novel PEG-based resins, including POEPOP, SPOCQique was developed based on the reaction of emulsions of
(Scheme 1), and POEPS*Exhibiting high swelling vol- the PEG-macromonomers in silicon &ilBecause silicon
umes in both nonpolar solvents and water, these PEG-basedil is generally immiscible with organic compounds, it serves
resins have been successfully applied in solid-phase organicas an appropriate inert phase for this suspension polymeri-
reactions in both aqueous and organic médtarthermore, zation. This technique has worked well on a2l g scale
enzymatic reactions have been successfully performed usingwith short PEG-monomers such as PEG-194 and PEG-400
POEPOP,POEPS-3,and SPOC® resins. The PEG-based chains. However, aggregation occurred when the process was
supports thus exhibit several advantages for application inscaled up and when longer PEG-monomers such as PEG 900
solid-phase organic chemistry, solid-phase enzymatic reac-and PEG 1500 was employ&dRecently, an acrylate
tions, and on-bead screening assays. copolymer containing perfluorocarbon and PEG esters was

shown to stabilize an emulsion of functional monomers,

* Correspondence to Prof. Morten Meldal, Carlsberg Laboratory, SPOCC

center, Department of Chemistry, Gamle Carlsberg Vej 10, DK-2500 Valby, _Cross'“nker& imprinting molecules, initiator, and solvents
Denmark. Fax: +45 33 27 47 08. E-mail: mpm@crc.dk. in perfluoro(methylcyclohexanéy. We reasoned that a
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Scheme 1. Synthesis of SPOCC and POEPOP
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similar approach could be developed for cationic and anionic Scheme 2. SynthESiS of Surfactant
ring-opening suspension polymerization of PEG-based mac-

romonomers in silicon oil. Using this concept, stable emul- \‘%m Ho{v >./\
sion droplets at high density can now be obtained even with

the longer PEG-macromonomers without aggregation by
application of a novel surfactant for suspension polymeri-
zation in silicon oil. This technique was demonstrated by
the synthesis of beaded SPOCC 1500 and POEPOP 1500

resins for solid-phase organic chemistty. /<\/O>/\
v
o)
Result and Discussion \”)J\O 8 2

Surfactantl was synthesized by a two-step process

Srel
R

featuring acylation of PEG 350 monomethyl ether with AIBN o)
methacryloyl chloride in the presence of triethylamine to give Qs l \”)ko/\/\s, o.dr
methyloxypolyoxyethylenyl methacrylat@ followed by 48h

copolymerization with 9 equiv of trimethylsiloxydimethyl-
silylpropyl methacrylate (Scheme 2). Nanoprobe magic angle

spinning (MAS)*H NMR of surfactantl showed a 1:12 ratio
between the PEG- and trimethylsiloxydimethylsilylpropyl- W
building blocks (based on the integral for the PEG signal g g 0 m:n=1:12
and the signal for the CHSi groups). Surfactant was
subsequently used for all of the beaded polymerization <2> {
reactions presented in this paper. O 8 —s|— 1
The most frequently used resins for solid-phase synthesis g
have particle sizes ranging from 40 to 2@ and a loading Q —s|—

on the order of 16300 pmol per bead. Beads with a size \

range of 306-750um have a higher loading per bead that linking, when examined by magic angle spinning nanoprobe
has enabled reaction monitoring on single beads by magicNMR spectroscopy. Furthermore, SPOCC 1500 and POE-
angle spinning (MASYH NMR spectroscopy? An important POP 1500 will allow larger molecules to penetrate the resin
goal was to prepare uniformed beads of this size. compared to SPOCC and POEPOP resins with short tether

The NMR properties of SPOCC and POEPOP has beenlength. This will be an advantage in enzymatic reactions. In
studied extensively in this laboratory as reported previotisly. this context all the polymerization reactions were carried out
SPOCC 1500 and POEPOP 1500 with moderate cross-with either 3-methyloxetanylmethyl PEG 1500 macromono-
linking exhibited better resolution and narrow line widths mers (SPOCC) or methyloxirane PEG 1500 macromonomers
compared to the spectra of SPOCC and POEPOP resins wit{POEPOP) with 75% incorperation of oxetanyl or oxiranyl
short tether length (PEG-400 and PEG-900) or high cross- groups, respectively.



30 Journal of Combinatorial Chemistry, 2001, Vol. 3, No. 1 Grgtli et al.

Table 1. Suspension Polymerization of SPOCC Monorflers

monomer, surfactant, solvent, stirring, size distribution of dry beadam® yield,
entry g mg/g monomer mL rpm % >1000 %>500 %>300 % 3006 %°
1 2 100 DCM 2 300 100 73
2 2 50 DCM 2 300 100 68
3 2 25 DCM 2 300 100 71
4 2 12.5 DCM 2 300 100 27
5 2 25 DCE 2 200 6.7 73.3 20 75
6 2 25 MeCN 2 200 20 66.7 13.3 75
7 2 25 DMTG 2 200
8 4 25 DCM 4 100 78
9 4 25 DCM 2.4 200 13 58 29 78
10 4 25 DCM 1.5 200 13 72 15 80
11 4 25 DCM 1.5 100 72 28 80
12 4 25 DCM 1.5 300 1.5 11.9 77.6 9 84
13 20 25 DCM 7.5 300 20 74 6 89

a|n all entries, 5QuL of BFsOEt/g macromonomer and 20 mL of silicon oil/g macromonomer were Usdtermined by weight after
sieving.¢ Determined after sieving.

SPOCC resins were synthesized by anionic polymerization romethane/g macromonomer gave a bead size of less than
of 3-methyloxetanylmethyl PEG 1500 macromonomers with 300 um when stirred at 200 rpm. Reducing the amount of
a Lewis acid as a catalyst. BOEL was added to a solution  dichloromethane to 0.6 mL/g macromonomer produced larger
of macromonomers and surfactahtn the desired solvent  beads having diameters between 300 and:6680Continued
at 0°C, and the mixture was suspended in silicon oil at room reduction of the volume of dichloromethane to 0.38 mL/g
temperature. Afte2 h of stirring at room temperature, the  macromonomer resulted mainly in beads larger than&00
temperature was increased to %) and the polymerization The stirring rate also had a significant influence on the
was left overnight for curing without stirring. The resulting  pooq size using 25 mg of surfactant and 0.38 mL of

polymer pqrticleg were filtered on a sinterled glass funnel, dichloromethane/g macromonomer (Table 1, entry-19).
and the silicon oil was collected for recycling. At 100 rpm, beads with a diameter above 1008 were

Initially, the amount of surfactant needed to produce beads gptained. At 200 and 300 rpm, the bead size was reduced to
of the SPOCC 1500 type was examined by polymerization 500-1000 and 306500 um, respectively.
of 3-methyloxetanylmethyl PEG 1500 macromonomers in

the presence of varying amounts of surfactant and subsequen(s
measurement of the bead size distribution (Table 1, entry3'
1-4). Small beads with a diameter of less than /&t

Using our optimal conditions (25 mg of surfactant and
38 mL of dichloromethane/g macromonomer; stirring at
00 rpm), a 20 g batch of SPOCC 1500 was produced (Table

resulted from the use of 100 mg of surfactant/g macromono- 1, entry 13), demonstrating that the procedure works equally

mer. Higher amounts of the surfactant gave only very small Well-(.)n a Iarg-]er.scallle (Flgur.e 10) o
irregular particles. Stable emulsions were achieved using 25 Initially, anionic ring-opening polymerization of methy-
and 50 mg of surfactant/g macromonomer. The bead sizeloxirane PEG 1500 macromonomers was performed by
distribution increased with decreasing amount of surfactant, 2dding solid tBuOK to a melted mixture of macromonomers
typically in the range 106300um for 25 mg of surfactant/g and surfactant, followed by addition of the reaction mixture
macromonomer and 53212 um for 50 mg of surfactant/g  to silicon oil at 120°C, with stirring. This resulted in an
macromonomer. A significant amount of aggregation was inhomogeneous mixture and resulted in beads exhibiting a
observed when the amount of surfactant was reduced to 12.59arge variation in size and quality. When different solvents
mg/g macromonomer, indicating the lower limit for forma- were examined to improve homogeneity, small amounts of
tion of stable emulsions. 1,2-dichloroethane, tetrahydrofuran, or acetonitrile inhibited
Test polymerizations of 3-methyloxetanylmethyl PEG the polymerization and no useful material was formed. High
1500 macromonomers were carried out in a range of solvents guality beads from a homogeneous solution were obtained
Acetonitrile, dichloromethane, and dichloroethane have after addition of tBuOH to the mixture containing 25 mg of
previously been used successfully in bulk polymerization of surfactant/g macromonomer (Table 2, entries 1 and 5).
3-methyloxetanylmethyl PEG 1500 macromonontfsnd Evaporation of the tBuOH before polymerization resulted
dimethyl-triethylene glycol ether was tested since this solvent in beads with a larger size distribution due to increased
has properties similar to those of the macromonomer (Tableviscosity of the reaction mixture. To fine-tune the size
1, entries 3, 57). The polymerization method was applicable distribution, different batches of macromonomers were mixed
to all of these solvents except dimethyl-triethylene glycol with surfactant, tBuOH and tBuOK, concentrated under high
ether, which solidified at the lower temperatures needed to vacuum and polymerized at different stirring rates (Table 2,
control the initiation of the cationic ring-opening polymer- entries 2-4). Stirring at 100 and 200 rpm resulted in beads
ization. with diameters above 10Q@m and between 500 and 1000
The amount of solvent in the cationic ring-opening um, respectively. Increasing the stirring speed to 300 rpm
polymerization also influenced the bead-size distribution resulted in a 3:1 ratio of beads between 1000 and /500
(Table 1, entries 810). For example, 1 mL of dichlo- and 506-300um (Table 2, entry 4; Figure 1a). Stirring at
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Table 2. Suspension Polymerization of POEPOP Monorhers
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monomet, surfactant, solvent, stirring, size distribution of dry beadgm® yield
entry g mg /g monomer mL rpm % >1000 %>500 %>300 % 300~ %4

1 1 25 tBuOH 0.38 100 76 24 79
2 1 25 tBUOH 2 100 85 15 77
3 5 25 tBUOH 5 200 26 68 8 81
4 5 25 tBUOH 5 300 0.3 75 24 0.7 88
5 5 25 tBuOH 5 300 100 70
6 61 25 tBuOH 35 300 27 49 17 7 84

an all entries, 50 mg of tBuOK/g macromonomer and 20 mL of

silicon oil/lg macromonomer werebUEeel tBuOH was evaporated

in vacuo before polymerizatiod.Determined by weight after sievingDetermined after sieving.
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Figure 1. Beaded polymers: (a) POEPOP 1500 (Table 2, entry
4) before sieving; (b) POEPOP 1500 (Table 2, entry 6), 1000

> beads> 500um; (c) SPOCC 1500 (Table 1, entry 13), 50&

> beads> 300 um.

300 rpm gave a larger size distribution when carried out on
a large scale (Table 2, entry 6). However, high quality beads
were obtained (Figure 1b).
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Figure 2. 500 MHz MAS 'H NMR spectra of POEPOP 1500:
(a) in CDC} after the washing procedure to remove silicon oil and
surfactant; (b) first swelled in CDgtontaining 1% silicon oil then

in CDCls.
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The beaded resin batches were washed extensively with
dichloromethane to remove silicon oil and surfactant, fol-
lowed by washing with methanol and water to remove
unreacted macromonomers. To open residual oxetane and
epoxide rings in the beaded resins, SPOCC and POEPOP
were treated wit 4 M HCI and 4 M NaOH, respectively.
The treatment of POEPOP Wwid M NaOH also destroyed
any products formed from transestrification reaction between
a deprotonated alcohol and esters of the surfactant during
the polymerization. NanoprobBel NMR spectroscopy showed
only traces or complete removal of remaining silicon-
containing compounds in any of the resins (Figure 2).

The swelling of the resins were measured in tetrahydro-
furane (THF), MeCN, dimethylformamide (DMF), water, and
dichloromethane (DCM) by the syringe method (Tablé33).
The PEG-based resins swelled best in,CH somewhat
less in DMF and water, and much less in THF and MeCN.
The small difference in swelling between small and large
beads was probably due to different packing characteristics.
Only small variations in swelling was observed between the
beaded resin and granulated résmade from the same
monomers, typically in the range between 3 and 5%.

The loading was determined as described in the Experi-
mental Section and presented in Table 3. The SPOCC and
the POEPOP resins exhibited loadings between 0.49 and 0.53
mmol/g and resembled closely the loading of the material
obtained by bulk polymerizatioh.
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Table 3. Swelling and Loading of Resin Beads Methyloxypolyoxyethylenyl Methacrylate 2. Methacry-
bead swelling loyl chloride (0.67 mL, 5.9 mmol) was added dropwise to a
size, THF MeCN DMF water DCM loading solution of PEG 350 monomethyl ether (2.0 g, 5.7 mmol)

resin um ml/g mL/g mL/g mL/g mL/g mmol/g and triethylamine (1.7 mL, 12.2 mmol) at’@ with stirring

SPOCC 1 3068 74 68 87 84 116 051 and exclusion of moisture. The reaction mixture was stirred

SPOCC 2 300 73 67 87 85 11.7 050 for 5 h and then filtered, and the solvent was evaporated in

SPOCC 3 306 7.3 68 88 84 116 049 vacuo. The resulting pale white/yellow oil was used without

SPOCC 4 306 7.3 6.7 87 84 116 0.0 i natinn 1 .
SPOCGS >300 74 117 051 further purificationH NMR, 250 MHz,6(CDCls): 6.3 (1H,

SPOCCE =300 75 88 85 117 o051 M), 59 (1H, m), 445 (2H, m), 3.81 (1H, m), 3:58.34
SPOCC 8 300 7.3 87 84 116 052 (32H, m), 3.25 (3H, m) and 1.82 (3H, s) ppMC NMR,
SPOCC9 >300 7.4 88 85 118 0.50 o(CDClg): 167.20, 137.20, 124.10, 72.26, 70.80, 70.92,
SPOCC 10 >500 7.5 89 86 118 049

SPOCC 11>1000 7.7 119 0.50 68.80, 58.81, aer. 17.20 ppm. ) .
SPOCC12 >300 7.4 11.7 049 Pentamethyldisiloxane Polymeric Surfactant 1.Tri-

SPOCC13 >300 7.4 11.8 0.51 methylsiloxydimethylsilylpropyl methacrylate (4.0 mL, 13.1

POEPOP1 >500 7.6 100 052 mmol) and methyloxypolyoxyethylenyl methacryl&¢0.6
POEPOP 2>1000 7.8 10.2 0.51 ) yloxypolyoxyetnyleny Y QO

POEPOP 3 >500 7.6
POEPOP 4 >500 7.5
POEPOP 5 300 7.4
POEPOP 6 >500 7.5

(o2}
oo
oo
oo
oo
o1

101 053 g, 1.44 mmol) were dissolved in degassed chloroform (10
100 050 mL). AIBN (60 mg, 0.37 mmol) was added, and the reaction
9.9 051 vial was sealed and heated at 8D for 48 h. The reaction
10.1  0.52 mixture was diluted with chloroform (50 mL) and washed
with 0.1 M aqueous NaHC£¥2 x 50 mL), the organic layer
Conclusion was separated, dried (Mg@Qand filtered, and the solvent
A surfactant suitable for cationic and anionic ring-opening Was removed by evaporation in vacuo. The resulting polymer
suspension polymerization of PEG-based macromonomersV@s & yellow paste and was dried under high vacuum and
has been synthesized for stabilizing an emulsion of PEG- US€d without further treatment. Nanoprobe MASNMR,
based macromonomers, initiator, and solvent in silicon oil. 500 MHz,6(CDCk): 3.91 (2.6 H, m, CECH,CH,), 3.79-
The average bead size could be controlled by varying stirring 3.55 (2.2 H, mEH,CHOJs), 3.40 (0.2H, s, @Hs), 1.93
rate and the amount of surfactant and solvent. Beads Were(z'5 H, m, CHCH,CH,), 1.1 (1.4 H, _m’@HZC)’ 0.95 (3 H,
obtained in high yield&* The surfactant does not interfere M CHCH), 0.65 (2 H, m, CHCH,Si), and 0.05 (15 H, m,
with the polymerization and can be removed together with CH2Si(CH3)20Si(CHz)2) ppm.
residual silicon oil by a simple washing procedure. The  Suspension Polymerization. SPOCCSurfactantl was
po|yme|’izati0n could be performed at a h|gh density of dissolved in 1,2-dich|oroethane and mixed with the 3-me-
macromonomer droplets in the suspension medium. Becauséhyloxetanylmethyl PEG 1500 macromonomers under argon
the silicon oil can be recovered by filtration at the end of in amounts as illustrated in Table 1. After a homogeneous
polymerization and reused, this process is viable for large Solution was obtained, the solution was cooled in an ice bath
scale polymer production. Since surfactantan be easily ~ and BR-OEt (0.1 mL/g macromonomer) was added with
synthesized from commercially available material, this stirring and exclusion of moisture. After 2 min, the mixture
technique should make beaded PEG-based resins readilyvas added to silicon oil (20 mL/g macromonomer) at room
accessible. temperature with stirring (rate indicated in Table 1). After 2
h of stirring at room temperature, the temperature was
Experimental Section increased to 60C and the polymerization was left overnight
All solvents were purchased from Labscan Ltd. (Dublin, for curing without stirring. The resulting polymer particles
Ireland) and stored over molecular sieves. Methacryloyl were filtered on a sintered glass funnel, and the silicon oil
chloride and poly(ethylene glycol) 350 monomethyl ether Was collected for recycling. The beads were washed with
were purchased from Fluka (Buchs, Switzerland). Trimeth- dichloromethane, dimethyl formamide, methanol, and water
ylsiloxydimethylsilylpropyl methacrylate was purchased from (3 x 5 mL/g macromonomer for each solvent), treated with
ABCR (Karlsruhe, Germany). PEG-macromonomers were 4 M HCI (8 mL/g macromonomer) f h at 60°C, washed
synthesized as previously descrifédThe quantity of extensively with water, methanol, dimethyl formamide, and
hydroxyl groups available for substrate attachment (loading) dichloromethane (3< 5 mL/g macromonomer for each
of the resins was determined by esterification with Fmoc- solvent), dried under high vacuum for 24 h and sieved
Gly activated by MSNT in the presence ®f-methyl through the following sieves: 1000, 500, and 304 (see
imidazole in CHCI, and subsequent measurement of the Uv- Table 1).
absorbency of the adduct of dibenzofulvene and piperidine POEPOP.A solution of potassiuntert-butoxide (50 mg/g
formed on treatment of a weighed polymer sample with 20% macromonomer) itert-butyl alcohol (Table 2) was mixed
piperidine in DMF. Swelling was determined by the syringe with the methyloxirane PEG 1500 macromonomers at 40

ONOPDRDIDND DD D
RPOooONMOONR ©N©
0 0
o h o
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techniquet3 Selected resins were characterized'HyMAS °C and stirred for 10 min, and a solution of the surfactant
nanoprobe NMR spectroscopy on a Varian Unity Inova 500 (Table 2) intert-butyl alcohol (0.1 mL/50 mg of surfactant)
MHz spectrometer as described in ref 9. was added. The solvent was evaporated in vacuo 4C50

Polymerization reactions were carried out in a 150 or 800 and the residue was added to silicon oil (20 mL/g mac-
mL beaker wih a 7 cmlong stirring bar. romonomer) at 120C with stirring (rate as indicated in Table
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2). After stirring at 120°C for 12 h and washing as above, (5) (a) Renil, M.; Meldal, MTetrahedron Lett1996 37, 6185~
the resin was treated wit4 M NaOH fa 2 h at 60°C and 6188. (b) Rademann, J.; Gratli, M.; Meldal, M.; Bock, K.
washed as above. Drying and sieving were performed as ma;hiﬂm'Tst‘:;%%groﬁzﬂ"egfggé5345636(9%_88%‘;%3““ J3
described for SPOCC above. (6) (a) Rademann, J.; Meldal, M.; Bock, Khem. Eur. J1999
5, 1218-1225. (b) Schleyer, A.; Meldal, M.; Manat, R.;
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