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Abstract: Crosst inked EthoxylateAcrylateResin (CLEAR) supports were prepared by radical copolymerization,
either in the bulk or suspension mode, of the branched cross-linker trimethylolpropane ethoxylate (14/3 EO/OH)
triacrylate () with one or more of allylamine2), 2-aminoethyl methacrylateCl (3), poly(ethylene glycol-400)
dimethacrylate 4), poly(ethylene glycol) ethyl ether methacrylat,(and trimethylolpropane trimethacrylaté) (

The resultant highly cross-linked copolymers by the bulk procedures were ground and sieved to particles, whereas
the suspension polymerization procedure gave highly cross-linked spherical beaded supports. CLEAR polymeric
supports showed excellent swelling properties in an unusually broad range of solvents, including water, alcohols,
tetrahydrofuran, dichloromethane, aligN-dimethylformamide. To demonstrate their usefulness for peptide synthesis,
CLEAR supports were derivatized with an “internal reference” amino acid [norleucine] and a handle [5-(4-Fmoc-
aminomethyl-3,5-dimethoxyphenoxy)valeric acid] and were tested for both batchwise and continuous-flow solid-
phase syntheses of challenging peptides such as acyl carrier protein (65-74), retro-acyl carrier protein (74-65), and
the 17-peptide human gastrin-l. Comparisons to commercially available supp@ispolystyrene, Pepsyn K,
Polyhipe, PEG-PS, TentaGel, and PEGA were also carried out. CLEAR supports are entirely stable under standard
conditions of peptide synthesis but are in some cases labile to certain strong bases.

Introduction the years includes polyamidegolyamide compositespoly-
styrene-Kel-F,” polyethylene-polystyrene films} cotton and
other carbohydratés;ontrolled-pore silica glas$,polyethylene
glycol—polystyrene (PEG-PS and TentaGel) graft re$ing3
polyethylene glycotpolyacrylamide (PEGA) resind tetraeth-
ylene glycol diacrylate-cross-linked polystyref¥eand chemi-
cally modified polyolefin particles (‘“ASPECT™®

The conventional wisdom in the field has been that supports
should have the minimal level of cross-linking consistent with
stability, so that they can form the well-solvated gels within
which solid-phase chemistry is known to take plateAlter-
natively, porous but rigid supports with a high degree of cross-
linking can be useé The present paper introduces a unique

Since Merrifield’s original report over three decades ago
describing solid-phase synthesis of a simple tetrapeptide on low
cross-linked polystyrene (PS) beade approach has been
improved and generalized to the synthesis of complicated
peptides (including small proteins), long oligonucleotides, and
a myriad of small organic moleculésThe success of such
efforts is often affected by the choice of polymeric support, with
regard to mechanical stability, swellability, compatibility with
a range of hydrophilic and/or hydrophobic solvents, and
applicability to both batchwise and continuous-flow reactors.
The selection of possible supports introduced and tested over,
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family of supports which are highly cross-linked $5% by
weight of cross-linker), yet show excellent swelling properties

Kempe and Barany

Chart 1

o

and performance in batchwise and continuous-flow syntheses CHy—— (O,CHZ,CHZ,,_O*Q;CFCHZ

of several challenging peptides. These supports, prepared by

radical copolymerization of the branched cross-linker trimeth-
ylolpropane ethoxylate (14/3 EO/OH) triacrylatg (ith other
monomers, are termed CLEAR, an acronym@bpsst inked
Ethoxylate Acrylate Resin.

Results and Discussion

CLEAR Supports. The defining characteristic of the title
materials is their preparation from the key trivalent cross-linker

1. Previous polymeric supports for solid-phase peptide synthesis
(SPPS) have been derived from monomers and cross-linkers

containing, respectively, only one and two polymerizable groups,
and using a low molar ratio of cross-linker with respect to
monomer. The CLEAR supports differ in that they are prepared
from a branched cross-linker used in a high molar ratio. In
addition to the polymerizable vinyl endgroups, each branch of
1 contains a chain with on average four to five oxyethylene
units. Thus, the resultant polymers have polyethylene glycol
(PEG)-like character, even though individual oxyethylene chains
are quite short compared to chains in previously reported PEG-
containing supports such as PEGP$entaGel3 and PEGA4
The oxyethylene chains, together with the ester functionalities,
confer a hydrophilic character on the resultant polymers.
Compoundl belongs to a family of cross-linkers which have
previously been shown to give polymers with interesting
properties for various applicatioA$.

The CLEAR supports described here were prepared by
copolymerizingl with various monomers and cross-linkers,,
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one or more of2—6, in different ratios and under different
conditions (Table 1). Amino-functionalized monomessy, 2

or 3, were included in anticipation of the later need for starting
points for synthesis. The fact that amino groups could be
introduceddirectly rather than by transformation of another
functional group, or by deprotection of a protected amino
monomer, was an unanticipated yet advantageous discovery in
the CLEAR family. Incorporation of amines into synthetic
polymers has been reported to be difficult due to (i) addition of
the amine to activated vinylic double boA#iand (ii)) O — N

acyl migration resulting in hydroxylated acrylamides when
starting with amino acrylate®. For this work, the amine
precursors were used in sufficiently high excess to achieve the
required final substitution levels.

In one phase of this research, bulk polymerizations were
carried out. For each of three representative formulations,
termed CLEAR-I, -Il, and -IIl (Table 1), the materials obtained
after polymerization were ground and sieved to particles {106
125um). Upon visual inspection, the off-white ground particles
of CLEAR-I and -1l had a fluffy (slightly clumped) appearance,
whereas CLEAR-II seemed more dense and powdery. Due to
the grinding process, the particles had irregular shapes. Figure
1 shows a number of dry particles of CLEAR-II, as viewed by
scanning electron microscopy (SEM), and is representative of
images recorded on CLEAR-I, -Il, and -lll. The SEM of these
bulk polymers did not show any macropores. Nitrogen adsorp-
tion/desorption studies on dry CLEAR materials reported
putative surface areas and pore volumes that were below the
limit of reliable measurement, leading to the conclusion that
these polymers have no substantial microporous structure, either.
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Tetrahedron Lett1995 36, 3563-3566. (d) Kempe, MAnal. Chem1996
68, 1948-1953.
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Table 1. Preparation of CLEAR Suppofts
monomer or cross-linker (mmol) loadiffmmol NH./g)
support 1 2 3 4 5 6 solvent mL by AAA by UV
CLEAR-I 9.0 9.0 cyclohexanol 17.5 0.26 0.29
CLEAR-II 3.0 3.6 7.0 cyclohexanol 16.0 0.30 0.25
CLEAR-III 8.0 4.4 3.0 cyclohexanol 20.0 0.30 0.27
CLEAR-IV 12.0 50.0 3.0 toluerte 12.7 0.17 0.23
CLEAR-V 13.0 50.0 toluerfe 12.8 0.13 0.20

aThe loadings varied slightly from batch to batch. Incorporation of components into the final polymers did not match the initial ratios; relevant
elemental analysis data in Experimental Sectidviolume reported for these suspension polymerizations refers to organic solvent. The volume of
the agueous phase waslOx that of organic; see Experimental Section for details. The amount of allylar@jneséd was high because it is
soluble in both phases.

of CLEAR-II particles (ground and sieved). Working magpnification:  on the inside of a broken CLEAR-V bead.b, the vast majority of
350x; accelerating voltage: 10 kV. beads were intact spheres, but after considerable searching, an ac-
cidentally fractured bead was located in the SEM to make this point].
Working magnification: 1008; accelerating voltage: 10 kV.

beads contain macropores, as shown in Figure 3. Surface area
measurements by nitrogen adsorption/desorption on CLEAR-
IV and -V beads gave results similar to those obtained on ground
CLEAR-I, -Il, and -Ill particles.

CLEAR supports swell in a wide range of solvents [Table 2;
n.b, that CLEAR-I swells somewhat better than the others in
the family]. These results are interpreted to mean despite
its high degree of cross-linking, the polymeric network is highly
dynamic. The fact that these materials swell in both hydrophilic
and hydrophobic solvents is considerably advantageous, since
it extends the range of chemistries that could be conducted on
the supports, and it means that biological/biochemical assays
of resin-bound compounds are possible.

The usefulness of CLEAR supports for SPPS (Scheme 1)
was demonstrated in both batchwise and continuous-flow modes.
The parent supports with free amino groups, formed by either
bulk or suspension copolymerization, were acylated with an

N — . “internal reference” (IRAA) amino acid (Fmoc-Nle-OH). Depro-
Figure 2. Scanning electron micrograph showing CLEAR-IV spherical tection and coupling of the handle 5-(4-Fmoc-aminomethyl-
beads prepared by suspension polymerization. Working magnifica- 3,5-dimethoxyphenoxy)valeric acid (Fmoc-PAL-GHMpllowed
tion: 350x; accelerating voltage: 10 kV. to provide Fmoc-PAL-Nle-CLEAR supports. These derivatized

Suspension polymerizations were carried out successfully with materials were then used for the syn:[‘hesis of peptid?s in the
a variety of formulations to provide spherically beaded materials; C — N direction by repetitive cycles of “Fmoc chemistry’g.,
those termed CLEAR-IV and -V were chosen for further studies deprotections, washings, and activation/couplings of suitably
(Table 1). The beads were sieved, and the main fraction106 Protected amino acid derivatives.

1_25/”") was collected. The scanning electron micrograph in ™ 5) Albericio, F.; Kneib-Cordonier, N.; Biancalana, S.; Gera, L.; Masada,
Figure 2 shows the shape and the texture of CLEAR-IV. The R. I.; Hudson, D.; Barany, Gl. Org. Chem199Q 55, 3730-3743.
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Table 2. Swelling of CLEAR Supports
bed volume (mL) 61 g polymer

solvent CLEAR-I CLEAR-Il CLEAR-III CLEAR-IV CLEAR-V

DMF 8 5 5 5.5 5
CH.Cl, 10 7 7 5.5 8
CHsCN 6.5 4.5 5 5 5
THF 6.5 4.5 5 5 5
MeOH 7 5 5 5 5
H.O 8 5 5 4 5
toluene 5 4 5 5 4
EtOAC 5 4 4 45 45
t-BuOMe 3.5 4 4 3 3
hexane 3 3 3 3 3
TFA 12 7 8 6.5 7.5

aFor each set of swelling studies, the underivatized CLEAR support
(0.1 g) was placed in a 3-mL syringe fitted at the bottom with a porous
frit. The support materials were washed<1@ith the indicated solvent,

and then allowed to stand for 5 min in that same solvent. Excess solvent

was removed by brief suction, and the bed volume of the fully solvated
support was noted. The CLEAR supports were then washedadith
CHClI; and dried [air-drying for volatile solvents vacuoovernight

Kempe and Barany
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Figure 4. Analytical HPLC chromatogram of crude Leu-enkephalin-
amide, prepared on a PerSeptive Biosystems 9050 continuous-flow
peptide synthesizer, starting with CLEAR-II (0.26 mmol/g). Elutions
at 1 mL/min with a linear gradient over 20 min from 19:1 to 2:3 of
0.1% aqueous TFA and 0.1% TFA in acetonitrile.

for H,O and DMF], and the procedure was repeated on the same resins

with the next solvent. The swelling determination with TFA was carried
out last. See refs 11d, 13d, 14b, 17b, 17c, and 29 for literature swelling
data on a variety of commercially available supports.

Scheme 1. General Procedures for Solid-Phase Peptide
Synthesis on CLEAR Supports
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Continuous-Flow SPPS. The excellent mechanical stabilities
of CLEAR supports facilitate their use in continuous-flow

Time (min)
Figure 5. Analytical HPLC chromatogram of (a) crude human gastrin-
I, prepared on a PerSeptive Biosystems 9050 continuous-flow peptide
synthesizer, starting with CLEAR-II (0.26 mmol/g) and (b) human
gastrin-I after purification by preparative HPLC. Elutions at 1 mL/min
with a linear gradient over 28 min from 3:1 to 2:3 of 0.1% aqueous
TFA and 0.1% TFA in acetonitrile. Peptides were detected at 220 nm.

component in the crude cleavage product was isolated by
preparative HPLC and coincided with authentic gastrin [coelu-
tion with authentic standard on analytical HPLC, amino acid
analysis, FABMS]; and other peaks are likely due to modifica-
tions of the acid-sensitive target structure. These experiments,
which show that CLEAR supports are readily compatible with
automated continuous-flow processes, are particularly significant
since it is known that many of the commercially available
supports for SPPS are unusable, or usable only with major

peptide synthesizers; no appreciable back-pressures were obdifficulties, in this mode.

served. Thus, CLEAR-II was used to prepare Leu-enkepha-
linamide (Figure 4) and the 17-peptide human gastrin-I (Figure
5). Couplings were mediated IbyN '-diisopropylcarbodiimide/
1-hydroxybenzotriazole (DIPCDI/HOBLt) and by benzotriazolyl
N-oxytris(dimethylamino)phosphonium hexafluorophosphate/
HOBUt/N-methylmorpholine (BOP/HOBt/NMM) protocols, re-

Batchwise Manual SPPS. The “difficult” sequence 65-74
of acyl carrier proteit¥2was synthesized manually on all three
ground CLEAR supports (I, 1, and Ill). In one protocol,
couplings were mediated by DIPCDI/1-hydroxy-7-azabenzo-
triazole (DIPCDI/HOAL) inN,N-dimethylformamide (DMF). In
a second protocol, couplings were mediated by DIPCDI alone,

spectively. The product of the enkephalinamide synthesis wasand couplings as well as washing steps were carried out in the
96% pure, based on HPLC analysis directly after acidolytic nonconventional (for peptide synthesis) solvent acetonitrile. Both
cleavage of the PAL anchor. In the case of gastrin, the major procedures gave good crude products, with peptide purities



slightly higher for the acetonitrile versus DMF syntheses [95%
(CLEAR-I), 91% (CLEAR-II), and 91% (CLEAR-III) in ac-
etonitrile; 91%, 82%, and 80%, respectively, in DMF; see Figure
6 for chromatographic data on material synthesized on CLEAR- 10 20 10 20

I, and supporting information: Figures 3 and 4 for material Figure 7. Analytical HPLC chromatogram of crude retro-ACP (74-
synthesized on CLEAR-II and -Ill]. Similar results have been 65) amide, prepared by batchwise manual synthesis on (a) CLEAR-I;
reported for PEG-PS suppof$,but most other commercially ~ (b) CLEAR-II; (c) CLEAR-III; (d) CLEAR-IV; (e) CLEAR-V; (f) PEG-
available materials are incompatible with acetonitrile as the E’]SL/ng?r)w Lﬁﬂtzﬁiiléa(r) E‘Eiﬁé (()i\)/elj?’-sl)(;hrir?ii; f?gg (lj)Tgst-og'_Ul“ng i‘t’/l
solvent for stepwise incorporation of amino aCIdS Into peptldes. aqueous TFA and 0.1%/0 TFA in acetonitrile. Peptides were detected at

Many workers would prefer to use uniform, spherically 554 nm (ordinates); time scale is in min (abscissa). The chromatogram
beaded materials in solid-phase synthesis. The applicability of shown in (b) was reproduced in the LC-MS mode, which indicated
the beaded forms of CLEAR (IV and V) to batchwise SPPS that the peaks preceding the major one were the des-lle (9.4 min), des-
were demonstrated first by applying these materials to the GIn (20.5 min), and des-Asn (21.8 min) analogues of retro-ACP (74-
synthesis of Leu-enkephalinamide (for details, see Experimental65) amide.

Section and supporting information: Figures—111).

Comparative Batchwise SPPS.The exceedingly “difficult” our supports texaggeratecsPPS conditions in order to evaluate
retro-sequence 74-65 of acyl carrier proféiwas prepared in their stabilities and to establish whether or not any “leaking”
side-by-side experiments using all five (both ground and beaded)of material (as has been described for some commercial
CLEAR supports, along with a number of commercially Supports) might occui#® Support samples were checked before
available supports (Figure 7). Although each synthesis could and after treatment by gravimetry, elemental analyses, and
likely be optimized further, the data reveal that performance Fourier transform infrared spectroscopy (FT-IR) [for elemental
characteristics on CLEAR were at least comparable, and in someanalysis data, see supporting information: Table 1; for FT-IR
cases better, to any found previously in our hands or in the spectra, see Figures 8 and 9, and supporting information:
literature [details in Figure 7 and in Experimental Section]. In Figures 14-16]. Treatment fo 1 h with piperidine-DMF
particular, we noted d'ff'_CU|t'eS in handling P_epsyn K (NOYaSY” (23) Throughout the Experimental Section, mass spectral data recorded
KR 100) and PEGA. With the former material, we experienced on crude products directly after acidolytic cleavage of peptidyl-PAL-CLEAR

problems when draining off reagents and solvents because ofsupports are reported. We have examined such spectra carefully (see

; . ; supporting information for the full spectra) and never found evidence for
excessive back pressure; after a few cycles, these Slmpleany non-peptidic material.€., no “leaking” of materials from the supports

operations were unacceptably time-consuming. PEGA was into the cleaved solution). For example, breakdown of cross-lidkes
difficult to handle since, according to the manufacturer, the incorporated into the polymeric support) by hydrolysis or ammonolysis gives
material is irreversibly destroyed when dried. Therefore, PEGA a set of peaks 44 amu apart, due to oxyethylene units. FT-MS ESI of material

ired handling i len f hich led t b f solubilized upon treatment of CLEAR-I, -1V, and -V with NBH for 2
required hanaling in swollen torm, which led to a number ol \yeeks shows such a pattern [for details, see Experimental section; mass

difficulties, e.g, quantitation of loading could not be done. spectra are in supporting information: Figures—1B]. FT-MS ESI

Chemical Stability of CLEAR. Our original intention was ~ Performed under the same conditions on crude ACP(65-74) aditieot
show this pattern of signals separated by 44 amu but only the expected

to develop CLEAR supports for SPPS. Although implicit in  gjgnals due to the peptides [for spectra see supporting information: Figure
the excellent SPPS results reported above, we have also exposezD].

Cross-Linked Ethoxylate Acrylate Resin (CLEAR) Supports J. Am. Chem. Soc., Vol. 118, No. 3070806
a b
B Jrik
c 10 20 d 1 20
CLEAR-II CLEAR-IV
b e 10 20 f 10 20
a CLEAR-V PEG-PS
w0 2 %0
Time (min)
Figure 6. Analytical HPLC chromatogram of crude ACP (65-74) 10 20 10 20
amide, prepared by batchwise manual synthesis on CLEAR-I (0.29 g h
mmol/g). Elutions at 1 mL/min with a linear gradient over 30 min from TentaGel PEGA
19:1 to 3:1 of 0.1% aqueous TFA and 0.1% TFA in acetonitrile.
Peptides were detected at 220 nm. (a) Couplings were mediated by
DIPCDI/HOA, and couplings and washings were performed with DMF M
as solvent. (b) Couplings were mediated by DIPCDI, and couplings
and washings were performed with acetonitrile as solvent. Similar 10 20 " 10 20
experiments were carried out on CLEAR-II and -l and are reported 1 J
in supporting information: Figures 3 and 4. Poiyhipe pPS
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Figure 9. FT-IR spectra of CLEAR-IV: (a) original; (b) after treatment

with 2 M NH4OH in aqueous MeOH for 2 weeks; (c) after treatment

with piperidine-DMF (1:4) for 1 h; (d) after treatment with neat TFA

for 2 h; and (e) after treatment with neat TFA for 48 h.

The multiple ester groups in CLEAR were expected to be
susceptible to nucleophilic cleavage by bases stronger than
piperidine. To investigate this risk, the five CLEAR polymers
were incubated in i2 M aqueous NaOH and i2 M NH,OH
) L in aqueous MeOH. All CLEAR supports, except CLEAR-II,
Fl_gure 8. FT-IR spectra of CLEAR-II: (a) original; (b) after treatment dissolved completely in NaOH after 24 h. CLEAR-II showed
with 2 M aqueous NaOH for 1 h; (c) after treatmenttw® M aqueous a weight loss of 22% aftel h and 30% after 24 h treatment

NaOH for 24 h; (d) after treatment Wi M NH,OH in aqueous MeOH . .
for 2 weeks; (e) after treatment with piperidinBMF (1:4) for 1 h; with NaOH. CLEAR-I and -V dissolved completely after two

() after treatment with neat TFA for 2 h; and (g) after treatment with weeks of treatment with NNDH, whereas relatively little Of
neat TFA for 48 h. the other CLEAR polymers dissolved under these conditions
[8% of CLEAR-II, 10% of CLEAR-III, and 33% of CLEAR-

(1:4), the reagent used for Fmoc removal, revealed no nitrogen!V were lost, as determined gravimetrically]. These experiments
incorporation; however some subtle changes were seen in the'evealed that much of CLEAR-II, -II, and -1V resists base. To
carbonyl region of the FT-IR spectra [Figures 8 and 9, and the extent that materials dissolve in the presence ofOH]
supporting information: Figures #16]. To investigate the this ref_lects S|m|c_>le ammon_olysus of all three ester _Imkages in
possibility that piperidine treatment might alter the supports and cross-linkerl (as integrated into the polymer) to provide among
hence compromise their usefulness for peptide synthesis, wethe products the expected trimethylolpropane (14/3 EO/OH)
subjected Fmoc-PAL-Nle-CLEAR-I, -II, and -IIl to the depro- &thoxylate triol.

tection reagent for the very prolonged period of 9 days, and
followed this with SPPS of Leu-enkephalinamide on the
materials so treated. Results of these syntheses were identical Each member of the CLEAR family of supports for solid-

to those obtained on control (original untreated) CLEAR phase peptide synthesis is easily prepared by a single-step
supports as well as on some commercially available supportspolymerization from commercially available monomers and
manipulated in the same ways (Figure 10). When CLEAR cross-linkers. The CLEAR supports, both ground and beaded,
supports (I, Il, 1ll, IV, and V) were treated with neat TFA for  possess adequate chemical and exceptional mechanical stability,
48 h, no weight losses and no significant changes in the and (unlike most commercially available supports) show good
elemental compostions were observed, although the FT-IR swelling in an unusally broad range of solvents. For solid-
spectra showed some changes in the carbonyl region [Figuresphase synthesis, the initial functional group is substituted with
8 and 9, supporting information: Figures-146], perhaps due  an appropriate handle. Several challenging peptide sequences
to adsorption of the acid. have been assembled successfully on CLEAR by stepwise

4000 3500 3000 2500 2000 1500 1000 500

Wave number (cm’’)

Conclusions
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from Aldrich (Milwaukee, WI). 2-Aminoethyl methacrylatdCl was
a piperidine- from Eastman Fine Chemicals (Rochester, NY) and-2z®bisisobu-

original weated | tyronitrile (AIBN) was from Pfaltz & Bauer (Waterbury, CT). Fmoc-

PAL-OH, HOAt, and Fmoc-PAL-PEG-PS were obtained from the

Biosearch Division of PerSeptive Biosystems (Framingham, MA).
k 'JL,J_/’ DIPCDI and BOP were from Advanced ChemTech (Louisville, KY),
— HOBt from Chem-Impex International (Wood Dale, IL), and NMM

from Fisher Biotech (Fair Lawn, NJ). All Fmoc-amino acids were

10 10

c d piperidine- either from Advanced ChemTech or Chem-Impex International. Tenta-
gﬂ%‘xg‘_“ gtﬁg_" Gel S NH, was from Rapp Polymere {Bingen, Germany), PL-PEGA

Resin was from Polymer Laboratories (Amherst, MA), NovaSyn PR
500, NovaSyn P 500 “Polyhipe”, NovaSyn KR 100, and NovaSyn KD

/_L,—JL,— 125 “Pepsyn K” were from Nova Biochem (La Jolla, CA), and Fmoc-
_L,_.____ amide Resin was from the Applied Biosystems Division of Perkin-

Elmer (Foster City, CA).

¢ " f piperidinejo The Kaiser qualitative ninhydrin téétwas carried out specifically
gﬂgm‘_m ‘éﬁ;‘:g_m as described by Stewart and YouiigAnalytical high-performance
liquid chromatography (HPLC) was performed on a Beckman system
comprising two Model 112 Solvent Delivery Modules, a Model 165
,-L———‘L—' L’_’/ Variable Wavelength Detector, and a System Gold Analog Interface
Module, controlled via an IBM PC by Beckman System Gold software.
T To A Vydac G column (4.6x 250 mm) was eluted at flow rates of 0.8
g h piperidine- mL/min or 1 mL/min, and monitored at 220 nm. Amino acid analyses

gggii_n;é gE?;.tfs were carried out on a Beckman System 6300 high performance analyzer.
Samples were hydrolyzed with propionic aeit? N HCI (1:1) (peptide-
resins and cleaved resins) 6 N aqueous HCI (released peptides),
L’ L__,_/ containing 1 drop of phenol for Tyr-containing peptides, at 16dor
_lffd I 1 h. Reported cleavage yields are based on amino acid ratios with
pin respect to norleucine (Nle) IRAA. The substitution levels of Fmoc-
J piperidine- resins were determined by (i) amino acid analyses and (ii) spectro-
original treated photometric analyses [absorption at 301 nm of the fulvene-piperidine
TentaGel TentaGel adduct formed upon deprotection of the amino groups] using a Beckman
DU 650 spectrophotometer.

L,_'_‘ All FAB-MS experiments were carried out on a VG Analytical Ltd.
- L’——_L—u—u———— 7070E-HF high resolution double-focusing mass spectrometer equipped
with a VG 11/250 data system. The matrix was glycerol containing
) ] 1% TFA. lons (at accelerating potentials of 5 kV) were generated from
Figure 10. Analytical HPLC chromatogram of crude Leu-enkepha- the impact on the target matrix of a neutral xenon atom beam derived
linamide, prepared by batchwise manual synthesis on (&) CLEAR-I from a Xe' ion beam at an accelerating potential of 8 kV. The FAB
(0.24 mmol/g); (b) CLEAR-I that had been treated with piperidine g, emission current was 1 mA. Average molecular weight data were
DMF (1:4) for 9 days; (c) CLEAR-II (0.33 mmol/g); (d) CLEAR-Il  recorded at low resolution (500 resolution) in continuum mode
that had been treated with piperidinBMF (1:4) for 9 days; (€)  (uncentroided) scanning over the region of interest at 300 s/decade and
CLEAR-III (0.18 mmol/g); (f) CLEAR-IIl that had been treated with  gjgnal-averaging the data. Unit resolution data, providing monoisotopic
piperidine-DMF (1:4) for 9 days; (g) PEG-PS (0.18 mmol/g); (h) PEG-  molecular weight data, were acquired at 200 resolution scanning 100
PS that had been treated with piperidif@MF (1:4) for 9 days; (i) to 2000 amu at 1820 s/decade. LC-MS was performed using a
TentaGel (0.18 mmol/g); (j) TentaGel that had been treated with Beckman HPLC system comprising a Model 126 solvent delivery

piperidine-DMF (1:4) for 9 days. Elutions at 0.8 mL/min with alinear  modyle, a Model 166 programmable detector module, and a Beckman
gradient over 20 min from 19:1 to 2:3 of 0.1% aqueous TFA and 0.1% Ultrasphere @ column (2.0x 150 mm). Elution was carried out at

TFA in acetonitrile. Peptides were detected at 220 nm (ordinates); time g 2 mL/min with a linear gradient over 80 min from 9:1 to 3:1 of 0.1%
scale is in min (abscissa). aqueous TFA and 0.1% TFA in acetonitrile; detection by UV
absorbance at 220 nm. The HPLC system was connected to a Sciex
procedures, both in the batchwise and continuous-flow modes, API Il triple quadropole mass spectrometer equipped with an ionspray
and results were equal or superior to findings with alternative interface [ionspray voltage: 5 kV; interface temperature: °€Q
commercially available support materials. Within the CLEAR potential on first quadropole: 30 V; orifice voltage: 75 V]. Scanning
family, CLEAR-I (which swells the best) gives slightly better ~Was done, in increments of 0.5 amu, from 100 to 1 200 amu. FT-MS
results for SPPS, whereas CLEAR-Il has somewhat better ES! vv_as_performed using an ext_ernal electros_pray ion source on a dual
handling properties and has the highest degree of resistance tc?e” Finnigan 2001 FT-MS Fourier-transform ion cyclotron resonance

. - mass spectrometer (Madison, WI) fitted with a 3.1 T magnet and an
strong b,ase' Altgrnatlye CLEAR quports derived frqm mpno- Odyssey Data System. A stainless-steel capillary at’C2@esolvated
mers, bi- and trifunctional cross-linkers, and functionalized

h - ions in the electrospray source. A series of electrostatic lenses guided
monomers different from but related 1e-6 are currently being ions from the external source to the analyzer cell of the FT-MS, where
designed. We anticipate that the described properties will all mass measurements were made. The base pressure in the cell was
translate well for future applications to solid-phase syntheses3 x 10° Torr to collisionally trap ions. A potential of 6.5 V was

of other types of organic molecules and of combinatorial applied to the trapping plates during ion accumulation (5 s) and then

10

10 10

libraries. reduced to 0.35 V during ion excitation and detection. lon excitation
was by an rf excitation sweep (100 V peak-to-peak, 80Qisidbw to
Experimental Section high frequence) and 64 K data points were collected, summirg20

General Methods. Allylamine, poly(ethylene glycol-400) dimethacry- ~ SCans. Samples were sprayed from an aluminum coated fused silica
late, poly(ethylene glycol) _ethyl ethermethacrylate, trlme_thylolpropane (24) Kaiser, E.. Colescott, R. L.; Bossinger, C. D.. Cook, PAnal,
ethoxylate (14/3 EO/OH) triacrylate, trimethylolpropane trimethacrylate, gjgchem.197q 34, 595-598.

polyvinyl alcohol (97% hydrolyzed, averad&, 50 00G-85 000), KBr (25) Stewart, J. M.; Young, J. C8olid Phase Peptide Synthes#nd
(FT-IR grade), 1,2-ethanedithiol (EDT), and lauric acid were obtained ed.; Pierce: Rockford, IL, 1984; pp 163.06.
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capillary (SGE Polysil tubing, SGE, Inc., Austin, TX) biased at2.5  funnel, washed with kD (~2 L) and MeOH (300 mL). The beads
2.8 kV at flow rates of +2 uL/min using a Harvard Apparatus Model  were sieved, and the major fraction (:0825um) was suspended in
22 syringe pump (South Natick, MA). Peptide samples were prepared MeOH and repetitively sedimented and decantedQx) to remove
in MeOH—H0 (1:1) containing 1% TFA, and ammonolyzed polymer remaining smaller beads. The beads were finally diiredacuo
samples were prepared in NBH—MeOH (1:4). overnight. Yield: 2.38 g. Anal. Found: C, 55.05; H, 8.11; N, 0.86.
The textures of CLEAR materials were studied by scanning electron  CLEAR-V. These beads were prepared in the same way as CLEAR-
microscopy (SEM) using a JEOL JSM-840 scanning electron micro- |V, but starting with an organic phase consisting of allylam2)e(2.86
scope (The Microscopy Facility at the Center for Interfacial Engineering, g, 50 mmol), trimethylolpropane ethoxylate (14/3 EOQ/OH) triacrylate
University of Minnesota). Polymer samples were mounted on SEM (1) (11.86 g, 13 mmol), AIBN (0.5 g, 3.0 mmol), and toluene (17 mL).
stubs and were coated with platinum. Images were recorded atYield: 1.29 g. Anal. Found: C, 54.07; H, 8.15; N, 0.93, consistent
accelerating voltages of 10 kV. Nitrogen adsorption/desorption with molar incorporation ofl:2 = 8:5 [approximately one-third of the
isotherm&® were recorded on a Micromeritics ASAP 2400 (Chemical 2 incorporated provides free amino groups]; note that the polymer is
Engineering, University of Lund, Sweden) using a 76-point pressure 96% by weight derived fron.
table and 45 s equilibration times after degassing under vacuum at 60  Fmoc-PAL-norleucyl  (“Internal  Reference”)-Derivatized
°C for 48 h. This technique gives the surface areas and the distribution c| EAR’s, TentaGel, and PEGA. Fmoc-Nle-OH (0.64 g, 1.8 mmol),
of pores in the diameter range of 18 to 3000 A. As described in the dissolved in DMF (3 mL), was added to each of CLEAR-I, -II, -lII,
text, CLEAR particles did not show measurable surface areas and were.|y, -y (loadings in Table 1; 1.0 g per experiment), TentaGel S;NH
concluded to lack microporous structure. Fourier transform infrared (0.28 mmol/g, 1.0 g), and PL-PEGA Resin (634 mmol/g, 3.3 g of
(FT-IR) spectra of resins (KBr pellets) were measured on a Perkin Elmer 309 slurry in MeOH, washed extensively with DMF to remove MeOH).
Model 1600 FT-IR spectrophotometer. Elemental analyses were Coupling in each case was initiated by the addition of HOAt (0.23 g,
performed by M-H-W Laboratories (Phoenix, AZ). 1.8 mmol) in DMF (3 mL) followed by DIPCDI (0.25 g, 1.8 mmol) in
CLEAR-I. Allylamine (2) (0.51 g, 9.0 mmol), trimethylolpropane  DMF (3 mL). The mixtures were shaken at 25 for 48 h and then
ethoxylate (14/3 EO/OH) triacrylatd)((8.21 g, 9.0 mmol), and AIBN filtered and washed with DMF (% 15 mL) and CHCl, (5 x 15 mL).
(0.1 g, 0.6 mmol) were placed in a screw-cap culture tube, dissolved At this point, all CLEAR resins and TentaGel were negative to
in cyclohexanol (17.5 mL), and purged with a stream of nitrogen for qualitative ninhydrin tests, whereas PEGA was slightly positive;
5 min. The tube was sealed and irradiated overnight (350 nm) in a nevertheless an acetylation step was carried out on all resins using acetic
Rayonet Photochemical Reactor. The resulting polymer was ground anydride (1 g) in CHCl,—pyridine (16 mL, 1:1) for 30 min, followed
in a mortar and wet-sieved with water (total6 L) through 106- and by washing with CHCI, (5 x 15 mL) and DMF (5x 15 mL). The
125um sieves. The 106125um fraction was collected and washed  Fmoc groups were removed by treatment with piperieiB®F (1:4)
on a sintered glass filter funnel with acid water [deionized then acidified (5 + 15 min), followed by washings with DMF (5 15 mL) and
with TFA to pH 1-2, ~150 mL], deionized water~<300 mL), and CH.Cl, (5 x 15 mL). A solution of Fmoc-PAL-OH (0.89 g, 1.8 mmol)

MeOH (~150 mL). The fines were removed by repetitive10x) in DMF (3 mL) was added, and the next steps (activation, coupling,

sedimentations (by gravity) and decantations using Me®©B0(mL acetylation) followed the exact outline given just previously for

each time). The remaining particles were driadvacuo overnight. introduction of Fmoc-Nle-OH.

Yi_eld: 2.26_g. Anal. _Found: C, 54.84; H, 8._01; N, 0.90, consistent Continuous-Flow SPPS of Leu-enkephalinamide (H-Tyr-Gly-

with molar incorporation ofl:2 = 5:3 [approximately half of th& Gly-Phe-Leu-NH;) on CLEAR-II. Chain assembly was carried out

incorporated provides free amino groups]; note that the polymer is 96% on, 5 PerSeptive Biosystems 9050 continuous-flow peptide synthesizer,

by weight derived fromt. ) starting with Fmoc-PAL-NIe-CLEAR-II (0.5 g, 0.26 mmol/g), and using
CLEAR-II.  This polymer was made in the same way as CLEAR-l - Ne-Fmoc-amino acids (0.65 mmol each, 5 equiv) with a DIPCDI/HOBt

but starting with 2-aminoethyl methacrylettl (3) (0.60 g, 3.6 mmol),  protocol as specified by the manufacturer (30-min couplings). The

poly(ethylene glycol-400) dimethacrylatd)((3.88 g, 7 mmol), tri- phenolic side-chain of tyrosine was protected astéebutyl ether.

methylolpropane ethoxylate (14/3 EO/OH) triacrylat§ (2.74 g, 3 Fmoc-removal was achieved with piperidinBBU—DMF (10:1:39)
mmol), and AIBN (0.1 g, 0.6 mmol) in cyclohexanol (16 mL). Yield: (g min). The amino acid composition of the completed peptide-resin

2.659. Anal. Found: C, 54.68; H, 7.79; N, 0.70. was Gly 2.06, Leu 0.92, Tyr 0.98, Phe 1.00, Nle 1.16. The peptide-
CLEAR-IIIl.  This polymer was made in the same way as CLEAR-I  resin was transferred to a syringe reactor. Cleavage of the peptide from

but starting with 2-aminoethyl methacrylett€l (3) (0.73 g, 4.4 mmol), the resin was achieved with TFACH,Cl, (9:1) for 2 h at 25°C. The

poly(ethylene glycol) ethyl ether methacrylat® (0.74 g, 3 mmol), filtrate was expressed from the vessel with positive nitrogen pressure,

trimethylolpropane ethoxylate (14/3 EO/OH) triacrylatg (7.30 g, 8 and the cleaved resin was washedx(3L.5 mL) with further TFA-
mmol), and AIBN (0.1 g, 0.6 mmol) in cyclohexanol (20 mL). Yield:  cH,Cl, (9:1). The combined filtrates were evaporated to dryness
1.84 g. Anal. Found: C, 54.86; H, 7.92; N, 0.73. (including chasing & with CH,Cl,), suspended in water, and lyoph-
CLEAR-IV. Spherical beads were prepared by suspension polym- jlized. The cleavage yield was 74% based on amino acid analyses of
erization using a reactor and an overhead stirrer following the designs peptide resins before and after cleavage. The crude peptide was shown
described by Arshady and Ledwith.An aqueous phase consisting of  to be 96% pure by HPLC (Figure 4). The amino acid composition of
deionized water (120 mL; previously purged with a stream of argon the crude peptide was Gly 2.03, Leu 1.01, Tyr 0.98, Phe 0.98. Leu-
for 5 min), 1% polyvinyl alcohol in water (6 mL), and ammonium  enkephalin has a calculated exact mass of 554.2853. FABMS,
laureate solution (5 mL of 1% lauric acid in water, adjusted to pH positive [M + H]*: 555.3; negative [M— H]~: 553.2; [M — H +
10.3 with concentrated aqueous kH), and an organic phase (which  TFA]~: 667.2 (spectra in supporting information: Figure 1).
had been purged with a stream of argon for 5 min) consisting of  continuous-Flow SPPS of Human Gastrin-1 (pGlu-Gly-Pro-Trp-
allylamine @) (2.86 g, 50 mmol), trimethylolpropane ethoxylate (14/3 | ¢y-Glu-Glu-Glu-Glu-Glu-Ala-Tyr-Gly-Trp-Met-Asp-Phe-NH 5) on
EO/OH) triacrylate 1) (10.94 g, 12 mmol), trimethylolpropane tri- | EAR-II.  Chain assembly was carried out on a PerSeptive Biosys-
methacrylate §) (1.02 g, 3.0 mmol), AIBN (0.5 g, 3.0 mmol), and  tems 9050 continuous-flow peptide synthesizer, starting with Fmoc-
toluene (17 mL) were stirred (400 rpm) under an argon atmosphere pa| -Nje-CLEAR-II (0.3 g, 0.26 mmol/g), and usirg*-Fmoc-amino
for 1 h at 70°C. The beads were collected on a sintered glass filter acjgs (0.63 mmol each, 8 equiv) with a BOP/HOBYNMM protocol as

(26) (a) Dollimore, D.; Heal, G. RI. Appl. Chem1964 14, 109-114.  SPecified by the manufacturer (1 h couplings). Trandy-carboxyl
(b) Emig, G.; Hoffmann, HJ. Catal. 1967, 8, 303-306. functions of aspartic and glutamic acids were protected as téwtir
(27) Arshady, R.; Ledwith, AReact. Polym1983 1, 159-174. butyl esters and the phenolic side-chain of tyrosine asehtebutyl
(28) Commercial Fmoc-PAL-Nle-PEG-PS has a Nle IRBétweerthe ether. Fmoc removal was achieved with piperidiBU—DMF

PS and bifunctional PEG, which latter sometimes acts as a spacer and othef10:1:39) (6 min). The amino acid composition of the completed

times cross-links two Nle sites. Hence, ratios of incorporated amino acids - -

to Nle of 2-3 represent quantitative yields past the PAL handle. peptldezreslln Wisog‘sf)r 1'111:’306“;:'51’4?0,\'1"0% %Iy _1”?9 Alg 141,
(29) Fields, G. B; Fields, C. G. Imnovations and Perspeates in Solid Met 1.23, Leu 1.03, Tyr 1.30, Phe 1.43, Nle 1.70. The resin was

Phase Synthesis: Peptid@lypeptides and Oligonucleotide992 Epton, transferred to a syringe reactor. Cleavage of the peptide from the resin

R., Ed.; Intercept Ltd.: Andover, England, 1992; pp 1382. was achieved in a reaction vessel with reagent R: FHAoanisole-
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EDT—anisole (90:5:3:2) (1.5 mL). The filtrate was expressed from mediated by DIPCDI alone, and all couplings and washings were
the vessel with positive nitrogen pressure, and the cleaved resin wasperformed with acetonitrile instead of DMF [a few drops of DMF were

washed with further reagent R (8 1 mL). Ice-cold ethyl ether (8
mL) was then added to the combined filtrates to induce cloudiness.
The mixture was maintained at°®& for 10 min and then centrifuged
to collect a white precipitate, which was washed further with ether (3
x 5 mL), dissolved in water, and lyophilized. The cleavage yield was

added if needed to dissolve the amino acid derivatives]. Ninhydrin
tests on peptide-resin aliquots upon completion of couplings were
negative except after the formation of the Val-GIn bond on CLEAR-I
and -1l. Amino acid compositions of the peptide-resins were Asx 2.09,
Glx 1.10, Gly 0.99, Ala 2.18, Val 1.05, lle 1.65, Tyr 0.93, Nle 0.99

60% based on amino acid analyses of peptide-resins before and aftefrom CLEAR-I; Asx 2.21, GIx 1.04, Gly 1.09, Ala 2.13, Val 0.94, lle
cleavage. The crude material was evaluated by analytical HPLC (Figure 1.58, Tyr 1.01, Nle 1.36 from CLEAR-II; Asx 2.24, GlIx 1.04, Gly

5a) and amino acid analysis: Asp 1.37, Glu 4.68, Pro 1.04, Gly 1.96,
Ala 1.31, Met 1.22, Leu 0.94, Tyr 1.24, Phe 1.24. A portion of the
crude material (5 mg) was dissolved in 5 mL of 0.1% aqueous TFA
and applied to an Alltech/Applied Science Econosids @10 u)
preparative HPLC column (18 250 mm) and eluted at 4.5 mL/min
with a linear gradient over 28 min from 7:3 to 2:3 of 0.1% aqueous
TFA and 0.1% TFA in acetonitrile. The eluent of the major peak was
collected, lyophilized and characterized by analytical HPLC (Figure
5b) and amino acid analysis: Asp 1.24, Glu 5.91, Pro 1.39, Gly 2.14,
Ala 0.90, Met 0.80, Leu 0.79, Tyr 0.92, Phe 0.90. Human gastrin-|
has a calculated average mass{VH]* of 2099.25 and the observed

average mass by FABMS was 2099.7 (spectrum in supporting informa- 2.02, Val 0.97, lle 1.78, Tyr 1.05 from CLEAR-III.

tion: Figure 2).

Batchwise Manual SPPS of Acyl Carrier Protein (65-74) Amide
(H-Val-GIn-Ala-Ala-lle-Asp-Tyr-lle-Asn-Gly-NH ;) on CLEAR-I,
-Il, and -lll. A. The syntheses were carried out manually, in parallel.
Fmoc-PAL-Nle-CLEAR resins |, II, and IIl (0.1 g, 0.29.29 mmol/g)
were treated with piperidireDMF (1:4) (5+ 15 min). For each cycle,
N*-Fmoc-amino acids (15@mol) were each in turn dissolved in DMF
(0.4 mL), ard 2 h couplings were each initiated with 1@nol of
DIPCDI in DMF (0.2 mL) and 15@:mol of HOAt in DMF (0.2 mL).
Solutions of amino acids, DIPCDI, and HOAt were made at triple the

1.08, Ala 2.11, Val 0.95, lle 1.56, Tyr 1.02, Nle 1.37 from CLEAR-
Ill. The crude peptides were released from the supports as described
previously, with cleavage yields of 86% (from CLEAR-I), 92% (from
CLEAR-II), and 93% (from CLEAR-III), respectively. The purities
(HPLC) of the peptides were 95% (CLEAR-I, Figure 6b), 91%
(CLEAR-II; chromatogram in supporting information: Figure 3b), and
91% (CLEAR-III; chromatogram in supporting information: Figure
4b), respectively. The amino acid compositions of the crude peptides
were Asx 2.11, Glx 1.01, Gly 1.05, Ala 2.05, Val 1.02, lle 1.74, Tyr
1.01 from CLEAR-I; Asx 2.18, GIx 0.97, Gly 1.05, Ala 2.01, Val 0.95,
lle 1.77, Tyr 1.06 from CLEAR-II; Asx 2.16, GIx 0.99, Gly 1.04, Ala
FABMS on
products from all synthesesyz, positive [M+ H]*: 1062.5; negative
[M —H]: 1060.5 (spectra in supporting information: Figuresl®).
Batchwise Manual SPPS of Leu-Enkephalinamide (H-Tyr-Gly-
Gly-Phe-Leu-NH) on CLEAR-IV and -V. The synthetic design was
the same as for the earlier described continuous-flow synthesis.
Syntheses started with Fmoc-PAL-Nle-CLEAR supports (0.1 g), and
the solvent for reactions and all washings was DMF. At each cycle,
Fmoc-removal was achieved with piperidinBMF (1:4) (2+ 8 min).
N*-Fmoc-amino acids (10@mol) were dissolved in DMF (0.4 mL),
and 40-min couplings were each initiated with 12®0l of DIPCDI

indicated scale and apportioned equally to the three parallel synthesesin DMF (0.2 mL) and 10@«mol of HOAt in DMF (0.2 mL). Ninhydrin

The S-carboxyl function of aspartic acid and the phenolic side-chain
of tyrosine were protected as thesrt-butyl ester and ether, respectively.
Theg- andy-carboxamide functions of asparagine and glutamine were
protected as their trityl derivatives. Fmoc removal was achieved with
piperidine-DMF (1:4) (5 + 25 min). All washings after couplings
and deprotections were performed with DMF. Ninhydrin tests on
peptide-resin aliquots upon completion of couplings were negative
except after the formation of the Val-GIn bond on CLEAR-I. Amino
acid compositions of the peptide-resins were Asx 2.11, Glx 1.00, Gly
0.99, Ala 2.07, Val 1.04, lle 1.79, Tyr 1.00, Nle 1.04 from CLEAR-I;
Asx 2.24, GIx 0.88, Gly 1.11, Ala 2.01, Val 0.90, lle 1.82, Tyr 1.03,
Nle 1.44 from CLEAR-II; Asx 2.26, GIx 0.89, Gly 1.15, Ala 2.03, Val
0.90, lle 1.72, Tyr 1.04, Nle 1.44 from CLEAR-IIl. Cleavages of
peptides from the CLEAR supports were achieved with F&A,Cl,
(9:1) (2 mL) for 2.5 h. The solutions containing the cleaved peptides

tests on peptide-resin aliquots upon completion of couplings were
negative. The amino acid compositions of the completed peptide-resins
were Gly 1.96, Leu 1.12, Tyr 0.91, Phe 1.00, Nle 0.96 (CLEAR-IV);
Gly 2.05, Leu 1.13, Tyr 0.90, Phe 1.02, Nle 0.71 (CLEAR-V).
Cleavage of the peptides from the resins were achieved with-TFA
CH.CI, (9:1) for 2 h. The filtrates were expressed from the vessels
with positive nitrogen pressure, and the cleaved resins were washed (3
x 1.5 mL) with further TFA-CH.CI; (9:1). The combined filtrates
were evaporated to dryness (including chasing ®&ith CH.CL,),
suspended in water, and lyophilized. The cleavage yields were 98%
(CLEAR-IV) and 90% (CLEAR-V), based on amino acid analyses of
peptide resins before and after cleavage. The crude peptides were
estimated to be 86% (CLEAR-1V) and 89% (CLEAR-V) pure by HPLC
[chromatograms in supporting information: Figure 11]. The amino
acid compositions of the crude peptides were Gly 1.90, Leu 1.16, Tyr

were expressed from the solid-phase reaction vessels with positive0.88, Phe 1.06 (from CLEAR-IV) and Gly 1.95, Leu 1.22, Tyr 0.75,

nitrogen pressure, and the cleaved resins were washed1(35 mL)
with further TFA—CH,Cl, (9:1). The combined filtrates were evapo-
rated to dryness (including chasing 3wvith CH,Cl,), suspended in

Phe 1.09 (from CLEAR-V). Leu-enkephalin has a calculated exact
mass of 554.2853. FABMSyz, positive [M + H]*: 555.4 [same
for peptides from both resins; spectra in supporting information: Figures

water, and lyophilized. Cleavage yields, calculated based on amino 12 and 13].

acid analyses of peptide resins before and after cleavage, were 88%

from CLEAR-I, 91% from CLEAR-II, and 89% from CLEAR-III. The
crude peptides were dissolved in aqueous 0.1% -F&éetonitrile
(2:1), and the purities were estimated by HPLC to be 91% (from
CLEAR-I; Figure 6a), 82% (from CLEAR-II; chromatogram in
supporting information: Figure 3a), and 80% (from CLEAR-III,
chromatogram in supporting information: Figure 4a), respectively. The
amino acid compositions of the crude peptides were Asx 2.15, Glx
0.98, Gly 1.09, Ala 1.99, Val 1.00, lle 1.73, Tyr 1.05 from CLEAR-I;
Asx 2.24, GIx 0.91, Gly 1.14, Ala 1.97, Val 0.89, lle 1.77, Tyr 1.08
from CLEAR-II; Asx 2.24, GIx 0.89, Gly 1.15, Ala 1.97, Val 0.89, lle
1.77, Tyr 1.09 from CLEAR-IIl. ACP (65-74) amide has a calculated
exact mass of 1061.5506. FABMS on products from all syntheses,
m/z, positive [M+ H]*: 1062.5; negative [M- H]~: 1060.5 (spectra
in supporting information: Figures57). FT-MS ESI on the product
from CLEAR-I, W'z, positive [M+ H]*: 1062.6; [M+ Na]": 1084.6
(spectra in supporting information: Figure 20).

B. The syntheses were carried out manually in parallel with and
following the previously described procedure for assembly of the ACP-
(65-74) sequence in DMF, with the exception that the couplings were

Batchwise Manual SPPS of Retro-Acyl Carrier Protein (74-65)
amide (H-Gly-Asn-lle-Tyr-Asp-lle-Ala-Ala-GIn-Val-NH ;) on CLEAR-

I, -, -lll, -1V, and -V; PEG-PS, TentaGel, PEGA, Pepsyn K,
Polyhipe, and PS. The syntheses were carried out in parallel starting
with Fmoc-PAL-Nle-CLEAR supports (0.1 g, 0.20.33 mmol/g),
Fmoc-PAL-Nle-PEG-PS (0.1 g, 0.18 mmol/g), Fmoc-PAL-Nle-Tenta-
Gel (0.1 g, 0.18 mmol/g), Fmoc-PAL-Nle-PEGA [0.026 mmol, by
spectrophotometric determination of the fulvene-piperidine adduct
formed at the deprotection], NovaSyn PR 500 (Polyhipe with modified
Rink linker) (0.1 g, 0.40 mmol/g), NovaSyn KR 100 (Pepsyn K with
modified Rink linker) (0.1 g, 0.11 mmol/g), and Fmoc-amide Resin
(PS with Knorr linker) (0.1 g, 0.63 mmol/g). Ateach cydd-Fmoc-
amino acids (5 equiv, 0.25 M) were each in turn dissolved in DMF,
and 1 h couplings were each initiated with DIPCDI (5 equiv, 0.5 M)
in DMF and HOAt (5 equiv, 0.5 M) in DMF. Solutions of amino
acids, DIPCDI and HOAt were made on a larger scale and apportioned
equally to the 11 parallel syntheses. Amino acid side-chains were
protected as described above in the synthesis of acyl carrier protein
(65-74) amide. Fmoc-removal was achieved with pipericiDMF

(1:4) (5+ 10 min). All washings after couplings and deprotections
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were performed with DMF. Ninhydrin tests on peptide-resin aliquots NaOH Treatment. The resins were incubated Wwi2 M NaOH in

upon completion of couplings were negative except after the formation H,O—MeOH (1:3). After 1 h, CLEAR-I and V dissolved completely;

of the GIn-Val bond on PS, the Ala-Ala bond on PS, the Asp-lle bond CLEAR-IIl and IV were unfilterable gels, and CLEAR-II had dissolved
on PS, the lle-Tyr bond on TentaGel and PS, and the Asn-lle bond on partially [22% mass loss; determined gravimetrically after washing with
CLEAR-Il, PEGA, and PS. Draining off reagents and solvents from H,O—MeOH (1:3); the mass loss after 24 h was 30%)]. The elemental
Pepsyn K was very slow already after the first cycle. After three cycles, analyses of the solid-residues of NaOH-treated CLEAR-II were quite

the procedure could not be done in a timely fashier8@ min for
draining off 2 mL solvent), and Pepsyn K was taken out of the

similar to the untreated control; the FT-IR indicated retention of the
main carbonyl signal at 1737 crhbut abolition of the shoulder at

comparison study. During the last couplings, the same problem was 1695 cnr.

seen with Polyhipe. Amino acid compositions of the peptide-resins
were Asx 1.85, GIx 0.88, Gly 1.03, Ala 2.05, Val 1.14, lle 2.04, Tyr
1.01, Nle 1.05 from CLEAR-I; Asx 1.96, GIx 1.01, Gly 1.06, Ala 2.16,
Val 1.11, lle 1.74, Tyr 0.95, Nle 1.19 from CLEAR-II; Asx 1.69, GIx
0.74, Gly 1.06, Ala 2.18, Val 1.29, lle 2.05, Tyr 1.00, Nle 1.33 from
CLEAR-IIl.; Asx 1.44, GIx 0.66, Gly 0.89, Ala 1.92, Val 1.20, lle
2.26, Tyr 1.07, Nle 1.15 from CLEAR-IV; Asx 1.79, GIx 0.77, Gly
1.07, Ala 2.10, Val 1.08, lle 2.15, Tyr 1.04, Nle 0.76 from CLEAR-V;
Asx 1.90, GIx 0.77, Gly 1.04, Ala 2.08, Val 1.14, lle 2.03, Tyr 1.04,
Nle 2.868 from PEG-PS; Asx 1.93, GIx 0.96, Gly 1.02, Ala 2.15, Val
1.12, lle 1.82, Tyr 0.98, Nle 1.23 from TentaGel; Asx 1.99, GIx 0.83,
Gly 1.03, Ala 2.07, Val 1.14, lle 1.91, Tyr 1.03, Nle 3.03 from PEGA,;
Asx 1.95, GIx 1.04, Gly 1.01, Ala 2.06, Val 1.05, lle 1.85, Tyr 1.04,
Nle 1.14 from Polyhipe; Asx 1.90, Glx 1.08, Gly 1.02, Ala 2.13, Val
1.09, lle 1.80, Tyr 0.97 from PS. Cleavages of peptides from the
CLEAR supports were achieved with TFADT—H,0 (95:3:2) (2 mL)

NH4OH Treatment. After incubation wih 2 M NH,OH in HO—
MeOH (1:3) for 2 weeks, CLEAR-I and V dissolved completely. The
remaining resins were washed with® Mass losses (determined
gravimetrically) were 8% from CLEAR-II, 10% from CLEAR-III, and
33% from CLEAR-IV. The elemental analyses of the solid-residue of
NH,OH-treated CLEAR-II, -lll, and -IV were quite similar to the
untreated controls (and in particulaig increase in the Nalueg; the
FT-IR indicated retention of the main carbonyl signal at 1737 %¢m
but abolition of two shoulders at 1630695 cnt!. For CLEAR-IV,
which had considerable mass loss but did not dissolve completely, the
combined filtrates were lyophilized; for CLEAR-I and V, the completely
solubilized resins were lyophilized. From all three of these cases,
“glue™-like solids were obtained which showed: C, 53.99; H, 8.36, N,
1.87 (CLEAR-I); C, 49.38; H, 7.71; N, 4.76 (CLEAR-IV); and C, 53.45;
H, 8.17; N, 2.21 (CLEAR-V); furthermore, the FT-MS ESI showed
peaks corresponding to [M- NaJ™ and [M + NH4]* of trimethylol-

for 2 h. The solutions containing the cleaved peptides were expressedpropane (14/3 EOJOH) ethoxylate triol: J8sC(CHOCH,CH,) OH)

from the solid-phase reaction vessels with positive nitrogen pressure,

and the cleaved resins were washed with further TFA«(3.5 mL).

(CHy(OCH,CHy)nOH)(CH,(OCH,CH,),OH], where { + m + n) =
7—20, centered abouk ¢ m+ n) = 12 [calcd exact mass of M, 662.4;

The combined filtrates were evaporated to dryness. Ice-cold ethyl ether -v_\1s Es) vz [M + NaJ": 685.4; [M+ NH.*: 680.5 [spectra in

was then added to precipitate the peptides.

acid analyses of peptide resins before and after cleavage,x83%
from all the resins. The cleavage yield from PS could not be calculated,
because it does not contain an IRAA. The crude peptides were
dissolved in aqueous 0.1% TFAAcetonitrile (1:1), and the purities
were shown to be: 99% (CLEAR-1), 86% (CLEAR-II), 90% (CLEAR-

), 81% (CLEAR-IV), 86% (CLEAR-V), 89% (PEG-PS), 87%
(TentaGel), 78% (PEGA), 97% (Polyhipe), and 78% (PS), respectively,
by HPLC (Figure 7). The amino acid compositions of the crude
peptides were Asx 2.09, GIx 0.93, Gly 1.05, Ala 2.15, Val 1.08, lle
1.78, Tyr 0.90 from CLEAR-I; Asx 1.97, GIx 0.99, Gly 1.04, Ala 2.18,
Val 1.13, lle 1.74, Tyr 0.95 from CLEAR-II; Asx 2.01, GIx 1.05, Gly
0.99, Ala 2.18, Val 1.08, lle 1.70, Tyr 0.99 from CLEAR-III; Asx 2.10,
Glx 1.08, Gly 1.10, Ala 2.24, Val 1.11, lle 1.68, Tyr 0.69 from CLEAR-
IV; Asx 2.13, GIx 1.02, Gly 1.10, Ala 2.18, Val 1.00, lle 1.72, Tyr
0.84 from CLEAR-V; Asx 2.19, GIx 1.07, Gly 1.06, Ala 2.16, Val
1.04, lle 1.68, Tyr 0.81 from PEG-PS; Asx 2.12, Glx 1.02, Gly 1.05,
Ala 2.19, Val 1.09, lle 1.69, Tyr 0.84 from TentaGel; Asx 2.18, Glx
1.02, Gly 1.07, Ala 2.17, Val 1.07, lle 1.65, Tyr 0.85 from PEGA,
Asx 2.06, GIx 1.05, Gly 0.99, Ala 2.14, Val 1.01, lle 1.79, Tyr 0.97
from Polyhipe; Asx 1.98, GIx 1.10, Gly 1.03, Ala 2.17, Val 1.10, lle
1.76, Tyr 0.87 from PS. Retro-ACP (74-65) amide has a calculated
exact mass of 1061.5506. LC-MS on the product from CLEAR-II,
m/z, positive [M+ H]*: elution time 9.4 min: 949.5 [corresponds to
the calculated [M+ H] " of des-lle-retro-ACP(74-65) amide]; elution
time 20.5 min: 934.5 [corresponds to the calculatecHfNH]* of des-
GlIn-retro-ACP(74-65) amide]; elution time 21.8 min: 948.5 [corre-
sponds to the calculated [M- H]* of des-Asn-retro-ACP(74-65)
amide]; and elution time 24.4 min (the main peak): 1062.5 [corresponds
to the calculated [M+ H]* of retro-ACP(74-65) amide].

Evaluation of Chemical Stability of Underivatized CLEAR

The mixtures were
centrifuged, the supernatants removed, and the pellets were suspended
in water and lyophilized. Cleavage yields, calculated based on amino

supporting information: Figures $719].

Piperidine Treatment. After incubation with piperidine DMF
(2:4) for 1 h, the resins were washed with piperidii@MF (1:4), DMF
(10x), and CHCI,. Most of the resins were recovered from these
experiments (9294% recoveries, determined gravimetrically). The
elemental analyses of piperidine-treated CLEARS were quite similar
to untreated controls; the FT-IR indicated retention of the main carbonyl
signal at 1737 cmt but abolition of the shoulders at 1630695 cnt™.

TFA Treatment. After incubation with neat TFA (2 h or 48 h),
the resins were washed with neat TFA, £ (5x), MeOH (15x),
and CHCI, (2x). No mass losses were observed, and the elemental
analyses were unaltered. FT-IR indicated either no or relatively subtle
changesé.g, for CLEAR-I and -V, appearance of a new shoulder at
1784 cn1! after 48 h.

Batchwise Manual Syntheses of Leu-Enkephalinamide on Pip-
eridine-Treated CLEAR-I, -Il, -Ill, and on Piperidine-Treated
PEG-PS and TentaGel. Fmoc-PAL-Nle-CLEAR-I, -II, and -lIl,
Fmoc-PAL-(Nle)-PEG-PS, and Fmoc-PAL-Nle-TentaGel (0.2 g for
each experiment) were placed in 12-mL syringes fitted at the bottoms
with porous frits and were treated with 8 mL of piperidirneMF
(1:4) for 9 days. After completion of this incubation time, the resins
were washed with piperidireDMF (1:4) (4 x 2 mL), DMF (10 x 2
mL), and CHCI, (3 x 2 mL) and driedin vacuoovernight. Within
experimental error, and correcting for the (essentially immediate) loss
of Fmoc, there had been no change in weight of any of these piperidine-
treated PAL-supports. Using 0.1 g of treated resins, as well as 0.1 g
of the original untreated resins as controls, Leu-enkephalinamide was
synthesized in parallel by essentially the same manual batchwise
procedure reported earlier in this papeg,, DMF as solvent, 40-min
DIPCDI/HOAt couplings, Fmoc-amino acids (5 equiv). The amino
acid compositions of the completed peptide-resins were Gly 2.22, Leu
0.89, Tyr 1.00, Phe 0.88, Nle 0.84 (original CLEAR-I); Gly 2.08, Leu

Supports. In each experiment, underivatized CLEAR (100 mg) was 1.02, Tyr 0.99, Phe 0.92, Nle 1.27 (piperidine-treated CLEAR-I); Gly
placed in a 3-mL syringe fitted at the bottom with a porous frit and 2.16, Leu 1.03, Tyr 0.94, Phe 0.88, Nle 1.07 (original CLEAR-II); Gly
was treated with an appropriate reagent (2 mL, details and results2.05, Leu 1.07, Tyr 0.94, Phe 0.94, Nle 1.39 (piperidine-treated
below). After incubation for the given times, treatments were ended CLEAR-II); Gly 2.03, Leu 1.07, Tyr 0.99, Phe 0.90, Nle 1.20 (original

by appropriate washings 34 x 2 mL per solvent unless indicated
otherwise; individual details below], and the resins were dnegcuo
overnight. The resultant treated resins, as well as the original,
underivatized CLEAR supports, were analyzed by FT-IR (Figures 8
and 9; supporting information: Figures-146) and elemental analysis
(supporting information: Table 1).

CLEAR-III); Gly 2.05, Leu 1.09, Tyr 1.03, Phe 0.83, Nle 1.50
(piperidine-treated CLEAR-III); Gly 2.09, Leu 1.09, Tyr 0.98, Phe 0.83,
Nle 2.728 (original PEG-PS); Gly 2.03, Leu 1.05, Tyr 1.00, Phe 0.91,
Nle 3.20% (piperidine-treated PEG-PS); Gly 2.09, Leu 1.11, Tyr 1.01,
Phe 0.79, Nle 1.17 (original TentaGel); Gly 2.05, Leu 1.03, Tyr 0.97,
Phe 0.95, Nle 1.31 (piperidine-treated TentaGel). Cleavage of the
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