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“Not much is impossible.”
—Steve Williams, when at Industrial Light & Magic, San Rafael, CA

Introduction practical considerations (as well as those connection ideas)

. o have lead to its present two-part format. Table 1 provides a

One of the joys of my life in research, and on a personal L . . )
summary listing of supports that are considered in part I;

level, has been my fortune in being able to perceive . . :
. . Table 2 provides a preview of the materials to be presented
connections between people and observations and to use . " . .
in part I, which, additionally, with the generous help of Bing
these to make what has seemed to me common-sens

decisions. This process can be seen very clearly, both in my?c?r?c’hﬁlilclwfry to bring the whole topic to a satisfactory

involvement with this Perspective, which follows closely in ) . )
the footsteps of Michal Lebl's contribution on classical | have also elected to use the term “matrix assisted
papers in combinatorial chemisttyand in the complex  Synthetic transformations”, henceforth referred to by the

interrelations that exist between all the contributors, which acronym MAST for the purposes of this Perspective so that
will become apparent as the reader progresses. many diverse directions can be includethere are manifest

advantages to using a matrix, be it soluble or insoluble,

written, having abhorred the labor in the past. My task, beaded_or of an alternative morphology or geometry, whether
however, is immensely simplified, since | can rely on the supportlpg the substrate or.the reagent. Three advantage.s are
originators of many of the supports and studies to tell the of most importance: reactions can be driven t_o compleuoh
story themselves. | gave very loose, but identical, instructions PY use of excess, the components of the reaction are readily
to all the authors: to give their own personal perspective on Separated, and automation is simplified.

their contributions, focusing on how the nature of the Itis clear to me that the time is now right for this audience
support(s) influences their suitability. They are thanked very to consider some less conventional alternatives to 1 or 2%
warmly for their help. Where areas have escaped this cross-linked polystyrene gel form beads for MAST. As we
attention and to place the pieces of my mosaic in their correctall know, transferring a reaction from solution phase to one
setting, | have attempted to set them together with some mediated on a solid support is a nontrivial process in many
personal comments and mini-reviews to fill in blanks. It was cases. This is especially true of reactions that require exact
my original intention to make this just a single article, but stoichiometry of reactants; in such a case a macroreticular
or porous support might be advantageous, since it can readily
* E-mail: dhudson@solidphase.com. be freed of solvent and induced to “imbibe” the appropriate

In truth, this is the closest thing to a review that I've ever

10.1021/cc9900221 CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/30/1999



Perspective

334 Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 5
Table 1. Selected “Gel” Supports Used for MAST Discussed in This Perspective, Part 1
Type Common Features Representatives Comments Originators
(Contribution in bold )
Gel High capacity 1 or 2% crosslinked Useful for peptide, and Merrifield,
(microporous) polystyrene, MAST in genera Glettig*

Differential solvent
swelling

Reagent access by
diffusion

Uniform sites

Most unsuitable for
column reactors

Pepsyn, low crosslinked

Peptide, and bead based

Atherton, Sheppard,

polyacrylamides libraries Arshady

"Sparrow" resin V. similar to Pepsyn, useful | Sparrow
for direct antibody
production

Polyacryloylmorpholines | Peptide synthesis Epton
Based on crosslinked PEG; | Meldal

PEGA, SPOCC resins,

excellent aqueous
compatibility

Sephadex LH 20 Based on crosslinked Erickson and
dextran Merrifield
CLEAR Highly polar resin Kempe and Barany*
Amphiphilic General solvent and Arshady (see also
Copolymers May be gel or poly(styrene- substrate compatibility, Merrifield)
macroporous acrylamide)s potential not fully realized.
Encapsulated Lower Capacity Pepsyn K (acrylamide Excellent for flow though Sheppard
Gel resin encapsulated in Fmoc mediated peptide
Column compatible inorganic "cage') synthesis
PolyHIPE (similar resin | Advocated for high-load Sherrington &Small
Unstable to agitation ?s}f:ﬁ,s.;ﬂated in PS peptide synthesis

aReferences to be found in associated text. Asterisk (*) indicates contribution to be described in part 2.

amount of reactant, as with the “spot” method of Frank (also equivalents using polystyrene gel beads. The study of
known as “inclusion volume solid-phase synthesis”). These 1,3 cycloaddition and DieilsAlder reactions is a true
supports, additionally, may be suitable for “nontraditional” classic®
procedures, e.g., reactions mediated by vapor-phase reagents It may come as quite a shock to some readers to learn
(as with aminolytic cleavage). The role of the support in that, during the first decade of the solid-phase method (the
influencing the outcome or efficiency of a transformation is 1960s), the majority of organic chemists were extremely
beginning to be more and more appreciated; the effects areskeptical of the idea. It took the brilliant achievement of
still poorly understood but include steric hindrance, rate of Gutte and Merrifield, the synthesis of ribonuclease A,
reagent diffusion, partition of a reactant from solvent to ribonuclease S, and analogues, to convince many of the virtue
support phase, and the environment of the attached substrateof the procedure. These accomplishments were achieved with
Some reactions, e.g., those using highly reactive electrophilicthe first automated synthesizer, an equally seminal contribu-
reagents, cannot be applied on polystyrene matrixes. Con-tion of John Stewart, Merrifield, and Nils Jernberg (who
trolled pore glass has obvious potential (being stable to manyprovided some clever valve engineering). This is the direct
aggressive reagents) and is being used more and more foancestor of today’s massive parallel robotic solid-phase
just such applications, but it suffers from considerable synthesizers capable of producing thousands of compounds
fragility. Examples of many alternative supports can be found for screening purposes. Knowing the magnitude of John
in the literature, which stretches back many years, and | Stewart's many contributions, it was with considerable
regard these as a “gold mine” to those seeking “new” ideas. trepidation that | approached him to evaluate the original
Many other reviews exigtand much of the relevant early Biosearch'’s first peptide synthesizer (1983); | was delighted
literature is included in a collation of papers, including the When he agreed and ecstatic when he gave his favorable
original papers by Bruce Merrifield as well as the parallel 2P'M!ON: The prototypes of this machine, the SAMs (standing

work by Letsinger, with insightful comments provided by for synthesis automation module or machine), performed

the editors, Blossey and Necké&rEhe breadth of applications Fm_o c-flow-thrp utgh c?em|stt_r y, DNA synt_r(;eflsas wel(li as d
addressed up to that time, 1976, may be surprising to manyV_arlous organic transtormations (g_.g., oxidations and requc-
tions) performed by resin immobilized reagents.

newcomers who consider solid-phase organic chemistry to
be of recent origin. | draw particular attention to the brilliant
work of Clifford Leznoff, who, with a variety of co-workers
over many of the intervening years, has transferred many As we shall see, Bruce Merrifield clearly appreciated both
standard organic chemistry reactions to their solid-phasethe critical role that the support and chemistry have on

Low-Cross-Linked “Gel” Type Resins
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Table 2. Selected Modified Supports Used for MAST, To Be Discussed in Part 2 of This Perspective

Type Common Features Representatives Comments Originators
(Contribution in bold )
Composite Reactions may be subject [ pg coated Kel-F Early support for peptide Tregear
Particles to hindrance by physical synthesis produced by
limitations of either radiation grafting
component, and of the -
tightly packed nature if PS coated PE PE-PS, analogous material Hudson
linear polymer coat on PE particles
Big Beads for MAST ParaMatrix, Tucson
Composite containing Product of Solid-Phase Sucholeiki
magnetic particles Sciences
Pellicular beads | Very Low loading PS Useful for DNA synthesis | PE-Biosystems
Graft Lower Capacity PEG-PS Prepared by addition of Barany
Copolymers . , PEG block
More uniform swelling —
Tentagel Prepared by polymerization | Rapp Polymere
Pressure stable of ethylene oxide onto resin, | Bayer and Rapp
monosized beads useful for
Column compatible library applications
Argogel PEG attached via branched | Gooding, Labadie,
diol support Porco (Argonaut)
Champion, NovaGel Various formulations Biosearch Technologies
prepared from PEG blocks | Calbiochem-
NovaBiochem,
Hudson
Dendrogel Branched PEG chains
Dendritic polymers Prepared by assembly of Bradley
dendrimers on standard PS
gels
Rigid Capacity and efficiency High-crosslinked PS Small pore versions Gooding, Labadie,
MacroPorous depend on specific surface excellent for MAST (e.g. Porco (Argonaut)
Supports area, mean pore volume, ArgoPore),
pore distribution, and 2 -
. 1000A Pore versions good | Andrus
mmean pore size for DNA synthesis
Polymethacrylates Bead based peptide libraries | Buettner
DNA synthesis Reddy, Zhong
CPG, silicas Support of choice for DNA | Adams, Koster
synthesis,
Useful for MAST when PS | Morgan, Petter
incompatible.
Poros, "Perseptive Novel HPLC materials Kates
Biosystems" which have been used for
Primer, Pharmacia DNA and peptide synthesis
Aspect Porous PE produced by Cook & Hudson
vigorous oxidation
Modified Low capacity except if PE-PS films Can use film handling Merrifield, Tam
Surfaces coated with highly techniques for processing
;‘é‘f;:ﬁgrted functional Derivatized linear PS Modified Microtiter plates Clark
PS coated PE/PTFE Used with Rf transponder | Zhao, Irori
MicroTubes for tracking
Cellulose “Spot" method of peptide Frank
synthesis, epitope mapping
Cotton In centrifugal reactors Lebl
Glass Array Applications (Peptide | Affymax, Holmes,
and DNA) Hoeprich
Plasma aminated PE " Beckman
Grafted PE "pins" and Epitope mapping, SPOS Geysen, Maeji,
"crowns Rodda
Dextran coated PE discs | Pilot library technique Hudson
Membranes DNA and peptide synthesis | Daniels, Millipore
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synthesis efficiency and the problem of transferring solution attempts that | made, to show what my thinking was and
chemistry to the solid phase. This realization, too, has beenhow it evolved.
paramount in the thinking of other contributors to this  The first requirement was to find a suitable solid support
section. for the chemical reactions. | selected cellulose initially
The completeLife During a Golden Age of Peptide because it had been used successfully for the chromato-
Chemistryis a must read, but for the benefit of this audience graphic separation of proteins. This meant that there was
and with his generous permission and guidance, | haveroom inside the polymer matrix to accommodate a large
recompiled some selected passages from this autobiographienolecule. The following experiments were domith What-
work 8 with additional material from a further review of Ris  man cellulose powdercoupling of Z-Phevia mixed anhy-
as well as some remarks from him especially for this dride and actie ester methods, coupling of glycini& its
audience. For my part, | have simply eliminated a few acid chloride, and addition in the presence of toluenesulfonic
phrases (indicated by ellipsis points “..."), added some links acid and phosphoric acid.. No reaction occurred under any
(in italics), and organized the selections. This segment condition examined. The sodium salt of cellulose was
focuses solely on Bruce’s background resin and chemistry prepared ... and treated with Z-Phe-ONp in dioxan. Cleavage
development work, which is, | believe, little known and is of the ester occurred, but no phenylalanine remained on the
highly relevant to this subject! | have included NO mention cellulose. The reaction was also attempted by flowing the
of his more widely recognized synthetic accomplishments. activated amino acid through packed columns of cellulose
His text constitutes a remarkable testimony to his vision and and sodium cellulosethe latter eluted the appropriate
persistence and a shining example of how a research projecamount of nitrophenobut only 6 mg of Z-Phe per gram of
should be pursued. cellulose were retained\fter much further work, a regener-
ated cellulose was loadedja addition of Z-leucine by a
Bruce Merrifield. *° The Concept and Development of mixed anhydride method, to 0.2 mmolAt this point |
Solid-Phase Synthesis decided to go to Mrityl ... derivatives because of their

| have never been able to reconstruct the moment WhenIablllty toward acid. The ... reactiorshown in Figure were

the idea came to me, but probably it was at night, just as eventua.llly.carr!ed out. )

other ideas often come into one’s head. It was obviously a  BY th'? time it was clear that cellulose was not going to
result of having recognized a direct need and having thoughtP€ & satisfactory support, even though a dipeptide had been
about the general problems for some weeks. ...Although | produced. The )_/lelds were low, and the reaction conditions
cannot recall the exact time | had the idea, | do know when Were too drastic for this carbohydrate. I had used the
| recorded the basic concept in my notebook: May 26th carbobenzoxy group because it was the standard group for
1959. ...A few days later, | had organized my thoughts pept|d_e synthesis at that time and because it was _a\_/allable.
enough to propose the plan to Dr. WoolléAt first he did Th_e trityl group offereq certain adyan_tages of sens!t|V|ty,_but
not respond, but the next day he said, “That may be a goodit iS SO bulky it has _Ilmllted application. More acid-labile
idea, why don't you go ahead.” Conceptually, the new feature 9roups were just beginning to be developed, an.d | eventually
of this idea was the use of a polymer to assist in the synthesisdid tumn to them, even though they were still not com-
of another compound. There was, of course, a vast literatureMercially available. Ten years later | examined LH Sephadex,
on polymer chemistry, and reactions had been done on many2n €ven more Iab|Ie_> Carbohydra_lte_:, and was ab_le to synthesize
preformed polymers to change their properties. However, & tetrapeptide on it with no difficulty. The difference, of
polymers had not been used as supports while chemistry waourse, was that the chemistry had changed: the reagents
being done to prepare another class of compounds that could@nd conditions were milder and better understood.

later be removed from the solid phase and isolated in the After abandoning cellulose, | looked at a few other
free state. ..It took me a long time to find a suitable Ppolymers, including poly(vinyl alcohol), PVAOn substitu-
polymeric support and to work out a set of chemical reactions tion, the Leu-PVA contained 20 mol % Leu (43 wt %), a
that would accomplish my goal, but | enjoy this kind of result indicating that one in five of the OH groups had
experimental bench work and derived a great deal of become esterified. The product was soluble in water at pH
satisfaction from the undertaking. It was soon apparent that4.5 and was 40% dialyzable through a membrane that would
each of the variables, the support, the solvents, the anchoring’etain 5000 Da material. Although the substitution could have
bond, the M protection and deprotection, the activation and been controlled, | decided not to pursue the use of this
coupling steps, and the cleavage step, had to be studied irfPolymer:?

detail and optimized. However, because they were not On January 8, 1960! turned to a commercial ion-
independent, optimization of all steps had to come togetherexchange resin and chose Rohm and Haas Amberlite IRC-
at the same time. A good coupling reaction in the wrong 50, 200-300 mesh, called XE-64. This copolymer of 94%
solvent or on the wrong support would not do, or poor methyl methacrylate and 6% divinyloenzene has been
chemistry applied to a potentially useful support would be saponified to liberate all the carboxyl groups. The equivalent
ineffective. It is mainly for this reason that ... the first weight was calculated to be 94.3. By suspending the resin
successful synthesis of a peptide was not achieved until 3in 1 N NaOH and back-titrating with HCI | found a value of
years later, in 1962, and was not published in a full paper 97.5 which indicated that these reagents could reach all of
until 1963. None of my early developmental experiments the reactive groups within the polymer. At this point | first
were ever published; | have decided ... to describe the variousrealized how few of the functional groups are actually on
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I i) NEtg/chloroform O

O ooy - ()
g% i koweoH »m
iii) PClg O o

Pyridine ‘ HO

115°C,90h
Cellulose

CI:HZ O
H H ) .
N—CH—C—N I) 0.1N HC! in EtOH H
— 1l
Orowo 8 o Q= O 00
(0] i} Z-Leu-ONp O 4 o

in pyridine
0.13 mmol/g of Gly, 0.10 mmol/g of Leu 85°C,16h

i} 5% HBr in acetic acid, 25 °C, 4 h
iy 1IN NaOH

H-Leu-Gly-OH dipeptide

Figure 1. Synthesis of a dipeptide on cellulose.

the surface of the resin particle. This factor proved to be testing of the flow-through system premature. At this point,
very important in the later development of the method. | decided to switch to a benzyl ester anchoring bond.
Assuming smooth beads with an average diameter ais0 On April 7th Z-Phe-4-aminobenzyl ester was prepared,

| estimated that only about 0.003% of the carboxyl groups coupled to the acid chloride of the XE-64 resin, deprotected
would be on the surface. This number is linear with bead and extended to the dipeptide as shown (Figure 2).
diameter, so grinding the resin into finer mesh particles would  This was the first successful synthesis of a dipeptide by a
not increase the value to a usable level. For examplen5  solid-phase procedure. | was excited and much encouraged
beads would still have only 0.03% of the carboxyl groups by this result, after having faced a year of continual
on the surface. It now seemed apparent that we should bedisappointment and frustration. Unfortunately, efforts to
looking for solid supports that would be porous enough to extend the chain to the tetrapeptide stage were not very
allow ready access of amino acid derivatives and reagentssuccessful, so my elation was short lived. The deficiencies
into their interiors, where most of the synthesis reactions of this approach were apparent, and | decided once more to
would occur. Full derivatization of the carboxyl's of XE-64 change the strategy and search for better methods. As it is
would give a substitution of approximately 10 mmol/g, for everyone, the work does not always move quickly enough
whereas surface substitution would give only 0.0003 mmol/ or in the right direction, and then discouragement begins to
g. From this calculation it looked as if | should be aiming take over. The high points are relatively rare, but they sustain
for a resin loading of about 0.3 mmol/g, which means you for a long time. However, when the gaps between peaks
derivatization of roughly 1/30 of the carboxyl groups. The get too long, you begin to wonder what to di. this stage
carboxyl groups of the XE-64 resin were then activated by Merrifield was sustained by friendship.

conversion to an acid chloride, which could then react with  On July 7th Merrifield embarked acmnew plan to examine
the aminophenyl ester of carbobenzoxyglycine. Removal of sulfonic acid derivatives of styrene and divinylbenzene,
the Z protecting group, and neutralization with tertiary amine starting either with the commercial ion-exchange resins such
gave the Gly-resin, which was ready for reaction with the as Dowex 50 or with the underivatized copolymer. | expected
next protected and activated amino acid, Z-Leu-ONp. This several advantages. First, the functional groups would be
series of reactions was used to test further the free flow added after polymerization, rather than before, as with the
synthesis columns. The main problems were disruption of polymethacrylate ester in XE-64 resinsA tripeptide resin

the column by CQ@bubbles generated during acid decom- was preparedyut gave alevel of peptide ... clearly too low
position of the Z group and plugging of the sintered glass to be useful. By then it was obvious that high cross-linking
filters by fine resin particles. Both of these problems were was not the way to go and also that a carbobenzoxy group
finally overcome by proper choice of solvents and flow rates. and benzyl esters were not compatible if the stepwise scheme
Nonetheless, the stability of the phenyl ester was poor, andwas to be done in acidllerrifield then deized a complicated

the coupling reaction with nitrophenyl esters was slow and linkage to a 4% resin which yielded a dipeptide amide of
incomplete. The inadequacy of the chemistry had made thegood purity on sodium in liquid ammonia clesge.
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Br,
i) \—< >7N02
NaOH, EtOH, 80°C, 1.5h  Z-Phe—Q
- NH;

Perspective

Z-Phe-OH
iiy Ho, Raney Nickel,
40 psi, 1h Pyridine/EtOAc
+
25°C,18h
0 ) SOCly, 90 °C Q O
HO cl

XE-64 copolymer

Z-Phe—Q O
— )NH

i) 30% HBr/HOAC
5 min

ii) NEtg

H-Phe—Q : H

Phe = 0.064 mmol/g

Z-Gly-ONp
65°C, 18 h

0
Z-Gly-Phe—Q
—( )—NH

Phe = 0.043 mmol/g
Gly = 0.051 mmol/g

l Na, lig. NHg

H-Gly-Phe-OH
Gly/Phe = 1.1

Figure 2. Dipeptide synthesis using a copolymer of methyl methacrylate and divinylbenzene. Similar, less satisfactory, transformations
were also investigated usingnitrophenol, rather thap-nitrobenzyl bromide, giving a phenyl ester attachment.

At this point Merrifeld inestigatedthe preparation of
chloromethylcopoly(styrenedivinylbenzene) and attachment

to be stable to glacial acetic acid (100C, 18 h)
.. triethylamine in benzene (2%, 18 h), but all the glycine

of the first amino acid as a benzyl ester by direct esterification was removed 1 N NaOH within 1 h. Deprotection of the

of a protected amino acid salt. ...
the resin with paraformaldehyde under acid or Fried&hafts
catalysisgiving a substitution of 0.3 mmol/d considered

| began with reaction of carbobenzoxy group in 30% HBr in acetic acid also removed

80% of the glycine benzyl ester. However, treatment with
10% HBr in acetic acid removed all the Z and only 0.36

the results unsatisfactory at the time, but in retrospect they mmol/g of ester. This analysis does not look too good now,
might have been useful. The cross-linking was probably too but at the time it was so much better than anything | had
high, however. The conditions may have led to transient previously obtained that | was very encouraged. | then found
chloromethylation, which, subsequently, produced further that the HBr:Gly-resins could be converted to the free amine
cross-linking and loss of chlorine. Finally, | found a method (neutralized) by 20% triethylamine in EtOH. However, the
using chloromethyl methyl ether that really workesd 4% reaction was slow and required three 30 min treatments. ...|
resin, with SnCJat 60°C for 1 h, gare 4.65 mmol/y This still had not fully realized the importance of using solvents
first successful run actually yielded a higher substitution than that solvate and swell the resin. Thus ... reaction withsNEt

| thought desirable because about one-half the rings werein CH,Cl, is complete in only a few minutes.

derivatized and overcrowding was expected. However, this  Merrifield next discusses imprements to the para-
reaction could easily be adjusted by diluting the chloromethyl nitrophenyl ester coupling method resulting in a reasonable
methyl ester with chloroform, lowering the temperature, or tripeptide synthesisThe picture had become much clearer,
decreasing the concentration of catalyst. Several years lateland | was convinced that the solid-phase idea would succeed.
we found that the reaction was best controlled by using ZnCl It was obvious that something had to be done about the
...This route to chloromethyl resin soon became the standardcoupling reaction, but | persisted with the nitrophenyl ester
procedure for solid-phase synthesis and is still frequently method ... as well as the classical carbobenzoxy group that

used.The resin could be carrtedto the primary benzyl-
amine by reaction with ammonia..., but addition of Z-Gly-
ONp in benzene at 2%C for 1 h gave only 0.023 mmol/g
of glycine. ... The solution to the attachment problem finally
came @/27/61) when | carried out a direct esterification of

| did not try to change at this time. Instead, | decided to
reduce the cross-linking of the resin and to make the
anchoring benzyl ester bond more resistant to acid. Up to
this time the work had been done with either 16 or 4%
divinyl benzene (DVB) cross-linking. Since the extent of

an N-protected amino acid triethylamine salt (in ethyl acetate reaction was so much greater with the low cross-linking
at 80 for 24 h, 95% incorporation). The Na salt of the where the gel matrix was not so tight, | decided to drop to
Z-amino acid did not react. However, many years later Balz 2% DVB resins. The material was obtained through Dow
Gisin found that the cesium salt was reactive, and this becameChemical Company through the courtesy of John Vanderhoff.
the method of choic& The Z-Gly-OCH-resin was found ... At this junction Merrifield makes a series of studies, mono-
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and di-nitrating, as well as brominating the resin benzyl small Teflon particles? The materials were used for the
ester; with the mononitro resin he performed the first preparation of peptides, although the synthetic efficiency was
successful LAGV synthesis, the product being liberated with found to be lower than that for the amorphous S-DVB beads.
NaOH hydrolysis. Merrifield then returned to the 2% resin, but used DCCI

There was, of course, much to be done. At that time, when for coupling with much impreement. At this junction
resin penetration and capacity were still in question and it Merrifield also studied other attachment chemistries, includ-
was clear that limiting the synthesis to the surface of the ing sulfonyl hydrazides remaed by oxidation as well as using
S-DVB beads was not useful, publications appeared by Kunin hydrogenation to cleze the support benzyl estegnfortu-
of Rohm and Haas and, a little later, by Millar at the nately | decided the last idea was no good, gave up on it,
Permutite Company in England on the preparation of and, of course, never published these results. About 14 years
copolymers with vastly larger surface areas, called macro- later Mazur and his group had the same idea, but they made
reticular or macroporous resins. These resins were preparedt Work! Merrifield then returned to looking at alternates
from styrene with a very high proportion of divinylbenzene 10 the Z protecting group and tried Schiff bases and formyl
(25—75%) in a solvent that was good for the monomers but Protection, but the real breakthrough came with hises-
not for the polymers. They contained fixed pores and tigations of Boc protection, as is well known to this audience.
channels that allowed solvents and reagents to penetrate the With these key components, resin, benzyl ester linkage,
beads and to come into contact with about 500 times as muchtBoc N protection, and strong acid deprotection, Merrifield
surface as would be found on the outside of the previously then succeeded in the syntheses oésa peptides, including
high-cross-linked gel-like bead. Both Kunin and Millar bradykinin.I really missed the boat on combinatorial peptide
generously gave me samples, and | applied my best procedurgynthesis. In 1965, shortly after my SP (solid-phase) synthesis
for the synthesis of the test peptide. The materials could beof bradykinin, | seriously considered a synthesis in which
derivatized satisfactorily, and the first amino acid attached multiple residues were coupled at each cycle in order to find
quite well. Even the first peptide bond formed in good yield, new agonists or antagonists, and | thought of an iterative
but then the yields began to fall. Eventually, after consider- assay method in which simpler and simpler mixtures were
able effort, | was forced to drop this approach. A porous produced until the most active component was identified.
copolymer produced by Dow also did not work for me. But, alas, I talked myself out of it for fear that there would
Several years later, by using new less cross-linked resinsbe counteracting activities that would confuse the interpreta-
and improved peptide chemistry, at least two groups suc-tion. We did a couple of experiments in the 1970s, but
ceeded with macroporous polymers, although the new Without much success. Twenty-five years later when the time
supports never showed real advantages over the originawas ripe this has been done, of course, and the field has
amorphous beads. exploded'®

An alternative idea for the preparation of polymer supports  In the very early days of solid-phase synthesis it was
with increased surface and minimum of steric interference believed that the solid support effectively isolated the peptide
with the approach of reactants to the functional sites was to Sites, leading to reactions that resembled those at infinite
grow “whiskers” onto the outside of highly cross-linked dilution and thereby avoiding intermolecular reactions be-
beads. First, | initiated the polymerization of styrene with tween separate resin-bound sites, which in turn would
butyllithium. That “living polymer” was coupled to chloro- ~ Promote intramolecular reactioffs.It was soon found,
methyl copoly(styrene 16%-divinyl benzene) beads and then however, that there is very significant polymer chain motion
quenched. These pendant polystyrene chains were attache@ven on the cross-linked resins. This was demonstrated by
at only one end and were not cross-linked. If they would e€lectron spin resonance (ESR) and NMR measurements. The
solvate as expected, they should provide the desired Supportmotional rates for the aromatic side chains and the aliphatic
The second attempt to grow whiskers involved using a phase-backbone atoms of 1% cross-linked polystyrene in,Clpf
transfer reaction to produce a polystyrene anion with metallic are high (18 s™) and equivalent to those of soluble
lithium, and then to initiate chains of polystyrene on the Polystyrene, which indicates that the polymers are highly
surface of the bead. In the third procedure | soaked 2% cross-Solvated. For pendant peptides the rates were as high'as 10
linked styrenedivinylbenzene copolymer beads in styrene andS - Chemical experiments also showed significant polymer
initiated polymerization with benzoyl peroxide and heat. The Chain motion of 206-300 A.
first two procedures resulted in very small but significant It was demonstrated early on by autoradiography that the
increases in weight due to addition of polystyrene chains to peptide chains were uniformly distributed throughout the
the coarse polymer beads. The third procedure lead to amatrix of lightly cross-linked copoly(styreredivinyl-
3-fold increase in weight. The added material was not benzene) beads (Figure 3). The coupling reactions proceeded
removed by boiling in benzene or GGInd was considered by rapid second-order rates (99% reaction within 10 to 100
to be covalently bonded to the core. The beads had theirs), and the mass transfer was at least an order of magnitude
normal appearance under the microscope but were larger infaster than the initial coupling rate.
diameter. However, the swelling of the beads did not increase D.H. comments: | first had the chance to get acquainted
in the way that | had expected. None of these preparationswith the technique of solid-phase synthesis in the Liverpool
showed any improvements as supports for peptide synthesislJniversity laboratories of Prof. George Kenner, in the early
and this approach was set aside. Later such polymers werel970s. As part of a major project to assemble a lysozyme
prepared by radiation-induced grafting of polystyrene onto analogue, George asked me to look into using a phenolic
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interior of the beads but that resin beads obtained from
suspension polymerization are highly spherical. They nor-
mally are obtained in quite a wide particle size distribution,
and can be separated, by the process of air classification,
into two size ranges, 16200 mesh (75 to 15@m), and
200-400 mesh (38 to 7%xm). Monosized beads can be
obtained by a variety of processes. Larger beads are possible,
either from careful classification of the crude polymerization
product (e.g. 7690 mesh resin) or by seeding of the
polymerization. Beads of 60@&m diameter have been
produced for library applications but appear to have unfavor-
able properties, due to heterogeneity of the sites. Recent
studies with a variety of bead sizes, showing slower reaction
kinetics, confirm that diffusion of reagents into larger beads
is far slower than for standard beads. The practicality of such
big beads is limited by their stability, both to mechanical
forces and to shear induced by shrinking and swelling.
Nevertheless, they can be highly useful in single-compound

. . . . single-bead libraries.
Figure 3. Autoradiograph of a thin cross-section of a bead . .
containing a synthetic tritiated peptide. Reproduced with permission ~ Numerous workers have appreciated the importance of
from ref 8. Copyright 1997 American Chemical Society. swelling, both of the initial resin and during the course of

resin for the assembly of partially protected peptides for the s%nthesis. Thbel phehnomgnon is nﬁt only rele\{ant o pleptcijde
convergent solid-phase synthesis of that protein. Part of the®"'2!N aSSEMDIy, where Interpeptide aggregation can lead to

concept was to use the remarkable peroxide catalysis ofS|gn|f|cant reductions in accessibility and reaction rates, but

phenyl ester cleavage discovered by John Seeley. | had man)];or all forms of MAST; favorable swelling in dipolar aprotic

false starts, trying to modify “plain” polystyrene and to solve_nts, for gxample_, can facilitate nucleophili_c displagement
convert it to an appropriately derivatized form. Eventually, reactlo_ns. This tOp.'C is discussed further by Bing Yan in part
I had successfully rediscovered how to nitrate polystyrene Il of this Perspectl\_/e. _
in a controlled manner as well as how to cleanly reduce it~ Cléarly the solvation of low-cross-linked polystyrene beads
to an amino form. In fact, by attachment of a phenolic S relgtlvely |neff|C|ent: Merrifield comments, “the extent_of
derivative, | did “prediscover” the “handle” methodology. swelling of Iow—cro_ss-llnked polystyrene beads is determined
However, as Reza Arshady describes later, | was saved fromPY the counteracting effects of polymer solvation and the
having to develop this further, as Reza prepared a custom'estraining forge due to gxtendmg the cross-linking bonds,
resin formed by copolymerization of the necessary functional @ We have discussed in detéilWe calculated that the
monomers and the cross-linking reagent. This study providedMaximum swelling with all bonds fully extended could_ reach
me an introduction to the fact that resin modification methods @PProximately 200 mL/g, whereas for a good quality 1%
produce side reactions which compromise the performancecross-linked resin, a value of9 mL/g in DCM is actually
of the product, and copolymerization of functionalized obtalned_._W_hen hez_;tvny loaded with non-gross-l_lnked peptide,
monomers with the other constituents remains the best waythe equilibrium shifts to greater solvation without added
to obtain such products, e.g., chloromethyl-polystyrene. | restram_mg force, a_nd Iarger volumes are observed. Howeyer,
quickly demonstrated peroxide catalysis did occur with the resin network is still not fully extended (even at a ratio
peptide phenyl ester resins, and had made one peptide®f 4:1 [Wt:wt] peptide:resin).”
fragment, when | moved to Hammersmith Hospital to start A further important concern is minimization of resin
making peptides “for real!”. Although I, for the most part, modification during functionalization. Many procedures, e.g.,
used Merrifield resid? | was able to use the phenolic resin  the production of high levels of chloromethylation, result in
in some nice enkephalin syntheses (which included the veryan increase in cross-linking, and consequent diminished
first example where isosteric replacements were made forswelling and reactivity. In multistep modifications incomple-
every bond in a single peptid&and with the availability tion of any reaction, too, can generate problems. This has
of some radiolabeled amino acids, | was able to put the been especially apparent during the aminolysis step via the
finishing touches to the work started with George. | wrote Leukhardt reaction in the production of MBHA resins. The
this up as my tribute to a great man, after his untimely and presence of unreacted keto groups can lead to blocking of
tragic deatH?® Looking back, | only now realize how reactions, resulting in temporary blocking of subsequently
important this work was: it was the first occasion when | introduced amino functionality. Variations of the original
used side-by-side comparisons to gain insight into method- procedures circumvent these problems and give improved
ological issues, and the in situ neutralization programs product performance and swelliRg.
developed then still have much merit today. Little use is now made of these resins for DNA synthesis
Returning to the topic of polystyrene (PS) beads, then, because of incompatibilities with the acetonitrile used in the
the autoradiograph shown in Figure 3 indicates not only that current cyanoethylphosphoramidite coupling chemistry. Nev-
peptide chains were uniformly distributed throughout the ertheless, gel resins are well suited for the phosphate triester
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methodology, as implemented by Itakdfasince longer Dave Sherrington, in a multifaceted mini-Perspective,
reaction times are required, and pyridine is the solvent of cunningly pulls together most of the topics of this article
choice for coupling. The 1 and 2% cross-linked resins have from his personal experience as well as including the
become the work horse of MAST for the mass production important contributions of others too reticent to blow their
of organic and template libraries to facilitate screening own trumpet! Exciting developments are obviously still in
programs. As noted in the introductory remarks, the transla- store for us from his fertile laboratories, as is equally true
tion of organic reactions from solution phase to support- for the work of Morten Meldal, who was undaunted by the
bound phase can require much investigation to optimize the need to learn polymer chemistry techniques and has produced
reaction yields. In general reactions which require, or tolerate, some highly promising PEG-based materials of unique
excess of one reagent, can be transferred quite straight-capabilities. A related resin, CLEAR (the acronym standing
forwardly; however, reactions which require stoichiometric for PEG cross-linked ethoxylate acrylate resin), developed
amounts of reagents seldom work well on a solid support. by Kempe and Barany, will hopefully be included in George
Many organic reactions generate side reactions and coloredBarany’s contribution in part Il.

impurities (a fact well known to all lab chemists); if these

arise from a matrix-bound component, a complex work-up Bob Sheppard?* Tailor-Made Supports for

procedure will be required. Many workers have believed that Solid-Phase Synthesis

PEG-PS graft copolymers provide a more generally useful g4 how does a classically trained organic chemist set up
support for MAST because of the improved solvent compat- 5 peptide chemistry group in a laboratory of molecular
ibility as well as from spacer arm and environment effects. biology in 19717 It was soon clear that the slow and labor-
However, recent studies bring this generality into question. intensive solution methods of synthesis with which we were
The topic, close to this reviewer's heart, will be discussed familiar would not suffice in the new environment. A reliable
by Bing Yan and myself in part Il. It is also apposite to add accelerated synthesis technique of one sort or another had
that some reactions, such as Freid@fafts acylation reac- g pe established. The literature already contained details of
tions, are fundamentally incompatible with PS supports, of geyveral such techniques, of which the 1963 solid-phase
any type, since the aromatic rings of the polymers will be method of R. B. Merrifield® was of course the most
acylated and alkylated under the reaction conditions. Theseprominent. Yet there were recognized problems in contem-
considerations led to a current program at Biosearch to porary solid-phase chemist®ywhich seemed to limit the
investigate Aspect for this application. The search for a truly potential of the method to shorter peptide sequences.
inert support stable to aggressive reaction conditions is furtherjolecular biologists were, by definition, more interested in
complicated by the requirement that both handle and linker proteins and nucleic acids than peptide hormones and the
used for substrate attachment, too, be absolutely inert. Mortenjike which had so far provided the most fertile ground for
Meldal has made a remarkable step in that direction with the solid-phase method. The only acceptable course was to
the new resins that he reports on. look afresh at the underlying chemistry of solid-phase
The development of the first custom-prepared nonpoly- synthesis: to consider, in turn, the special requirements of
styrene resin, Pepsyn, is described in the next article by Bobthe solid phase, protecting groups, and reaction conditions;
Sheppard, who also describes a kieselguhr encapsulatednd this is what we did.
version, Pepsyn K. Many variations on these themes have This article is concerned only with the solid phase. As
been developed, and a representative selection are presentaslery organic chemist would have done, Merrifield had
in the following section. | was happy to give some minor begun by examining a number of commercially available
advice to Roger Epton in some very early work in developing polymers for their suitability as suppoAsWe followed his
an acryloylmorpholine-based resin, which had excellent lead by examining a few more. An invited review lecfifre
solvation characteristics and worked well at very high I&ad. at the 11th European Peptide Symposium had provided
Jim Sparrow next discusses a further variant that proved to opportunity to review the literature and to think, inter alia,
be an excellentimmunogenic carrier. It is believed that these about the role of solvation in the gel phase. Solvation of
materials are more flexible than polystyrene, and excellent reactants and intermediates is usually held to be important
swelling is obtained (ca. 20 mL/g) even with higher degrees in organic chemistry. But in contemporary solid-phase
of cross-linking. The aqueous compatibility of these resins peptide synthesis there was a clear paradox. The hydrocarbon
confer suitability for “one-bead/one-compound” type librar- polystyrene gel support required a relatively apolar medium
ies, for solid-phase enzyme assays, as well as for the directsuch as dichloromethane to swell (solvate) it maximally.
productions of antibodies. These beaded variants still haveExperience from solution chemistry, however, indicated that
many useful applications in peptide synthesis, but they havesuch media were rather poor solvents for many protected
been little used for solid-phase organic synthesis (SPOS),peptide sequences. Furthermore, they were not always
since, although they lack aromatic reactivity, they are rich kinetically the best solvents for carrying out peptide bond-
in amide bonds which confer a whole new level of reaction forming reactions. We concluded that perhaps the way
incompatibilities. Arshady discusses the development of a forward was to focus on more polar gel supports than had
range of hybrid materials, including both gel and macroporous been previously used. Supports which would be well solvated
copolymers, usually formed between acrylamide and styreneby polar media known to be both good solvents for protected
monomers. These possess some interesting characteristicgeptide sequences and suitable reaction media for the
midway between those of the parent resins. chemistry of peptide synthesis. For some years, dimethyl-
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formamide (DMF) had headed the list of peptide chemists’
favored solvents, and it was an obvious first choice. It was §
a short step from there to think in terms of polyamide
supports for peptide synthesis, visualizing a peptide
polymer—solvent system with common structural features
and compatible solvation properti#s.

Polyacrylamide gel was a very well-known reagent in
molecular biology laboratories, and the beaded resin was
commercially available. My colleague, Eric Atherton, spent ¥
many months studying its use in solid-phase synthesis. §
Substantial chemical modification was required to reduce the 'nr'?
very strong internal amideamide hydrogen bonding which -
caused the starting resin to be swollen essentially only by .
water. Replacement of a large proportion of the primary Figure 4. Fabricated macroporous kieselguhr support for the
amide hydrogen atoms by hydrazinolysis, diazotization to Préparation of Pepsyn K. Photomicrographs reproduced with
the azide, and reaction with dimethylamine provided poly- permission from Dr. Wolgang Rapp.

(N,N-dimethylacrylamide) (PDMA) which was freely sol-

i  tive conversion can be consistently achieved. Critically in a
vated (swollen) by DMF. It was used successfully in solid-  fie|4 noted for its reliance on chemical catalogs and general
phase synthesis, but not reliably. There were frequent fa"“res'conservatism, the new support soon became commercially
We persevered with this support for perhaps longer than ayailable, initially under the name Pepsyn, and achieved
we ought. In the back of our minds we knew that we might idespread popularity. More than 20 years after its invention
well be doing the wrong thing. The commercially available it js still being used successfully, especially notably in the
polyacrylamide was designed for chromatography, not pep- United Kingdom by Zeneca Specialities (CRB) for large scale
tide Synthesis. We knew that it was cross-linked with (multi-kilogram) peptide synthesis.
methylene bisacrylamide which could conceivably liberate  Merrifield’s solid-phase technique utilized beaded poly-
formaldehyde during chemical manipulation, and formalde- styrene gel in a shaken or stirred reaction vessel, and Pepsyn
hyde reacts with peptides and proteins! We had no knowl- was used similarly. With the publication of Merrifield’s
edge of how “pure” the polymer was, i.e., what other zutobiography in 1993, we now know that he originally
chemical structures might have been incorporated inadvert-envisaged a free flowing system. Others later followed this
ently during the polymerization process or afterward. Experi- path, but no truly practical system emerged and none of these
ence elsewhere many years later showed how important thisearly attempts have survived. The potential advantages of
consideration could also be in the polystyrene series. Clearly continuous flow synthesis in which reagents are pumped
polyacrylamide or better polydimethylacrylamide itself specif- continuously through a stationary resin bed are easily seen,
ically designed and prepared for peptide synthesis wasput again there are conflicting requirements. The rather soft,
required. This realization marked the end of our use of |posely cross-linked gel resins which seemed to be chemi-
commercially available polymers originally designed for cally most suitable were physically too fragile. Compression
other purposes. As soon as we had sufficiently learned theof the resin bed easily occurs with collapse of the internal
art of polymer chemistry, polydimethylacrylamide with all  open gel matrix, hindering reagent penetration, restriction
the chemical attributes required for solid-phase synthesis wasof the liquid flow, and the generation of unacceptably high
prepared by direct polymerization from pure monon#rs. pressures. A new support was required which retained the
It swelled some 1615-fold in DMF, contained completely  excellent chemical properties of polydimethylacrylamide gel
stable cross-links derived from ethylene, not methylene, put was physically stronger to resist compression under flow
bisacrylamide, and sites Specifically built in for conversion conditions. Such a support was first prepared by po|ymerizing
under very mild reaction conditions to growth points for the the Pepsyn gel monomer mixture within the pores of rigid
peptide chain. The skill of an experienced polymer chemist macroporous particles (a process technically much easier than
was required before it could be obtained in the final, nearly the carefully controlled suspension polymerization required
uniformly beaded fornd! It was and remains an extremely  to afford the beaded gel). Macroporous kieselguhr, fabricated
successful and reliable support for solid-phase peptide by sintering the powdered material in the presence of an
synthesis. organic binder, was found suitable. The photomicrograph in
The moral of this tale is simple enough. There is much to Figure 4 shows that some of the neatly perforated fossilized
be gained by use of tailor-made solid-phase supports. Therediatom skeletons were retained intact in the composite resin.
may be much to lose through prolonged use of polymers Presumably in their undamaged state they themselves would
designed for other purposes unless their constitution is fully have made quite ideal rigid containers for the polydimethyl-
known and is completely appropriate. Impurities generated acrylamide gel. This physically supported resin, which we
at polymerization or through subsequent chemical manipula- originally called Pepsyn K, provided the first practical
tion usually stay with the polymer. Small molecular propor- continuous flow synthesis suppd@ftLater, an alternative,
tions of reactive impurities may be disastrous in a field such extraordinarily attractive, rigid porous polystyrene matrix
as solid-phase peptide (or oligonucleotide) synthesis where(Figure 5) was devised by David Sherrington and his
success or failure depends on the nearness to which quantitacolleagues. This also seemed a near ideal physical support
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Figure 5. Rigid macroporous polystyrene support for the prepara-
tion of PolyHIPE resins. Photomicrographs reproduced with
permission from National Starch.

for soft gels, though the first composite resin (PolyHIBE)
proved disappointing after inital success. Almost certainly

the difficulties observed were due to covalent attachment of

the polydimethylacrylamide gel through chemical modifica-
tion of the polystyrene support. This superficially attractive
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cross-linking reagent ethylene bisacrylamide in the monomer
mixture was replaced by one containing an acid-labile
dimethylketal functior?®

Although we obtained quite encouraging immunological
results ourselves with this solubilizable polymer, to our
knowledge it was probably only tried in two laboratories
outside our own. In large part this must have been due to
lack of commercial availability. Both laboratories which did
use it obtained their material from us. Chemical manufactur-
ers were either not impressed or found the newly acquired
entrepreneurial policies of our parent organization too
difficult to accommodate. The new resin was patented, and
immediately attempts were made to sell licenses to potential
manufacturers. Not surprisingly, the latter were more cautious
and waited to see further and more widespread applications,
which of course did not come because of lack of availability
of the new support!

Jim Sparrow.3” Improved Dimethylacrylamide-Based
Resins

In the early 1970s when we were attempting to synthesize

idea required a series of reactions on the polystyrene leavingfragments of the serum apolipoproteins to determine their
unknown and variable resin-bound side products. The lipid binding and enzyme activation propertiswe fre-
situation was just what we had experienced in our early quently encountered difficulty in coupling during the syn-

attempts to modify commercial polyacrylamide. A second
composite prepared by simple polymerization of the poly-
dimethylacrylamide monomer mixture within the polystyrene
matrix (as with Pepsyn K) proved more satisfactory and
provided another useful continuous flow support (Polyhipe
SU).

Continuous flow synthesis proved very popular and

thesis of these hydrophobic amphiphilic sequences. | rea-
soned that part of the problem was the intrinsic structural

nature of these peptides and, in addition, that the pore volume
of the polystyrene support might be at fault particularly

during the synthesis of the larger peptides that had a high
helical potential and a natural tendency to aggregate. In 1976,
| published a paper on an improved polystyrene support for

commercial synthesizers (CRB Pepsynthesiser | and Il, LKB peptide synthesis which included the first description of the

4175 and 4170 (Biolynx), Milligen 9020 and 9050, Nova-

phenylacetamidomethyl (PAM) linkag&This more stable

biochem Gem and Crystal, and the Perkin-Elmer Pioneer) linker was attached at the amino terminus of two molecules

soon became availabt.The development of continuous
flow synthesis together with introduction of the Fmiect

of 11-aminoundecanoic acid coupled to aminomethylpoly-
styrene, thereby displacing the synthetic position of the

butyl technique enabled substantial advances in the practicepeptide from the polystyrene backbone. Electron spin
of solid-phase synthesis. Real time reaction monitoring and resonance measurements of the amino terminus of a series

even automated feedback control became possible.

of apolipoprotein fragments prepared on this support versus

A third tailor-made support for solid-phase synthesis has those of the same peptides prepared on a normal polystyrene

so far proved markedly less successfulVith the steady

support indicated that, indeed, the peptide was more mobile

improvements in technique, many peptides were now beingon the new support and that DMF/DCM mixtures dramati-
prepared with such high efficiency that they were cleaved cally increased peptide chain mobility for all peptide

from the resin sufficiently pure for some biological applica-

lengths?? | also found that the yield and purity were greatly

tions. Probably most solid-phase peptide synthesis in the pasimproved for a wide variety of peptides.

decade or so has been for immunization and antibody Shortly thereafter, Sheppard and his grfuf? reported
production. This is an area where the biologists have not on the use of polyamide supports for peptide synthesis,
always been concerned to obtain the most highly pure followed several years later by Walter and Smith’s polyamide
immunogens. It seemed that there was scope for a synthesisupport! | reasoned that the more polar nature of these
support on which the synthetic peptide would be permanently polyamide materials might decrease the interactions of the

retained (i.e., not detached for purification) and which would
also function as a high molecular weight carrier for the

apolipopeptide with itself and with the nonpolar polystyrene
support that | believed were interfering with high-yield

immunogen. Our experiments with solid carriers were not synthesis. | undertook a research effort to incorporate the
encouraging, and we therefore devised a solid support forbest features of the Sheppard and Walter/Smith resins and
peptide synthesis which could be solubilized in a final step develop a support that had high loading, good stability, and
without detachment of the peptide. All that was required was larger pore volume than other supports. We us&hl-

a cross-link labile to acid; cleavage would convert the
insoluble cross-linked resin to a soluble, linear polymer. A

dimethylacrylamide as the backbone monomer, as did
Sheppard. However, in our support, we incorporated Msc

variety of Pepsyn K was therefore prepared in which the allylamine as a protected monomer to prevent alkylation
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during the polymerization which we believed was occurring these polymers proved to be equally useful for peptide
with the Walter/Smith support. We also prevented the synthesis. We also discovered that by increasing the volume
possibility of further cross-linking which could occur in of the aqueous phase used to dissolve the monomers for the
Sheppard’s resin when it is functionalized with ethylenedi- emulsion polymerization we could control the pore volume
amine. We used\,N'-bisacrylyl-1,3-diaminopropane as a of the resulting support. Using this technique, we prepared
more flexible cross-linker which could be readily synthesized supports with exclusion limits of 50 kDa, 125 kDa, and 250
in high purity and yield by an improved procedudfeln kDa. We have used the 50 kDa support extensively for
addition, for the detergent to form the emulsion, we chose peptide synthesis, and it is commercially available from
sorbitan monolaurate instead of sorbitan oleoate to preventAdvanced ChemTech as SPAR-50. Recently, we have shown
the incorporation of the unsaturated detergent during thethat this support gives high yields and purity of peptides
polymerizatiorf3—47 synthesized by Fmoc chemisf§in some cases, the peptide

Our support proved to be mechanically stable and highly of interest could not be prepared by Fmoc synthesis using a
swollen in most polar solvents, including alcohol and water, polystyrene support. The supports with exclusion limits of
and had a loading of about 0.7 mequiv of amino group per 125 and 250 kDa have not been tested thoroughly for peptide
gram of dry resin. It proved to be very useful for high-yield synthesis.
peptide synthesis by Boc chemistry. However, our goal ofa We found that the SPAR-50 resin could be used for
support with a larger pore volume was not immediately combinatorial chemistry by the one-peptide/one-bead ap-
realized. We found that, like polystyrene and Sheppard’s proach using Fmoc chemist?y.If Boc chemistry and HF
support, the exclusion volume of our material was about 20 cleavage were used, we found that the resin became
kDa when measured by exclusion chromatography with fluorescent which interfered with our fluorescence detection
peptides and proteins of known molecular weitfHburing system for isolating labeled antibody or protein bound to
this investigation, we also determined that the exclusion limit the swollen beads. Using our improved sequence methodol-
decreased rapidly as a short hydrophilic peptide was syn-ogy, we could sequence the peptide on the bead as others
thesized on the support. Considering the molecular weight have done; we obtained from 50 to 100 pmol of released
of most activated protected amino acids used in both Boc amino acid per resin bead.
and Fmoc synthesis, we reasoned that they can be quickly In closing, | would like to thank my wife, Doris, and my
excluded from the innermost regions of the presently used many research associates and collaborators whose hard work
supports, thus leading to deletion and/or terminated peptides.over the years brought this research to fruition.

Using our new support, we were able to show that it could o
be used as a vehicle to produce antibodies to peptides and Reza Arshady?®® Amphiphilic
proteins*®5° The peptide was synthesized directly on the Copoly(styrene-acrylamide) Supports®®
support without a linker. By injecting the deprotected  This article presents a brief overview of the author’s work
peptidyl resin, high titers of antibodies could frequently be on the development of amphiphilic polymer supports, which
obtained, particularly if a known T-cell epitope from another are based on approximately alternating copolymers of styrene
protein was synthesized on the amino terminus of the proteinand acrylamides and hence encompass the solvent and
fragment of interest. In addition, since the peptidyl resin was substrate compatibility of both polystyrene and polyacryla-
swollen in water, the resin could also be used to determine mide. This general solvent and substrate compatibility is
antibody titers as well as epitopes of the synthetic peptide discussed in terms of polymer chemical structure, texture of
or the native protein. To ensure the integrity of the injected the cross-linked matrix, and polymesolvent-substrate
material, we developed an improved procedure to sequencénteractions, illustrating their balanced physicochemical
peptidyl resins! By preparing larger amounts of the peptidyl features ideally suitable for solid-phase synthesis.
resin, an affinity column could be prepared and used to purify Polymer Synthesis and Structure. Beaded polymer
specific antibodie§? support$26llike other functional polymers in genef@lcan

We made several attempts to obtain a polymer with larger be derived from inorganic oxides (e.g., silica and glass),
pores by incorporating proteins during the polymerization polysaccharides (e.g., cellulose), and synthetic organic
and then trypsinizing the resulting support to remove the polymers (e.g., polystyrene and polyacrylamides) (Figure 6).
protein. Although most of the protein was removed by this The generation of functional groups (anchoring points) on
treatment as determined by amino acid analysis of the polymer supports is also conventionally achieved in two
polymer, these resins did not meet our requirements for adifferent ways: direct bead copolymerization of functional
stable support and were abandofi&d. monomers with structural monomers, or functionalization of

About this time we found that alkylation could be preformed nonfunctional polymer beads. The introduction
prevented by carrying out the polymerization at pH 6 using of solid-phase peptide synthesis by Bruce Merrifield in the
N-acrylyl-1,6-diaminohexane hydrochloride or, more con- early 1960s was based on the polystyrene structure, and

veniently, using the commercially availab\emethacrylyl- chloromethylation, as shown in Figure 6. However, alterna-
1,3-diaminopropane hydrochloride as an unprotected func-tive polymer structures and synthetic routes have also been
tional monomefP*5° Since the water solubility oN-meth- explored since the inception of the solid-phase meffod.

acrylyl-1,3-diaminopropane hydrochloride is higher than that ~ But the adoption of a given polymer support, like any other
of the diaminohexane, supports with loading as high as 1.4 product, depends strongly on the technology and economics
mequiv of amino group per gram could be obtained. All of of its production. It is, therefore, not surprising that many
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Figure 6. Basic chemical structures and conventional routes to beaded polymer supports. Bead formation is achieved by suspension
polymerization in both routes, but the anchoring points (functional groups) are introduced onto the beads by either (co)polymerization of
a functional monomer or functionalization of preformed particles. Reproduced in modified form from ref 59 with permission of Citus
Books (copyright 1999).

of the commercially available polymer supports owe their materials in general), including their preparation and numer-
popularity largely to their established technology of produc- ous applications in the chemical and life sciences, biotech-
tion, rather than necessarily on their current synthetic merit nology, and medicine, can be found in the cited references
or functional performance. However, a number of interesting from Citus Books.

polymer supports based on modified polystyrenes or other As mentioned above, polymer supports can be largely
polymers have been developed during the past 20 years, agharacterized by their “chemical structure” and “production
discussed in this Perspective. Here | wish to present a briefroute”. The idea of amphiphilic polymers also evolved
description of a new type of amphiphilic copolymer support gradually from our work on these two fronts, i.e., production
based on both styrene and acrylamide residues, combiningof polystyrene supports by the “copolymerization route”
the solvent and substrate compatibility of both polystyrene during the 1970s and the introduction of an “alternative
and polydimethylacrylamide supports. These new am- polymer structure”, polydimethylacrylamide, during the
phiphilic polymers are produced by an efficient suspension 1980s. Accordingly, an outline of this work is also provided
polymerization system with full control of particle size, cross- here as a background to the idea and synthesis of copoly-
linking, porosity, and degree of swelling, and they are the (styrene-acrylamide) supports.

closest that can be presently envisaged to an ideal polymer Phenolic Resins by CopolymerizationThe copolymer-
support for solid-phase synthesis. Fuller details of these andization approach can, in principle, be employed to introduce
related polymer supports (and microspherical polymeric various functional groups into the polymer by (co)polym-
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erization of respective functional monométsyut it does supports for solid-phase synthesis, the design of a special
not mean the copolymerization approach is itself problem functional monomer, acrylyoylsarcosine methyl ester, and
free. In particular, preparation of well-defined beaded an efficient water in oil (w/0) suspension polymerization
polymer supports requires a high degree of polymer sciencesystem enabled the reproducible production of well-defined
expertise and resources that are seldom readily accessibléeaded polymer¥.’
to practitioners of solid-phase synthesis, hence the general A number of other acrylamide-based functional monomers
appeal of collaboration between practitioners of solid-phase can be used to produce beaded acrylamide resins, but
synthesis and polymer scientists in developing improved and acryloylsarcosine methyl ester was chosen for its relative
new polymer supports. structural similarity with DMA. Another design element of
One such collaborative program was my Ph.D. work in the DMA supports is the mixture of water and dimethyl-
Liverpool University (1972) with the cooperation of Derek formamide used as monomer diluent in suspension polym-
Hudson and the late George Kenner (peptide), and Tonyerization which plays a dual function: enhancing the
Ledwith (polymer) and with the aim of developing styrene- solubility of the functional monomer in the monomer phase
based polymer supports carrying phenolic hydroxy groups and controlling the matrix structure and swelling behavior
by direct copolymerization of 4-hydroxystyrene (4HS, or of the beaded resin. This technology has also been adapted
rather its acetyl-protected form) with styreftelhis was an to produce related acrylamid@crylate copolymer supports
example of a highly successful collaborative program, and with a variety of other functional groups, including isocyano
the resulting phenolic resins, as we called them, proved (isonitrile) functionality suitable for peptide synthesis by four
highly useful for peptide synthesis in both Liverpool and component condensation (4CC, Ugi reaction) and complex-
London’®®and as | later learned from Derek Hudson the ation with transition metal catalyst%°
resins could be recycled and reused repeatedly for a number The development of PDMA supports in the late 1970s
of times. An interesting byproduct of this work was also a coincided with a period of active interest in the use of the
specifically designed laboratory scale suspension polymer-fluorenylmethoxycarbonyl (Fmoc) protecting group in pep-
ization reactor which has since been found generally usefultide synthesis, including its removal by basic polymeric

for production of beaded polymer supports in relatively
narrow particle size ranges.

Two experimental elements of this work relevant to the
later development of amphiphilic polymer supports were the
removal of the polymer-bound acetyl groups by “hydrazi-
nolysis” and acylation of polymer-bound hydroxy and amino
residues by “activated ester® Hydrazinolysis was em-
ployed because alkaline hydrolysis was almost totally inef-
fective owing to incompatibility of the strongly polar
hydroxyl group [HO (H20)y).

On the lighter side, too, | recall some intricacies of
interdisciplinary research particularly relevant to Ph.D. and
postdoctoral folks who must be careful when revealing their

reagents, i.e., polymer-bound piperazine and other secondary
amines. Thus, beaded PDMA (and other acrylamide-based
polymers) were examined in model experiments for depro-
tection of Fmoc-amino acids, simple dipeptides, and other
substrate$® The results of these experiments were dis-
appointing in the sense that PDMA was not suitable as a
basic polymeric reagent for Fmoc deblocking. However,
detailed analysis of the results indicated that the poor
performance of PDMA relates to the incompatibility of this
polar polymer with the strongly hydrophobic (aromatic)
Fmoc residue. This observation was particularly interesting
in light of the contrasting (but basically the same) incompat-
ibility phenomenon observed in polystyrene-H8,0),,

alliances, especially if they have to conduct themselves in asystem, and it provided a strong confirmation of the
language other than their mother tongue. For example, duringsignificance of polymersubstrate compatibility in solid-

the final stage of my work in Liverpool | was running some
acylation experiments in two different labs in two different

phase synthesis.
Synthesis of Amphiphilic Copoly(styrene-acryla-

departments, occasionally leaving a note on either of my mide)s.On reflection, the combination of the structural units

benches reading am on the other sidéi.e., in the other
lab). So one day came the question “...Tony [Ledwith] tells

of PS and PDMA described above into a suitable copolymer
structure would appear logical enough. However, the realiza-

me you are on our side, and you're telling us you are on the tion of this idea initially met with two severe experimental

other side, so who'’s side you are really on? ....” | had no

obstacles. First, the reactivity ratios of STY and DMA (1.15

immediate answer to this question, but later the note wasand 0.12, respectivel{)are not favorable for the synthesis

changed to reatlam in the other lab
Polydimethylacrylamide Supports. The topic of polar

of well-defined copolymer compositions. Second, STY and
DMA have opposite aqueous solubility, and hence the

acrylamide supports is discussed by Bob Sheppard and Jinsynthesis of well-defined beaded copolymers of STY and

Sparrow elsewhere in this Perspective. However, it is
interesting that practically all acrylamide-based supports

DMA by suspension polymerization is not practicable.
Put in other words, the two problems stated above simply

reported for solid-phase synthesis are produced by directmean that well-defined copoly(styrendimethylacrylamide)

copolymerization of basic disubstituted acrylamides with beads cannot be produced by copolymerization of the
functional acrylamides and diacrylamide cross-linkers. Al- corresponding monomers. This was obviously disappointing,
though it is feasible to produce polyacrylamide supports with but not the end of the story. The idea needed more serious
suitable functional groups by functionalization of preformed “polymer homework”. Reactivity ratid are derived math-
acrylamide-based resins, the scope of such work is ratherematically from copolymerization kinetics and should not
limited. Thus, in the case of polydimethylacrylamide (PDMA) be confused with the relative reactivities of the two mono-
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Figure 7. Synthesis of beaded copoly(styrene-dimethylacrylamide) polymer supports from the corresponding copolymers of styrene with
activated acrylates. Reproduced in modified form from ref 59 with permission of Citus Books (copyright 1999).

mers. Briefly, the two monomers present in a polymerization 1. Copolymerization of styrene with activated acrylates
mixture may copolymerize in a random, alternate, or block- under equimolar monomer conditions leads, after aminolysis,
wise fashion. It is also possible that one of the monomers to approximately alternating copoly(SFPDMA)s with
may homopolymerize with little or no incorporation of the general solvent and substrate compatibility.

other. The copolymerizability patterns of a large number of 5 Suspension copolymerization of styrene with activated

vinyl monomer pairs are known (previous reference) or can ,ryiates (especially 2,4,5-trichlorophenyl acrylate) proceeds

i 3
]E)e ‘1,edu?_edt frclm tlhe" Qe valug§. Slomet fx?hmplesthof . very efficiently, can be scaled up easily, and the correspond-
unctionar=structural monomer pairs relevant to tne Syntnesis ing carboxyl-activated copolymers can be produced with

of beaded polymer supports include styrene with 4-acetoxy- various degrees of cross-linking with gel or porous morphol-
styrene (as previously described), styrene with 2,4,5-trichlo-

rophenyl acrylaté? and 1-vinylpyrrolidone with 2-hydroxy- - ) o _
ethyl methacrylaté® Of particular interest here was that ~ 3- In addition to DVB, more flexible cross-linking units
equimolar copolymerization of monomer pairs with small Such as\,N'-dimethyl-1,6-hexanediacrylamide can also be
reactivity ratios, e.g., that of styrene with 2,4,5-trichloro- Used as cross-linking monomer for producing less tightly
phenyl acrylate, produces approximately alternating copoly- interlinked resin matrixes.
mers. 4. Conversion of the activated resin intermediates to the
The significance of alternating copoly(styrertgichlo- desired ampbhiphilic copoly(ST¥DMA)s is accomplished
rophenyl acrylate) in relation to the synthesis of copoly- by treatment with excess dimethylamine at room temperature.
(styrene-dimethylacrylamide) became apparentby amental 5 amphiphilic polymer supports with a wide variety of
!lnkage to the amlnolysls of gctwated esters refe“rreql to abovf’functional groups can also be produced by reaction with
in the study of phenolic resins, and hence the “active ester appropriate amine-ended functional residues.

route to copoly(STY¥-DMA) was pursued (Figure 7§78 A ¢ i . hesis i
On reflection, this link was also implicit in the routine use S anote o genera Interest, protem_ synthesis in _nature
of activated esters in peptide synthesis. Whichever the initial 'S @S0 based on activated ester synthesis, and the active ester

clues to its potentials, this synthetic approach also resolved'@Uté shown in Figure 7 is suggested to provide a new
the problem of differential monomer solubility in suspension dimension of creativity in macromolecular chemistry and
copolymerization and provided a highly efficient route to POlymer synthesis in generdl.

beaded amphiphilic polymer supports on the basis of the Structure—Performance Relationships for Polymers.
following criteria: The course of chemical transformations on polymer supports
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is influenced by the physicochemical nature of the polymer
at the following four levels.

1. Microscopic structure and morphology (i.e., particle size
and porosity).

2. Cross-linking and matrix structure.

3. Polymer-solvent compatibility.

4. Polymer-substrate compatibility.

These four criteria originate from both the polymer %
chemical structure and the physicochemical parameters unde S
which the polymer matrix is formed and are all inter-related. #.a8 1
Polymer-solvent and polymersubstrate compatibility should 4
ideally be considered together in terms of polymsolvent-
substrate interactions. However, experimental observations
can, with due care, be more conveniently interpreted in terms
of two separate effects mainly related to “polymeplvent”
and “polymer-substrate” interactions.

Microscopic Structure. At the first level of structure
performance relationship, the particle size and porosity of
the new amphiphilic polymer supports is controlled during
the synthesis in basically the same way as those of PS anc
PDMA resins (loc. cit.). Porosity and surface area are also
controlled during the manufacturing process. Figure 8 shows
scanning electron micrographs of typical particles and a
cross-section of a medium porosity copoly(styre@ed,5-
trichlorophenyl acrylate) used for the synthesis of amphiphilic
polymer supports according to Figure 7.

Cross-Linking and Matrix Structure. The frequency of
cross-linking bridges between the polymer chains (cross-link
density or degree of cross-linking) determines, in the first
instance, mechanical strength and the extent to which the
cross-linked polymer swells in a given solvent. However,
the overall polymer robustness and swelling are also strongly p= ==
dependent on noncovalent cross-linking (e.g., aromatic and
H-bonding), the equivalent length of un-cross-linked polymer !
chains, and matrix morphology. In particular, the monomer
diluent used during polymerization to control polymer

porosity and surface area has a strong influence on polymer e .
swelling. These parameters apply to the new amphiphilic ‘}. J‘,.."‘
resins in the same way as they do generally to other beadec ’ ]
" F
£ 4.

resins, except that the question of noncovalent cross-links

(which is based on chemical structure) assumes a specia

significance in copoly(STY¥-DMA), as described below.
Polymer—Solvent Compatibility. Typical swelling data

for PS, polyacrylamide, PDMA, and copoly(STDMA)

are listed in Table 3. The fact that different resins swell to

different degrees in a given solvent can be interpreted in

basically the same way as the swelling of a given polymer Figure 8. Scanning electron micrographs of (a) beads formed with
(e.g.,. PS. or PDMA). in different solvents. Thus. polymer angimprc;perly stal?ilized suspensign,p(b) typical uniform beads of
swelling in general is best understood by looking at the conoly(styrene 2,4,5-trichlorophenyl acrylate) from a correctly
chemical structures of the polymer and the solvent in relation stabilized suspension, (c) cross-section of a copoly(styr@ne5s-
to each other, and it is this relationship which determines trichlorophenyl acrylate) bead showing a moderately porous
polymersolvent interactions and polymer swelling. The Structure. Reproduced in modified form from ref 59 with permission
dependence of polymer swelling on chemical structure is best®" C1tus Books (copyright 1999).
illustrated by the sharply contrasting swellability of poly- solvent can interrupt these intraresin aromatic interactions.
styrene and polyacrylamide, and the general solvent compatin polyacrylamide resins, the amide residues (CQMNHd
ibility of copoly(STY—DMA), as indicated. CONH—CH,—NHOC) similarly form a very tight H-bonded
Polystyrene forms a very tight network of aromatic network of —OCNH- - - H- - - OCNH- - - H- - - O— within
interactions within its covalent network, and its swelling in the covalent matrix. As a result, acrylamide resins are
a given solvent is determined by the extent to which that permeated only by H-bond breaking solvents such as water,
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Table 3. Swelling Behavior of Typical Examples of Polymer Supports Based on Polystyrene (PS), Polyacrylamide (PA),
Polydimethylacrylamide (PDMA), and Copoly(STDMA)?

—CHp,—CH—CH, —CH—
[ |
R! R?

bulk expanded volunkdn different solvents e

polymer type R TOL EtAc THF DCM DMF DMSO MeOH AcOH 10
PS Ph 5.1 4.8 5.0 5.2 4.2 - - - -

PA NH, - - - - - + - + +
PDMA CONMe, - - - 9.5 9.1 10 12 12 9
STY—-DMA Ph and CONMe 4.7 4.0 53 5.8 5.2 4.6 55 5.5 3.7
STY—-DMA Ph and CONMe 7.1 6.0 7.5 7.3 6.0 5.1 6.1 6.9 3.9
STY-DMA Ph and CONMe 18 16 21 27 16 13 13 21 8.9

aReproduced in modified form from ref 59 with permission of Citus Books (copyright 1998iven as mL/g dry resirt Polymers
with higher, or lower, swelling can be produced readily for all polymer types, but the pattern of solvent compatibility is the consequence
of the chemical structure of the polymer, as can be clearly seen in this A, toluene; THF, tetrahydrofuran; DCM, dichloromethane;
DMF, dimethylformamide; DMSO, dimethylsulfoxide; ACOH, acetic acidl. incompatible;+, swellable;+, poor swelling.e Swelling
data for the more commonly used PS and PDMA, and for differently cross-linked samples of copotyp®TA).

o NaRW Table 4. Effect of Chemical Structure on the Rate of Fmoc
Q __/ Q Removal by the Immobilized Hydrophilic Resin Readent
R-NHCO,CH, . R-NH, 4+ = . time for
O - €02 O complete  dibenzofulvene
substrate Fmoc cleavage scavenging
I\ 0 10 mirP none
@ N NH O Fmoc-N-CH-C-OH
— 7 H CH
—_——— @—N N—CHy . 3
—/ 0 1-2h none
Fmoc—”—(')H—C—NH H
CH
Figure 9. Removal of fluorenylmethoxycarbonyl (Fmoc) protecting °H H HO H
group by a polymeric piperazine reagent. Reproduced in modified HO Al
form from ref 59 with permission of Citus Books (copyright 1999). o o
acetic acid, and (to a limited extent) formamide and dimethyl 0 H 4=5h none

sulfoxide (DMSO). When the two hydrogen atoms in Fmoc-N-GH-C—N-C7 HN-CH,
polyacrylamide are displaced by two methyl groups, the CHa

resulting PDMA not only swells in solvents that do not swell Fmoc_N_CH_g_H_gHa 8-10h none
polyacrylamide but it also has significantly higher swelling M CHs H b-c(cHy)s

in water compared with polyacrylamide of similar cross- o 15-24 h none
linking. In copoly(styrene-dimethylacrylamide), multicenter Fmot,;N-CIH—(I.“',-O-C(CHg)a

noncovalent interactions within the matrix are disrupted to ; GH2

some extent, and hence the extent of polymer swelling is GHCH3

more directly controlled by the degree of covalent cross- CHa

linking. And, because the matrix contains both STY and 2Reproduced in modified form from ref 59 with Permission of

DMA residues, its solvent compatibility encompasses those Citus Books (copyright 1999}.This is comparable to deprotection
of both PS and PDMA rates observed for piperazine in solution.

Polymer—Substrate Compatibility. Another fundamen-  most polar, the most compatible with DMA (strong H-bond
tally important, but less generally appreciated, level of interactions), and hence the most efficiently deprotected. For
structure-performance relationship in solid-phase chemistry all other substrates examined, deprotection becomes increas-
is polymer-substrate compatibility. The incompatibility of ingly less efficient with increasing substrate hydrophobicity.
polystyrene with HO(H,0),, mentioned above in relation It is particularly interesting that the second step in this
to phenolic resins, is probably the simplest of its kind. The reaction is not effective for any of the substrates examined,
second previously mentioned example, in relation to Fmoc because DBF is strongly hydrophobic and incompatible with
deprotection by PDMA resins, is illustrated in Figure 9 and the polar polymer (irrespective of which substrate it was
Table 4. This is a two-step reaction, involving the cleavage cleaved from). In the case of the carboxylic substrate, salt
of Fmoc from a soluble peptide by the polymer-bound formation may also play a part in the higher reaction rate,
piperazine, followed by addition of the byproduct (dibenzo- but this only reinforces the argument for the significance of
fulvene, DBF) to the polymer, and hence its removal from polymer—substrate interactions.
the reaction mixture. These results clearly illustrate that A practical solution to this and most other problems of
efficiency of the first deprotection step is influenced strongly polymer—substrate compatibility is offered by amphiphilic
by the hydrophilic/lhydrophobic character of the substrate. polymer supports and polymeric reagents. Because these
The carboxylic acid (or ionic carboxylate) substrate is the polymers are composed of both H-bonding (polar, acryla-
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Figure 10. Structures of polymer supports based on styrene (nonpolar, hydrophobic), polydimethylacrylamide (polar, hydrophilic), and
styrene-dimethylacrylamide (amphiphilic). Structures of nonpolar and polar amino acid residues are also shown to illustrate the basis of
polymer—peptide incompatibility during peptide synthesis on polystyrene and polydimethylacrylamide. Note that diiferent side chain protected
forms of amino acids can have widely different polarities [as with Cys (Acm or Trt), Lys (Fmoc or TFA)]. Amphiphilic polymer supports
are expected to be compatible with both nonpolar and polar residues. Reproduced in modified form from ref 59 with permission of Citus
Books (copyright 1999).

mide) and aromatic (styryl) side chains, they are capable of Table 5. Removal of Fluorenylmethoxycarbonyl (Fmoc)
interaction with (i.e., compatible with) both hydrophilic and Protecting Group from Relatively Hydrophobic Substrates
hydrophobic substrates. Thus, in analogy with their general @d the Scavenging of the Byproduct Dibenzofulvene (DBF)
- o by Different Polymeric Piperazine Reagents

solvent compatibility, the new amphiphilic polymers have
also general substrate compatibility [previous two references]. resin  100%
Typical results for deprotection of relatively nonpolar Fmoc- capacity Fmoc  DBF

. . reagent (mmol/g) cleavage scavenging
substrates by polymeric piperazine reagents based on PS; :
PDMA, or copoly(STY-DMA) are shown in Table 5. These 0% Piperazine in DMF solution - 10/min *
results clearly illustrate that the amphiphilic piperazine
polymer provides the most efficient reagent for removal of @g;NCNH 1.7-3.5 1-24h -
the Fmoc group. The improved performance of the am-
phiphilic support, as compared with PS and PDMA, is
evidently due to its amphiphilic copolymer structure and P N\
favorable compatibility with both the Fmoc-protected sub-  H,c-n| Q_H(N—/_N\_/NH Joh e h
strate and DBF. CHs

In the more usual solidphase methodology, where the
peptide is always attached to the polymer support, the o
synthesis of relatively nonpolar sequences (e.g., leucine and QQ—(IN/—\NH 3.5 1-2h +
. . . L . HN /

phenylalanine in Figure 10) proceeds efficiently on the
nonpolar polymer matrix, PS, but the assembly of sequences 2Reproduced in modified form from ref 59 with Permission of
rich in polar residues (e.g., glycine and asparagine in Figure Citus Books (copyright 1999).
10) is particularly difficult on this polymef This arises exactly the same reason of peptigmlymer incompatibility.
because strongly polar sequences are not compatible withStrongly hydrophobic residues cannot interact with the polar
the nonpolar polymer backbone (no effective H-bonding or acrylamide backbone, and as a result interact between
aromatic interaction, no peptieipolymer interactions). Ac-  themselves, leading to phase separation referred to as
cordingly, strongly polar peptide sequences on polystyrene hydrophobic aggregatiof.
can only interact within themselves (leading to phase The new amphiphilic polymers which carry both di-
separation) and become inaccessible as a result of intrachaimethylamide and styryl residues provide both H-bonding and
and interchain H-bondingf. As may be expected from the hydrophobic sites for interaction with both polar and nonpolar
results presented in Table 4, an opposite problem of sequences on the growing peptide chains, and hence they
polymer—peptide incompatibility is observed in the case of should overcome the problem of peptide truncation inside
strongly hydrophobic peptide sequences on PDMA for the polymer matrix. The new polymers are also expected to
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provide a similarly favorable matrix environment for com- of the PEG chain. Furthermore, we assumed that the PEG
binatorial synthesis of small molecules. Here, in addition to chain maintained a limited range of conformer populations
possible unfavorable compatibility of the soluble substrate due to the preference of gauchgauche interactions of
as exemplified by the data in Table 4, high polymer loading vicinal carbor-oxygen bonds. Together, these two properties
may also lead to intraresin aggregation of the polymer-boundwere the basis of the design of the ideal synthesis resins
substrate on homopolymers, but not on the amphiphilic containing almost exclusively PEG polymer. We imagined
structure of the new polymers. a polymer network, which instead of the short cross-linkers
Concluding Remarks.During the early years of the solid-  usually used in, e.g., polystyrene-based resins would contain
phase method, and up to early 1980s, there was a great deatross-linkers of long chain PEG, derivatized at both ends
of enthusiasm for multidisciplinary research between peptide with a small moiety allowing polymerization in a second
chemists and polymer scientists in developing variously dimensior?® Variation of size and size distribution of the
proposed polymer supports based on copolymers,—core PEG incorporated and addition of copolymerizing additives
shells, brushes, modified carbon blacks, gums, and so onwould allow the fine-tuning of resin properti€sFunctional
Not many long term programs of that nature actually groups could also be obtained with additives incorporated
materialized, but nevertheless a very wide range of different during polymerizatiof? or they could be obtained through
polymer types were reported, some of which are covered in partial derivatization of the PEG to yield a mixture of mono
this issue. But by then generally improved synthetic meth- and bis-derivatized PEG macromonomers.
odologies, and better understanding of the chemistry of solid-  This was initially achieved by reaction of various sizes of
phase synthesis, meant that increasingly more efficientlinear bis- and branched tris-2-aminopropyl-PEG with
syntheses could be achieved by fine-tuning of synthetic acryloyl chloride and radical polymerization in inverse
protocols on most available polymer supports. This seemedsuspension by the method developed for polyamide resins
to somewhat diminish the earlier enthusiasm for improved by Arshady et a?®>% The uniformly beaded polymer im-
polymer supports. mediately appeared to have some unusual properties. The
More recently, however, the multidisciplinary quest for beads swelled in all solvents ranging from toluene to aqueous
improved and new polymer supports appears to be picking buffers, and swelling could be completely controlled by
up again for a variety of different tasks including synthesis selection of the proper average length of the PEG chains.
on more and more highly loaded resins, large scale peptideReactions in peptide synthesis, which were considered
synthesis, small molecule synthesis, and for wider solvent generally difficult, showed no sign of problems in this resin,
compatibility in the synthesis of combinatorial libraries. The and in a very stringent t&8tof synthesizing VNVNVQVQD
new copolymer resins discussed in this article are expectedwithout amide protection, completion of the synthesis was
to be universally suitable for all of these different tasks on only achieved on this novel PEGA polymer. Furthermore,
the basis of their ease of production, amphiphilic structure, the mechanical properties of the resin were excellent despite
simple loading control, and general solvent and substratethe high degree of swelling, and the resin did not seem to
compatibility. Their synthetic chemistry and polymer matrix change its properties even during synthesis of long peptides.
characteristic have been extensively studied, and we at Citudt therefore performed well in continuous flow synthesizers.
welcome collaborative programs for exploring their utiliza- When fluorescence resonance energy transfer substrates

tion. were synthesized on this resin and the resin-bound substrates
were subjected to low concentrations of enzyme, rapid and
Morten Meldal.® Polar Inert PEG-Based Solid complete hydrolysis was observed (loc. cit.). This indicated
Supports a rapid diffusion of even large biomolecules in the interior

The solid support has a large influence on the outcome of of the PEGA polymer network, as has recently been
solid-phase synthesis, in particular when the synthesis carriedconfirmed by confocal fluorescence microscopy. The obser-
out becomes more difficult or chemically demand#icf® vation prompted the development of PEGA resins particularly
Even though this was realized many years ago, surprisingly suited for assays of enzyme specifi€ty® and inhibi-
little has been done to improve and tailor the solid supports tion'*-1%?(see Figure 11). Furthermore, PEGA resins have
for special purposes. been compared with other resins for the peptide and protein

Two observations were determining for our entry into the ligation techniquesi® developed by the groups of James
field of polymer chemistry. One was the fact that enzymes 1am®*and Steven Keri® In these investigations only the
were not compatible with existing solid suppoft88 and PEGA supports were found.to be efficient and give proper
the other was a report at the solid phase Symposium in KentPurity and yield of the protein product.
by George Baran§? He mentioned that the PEG in grafted During attempted solid-phase glycosylation of peptide
PS-PEG resins, besides the function of spacing the reactantdemplates and synthesis of resin-bound inhibitors, organic
away from the PS-backbone, had an environmental effectreactions were tested on PEGA resins with a poor result.
on reactivity, diffusion, and swelling in the resin. This The relatively high incidence of secondary amide bonds in
hypothesis was verified by functionalizing the resin at the the amide part of the polymer interfered with reactions
junction between the PS and PEG graft and carrying out involving carbon and carbenium ions.
improved synthesis at these sites in the polymer. Therefore, an effort was made to design a polymer using

In 1991 we rationalized that the high solvation potential the same concept, which would still be polar but chemically
of PEG in many solvents was due to the amphipatic nature more inert. This was achieved in three ways.
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A similar partial derivatization of HOPEG-OH (1500) SPOCC-400
with vinyl phenyl methyl chloride or vinyl phenyl propyl gzoﬁsc(;:gg?ymer

chloride gave, after inverse suspension radical polymeriza- Figure 12. The polar polymer matrix of the SPOCC resin contains

tion, two new polymgrs with properties very different from o1y primary ether and alcohol bonds in addition to the secondary
grafted PS-PEG resing%1%”As seen by MAS NMR, the  and quaternary CC- and CH-bonds.

PEG-based polymer contained relatively short PS chains (5 _ ) ) _
10% of the polymer) with only minor influence on the overall TMSOTf/acetic anhydride eventually dissolves the resin, and
character of the resilfe The former resin was not stable to It iS quite unstable to 35% HBr in acetic acid. .
Lewis acids due to the benzylic linkage between the PEG Therefore, to improve the resin further, the SPOCC resin
and the PS while the latter resin was very stable, even toWas developed (Figure 12} _
harsh reaction conditions, and performed well in synthesis. 1 1iS résin is quite similar to the POEPOP resin. However,
However, the synthesis of the starting vinyl phenyl propyl it coqtalns no tertiary carbon atqms, and all ether bonds and
chloride was not trivial, and even the small amount of ps functional alcohol groups are primary. The macromonomers
present in this polymer slightly decreased the favorable @€ obtained under homogeneous conditions through simple
swelling observed for PEGA resins in polar solvents and guantitative alkylation of PEG chains with 3-methyl-oxetan-
buffers 3-yl-methyl groups effected by a strong soluble base. After
A second possibility to increase chemical stability and reprecipitation of the macromonomers, the bulk polymeri-

btai ) X ntrod v ether bonds i zation of the oxetanyl groups (PEG-1500) effected by Lewis
obtain an inert resin was to_lntro uce only ether bon S 1N acid under optimized conditions yielded a resin swelling of
the polymer network, and this was first achieved by anion- ¢_g 1) /4 in most solvents, ideal for synthesis. The resin

catalyzed polymerization of PEG, partially derivatized with o4 granulated and sieved to yield uniformly sized irregular
chloromethyloxirané®® Catalyzed by powdered potassium aricies suitable for library synthesis. However, for libraries,
tert-butoxide at high temperature, the reaction was carried peaded resins are usually preferred and a novel method of
out as bulk polymerization requiring long curing. The peading polymers, which can be obtained only under cation-
resulting polyoxyethylene cross-linked polyoxypropylene o anjon-catalyzed reaction conditions, was therefore devel-
(POEPOP) polymer was swelled and granulated through appeq. Small droplets of macromonomer/catalyst solution
sieve. Fairly uniform 50Q:m particles suitable for library  \yere slowly added to a stirred silicon oil container. Zero
synthesis were obtainéé*** The resin was mechanically  gravitation conditions gave the beaded polymer shown in
very robust with a relatively high loading of primary and  Figure 13. Excellent, high-resolution MAS NMR spectra of
Secondary alcohols as functional grOUpS. Ol’ganic reactionsthe SPOCC po'ymer showed some heterogeneity of oxetane-
such as glycosylations, Hornewathsworth-Emmons, ni-  derived CH groups. This may be ascribed to the rather short
troaldol, and Sakurai reactions all gave a quantitative chains of polyoxetane obtained during the polymerization.
conversion on this new resin. It also presents favorable Diffusion studies using confocal fluorescence microscope
swelling in aqueous buffer and was as permeable to enzymesechniques on PS-based and PEG-based resins, respectively,
as the PEGA resin. Furthermore, the superior behavior of show that small molecules diffused into beads in seconds
these resins in MAS solid-phase NMR spectroscopy yields (j.e., not rate limiting) and in DMF diffusion was somewhat
spectra comparable to those obtained in solution, andfaster in macroporous polystyrene and Tentagel than in PEG-
complete structural elucidation of complex molecules at- based resins. Macromolecules diffused with fast rates in the
tached to single beads was facilitatéti.However, like PEG-based resins and more slowly in Tentagel. In macro-
benzylic linkages in PSPEG, although less pronounced, the porous polystyrene the protein precipitated on the surface
presence of secondary ether bonds at the central carbon atomsf the pores; however, slowly it could be observed in the
of the polyoxypropylene units yield a polymer which is not interior, but most probably in its denaturated state.

entirely stable to strong Lewis acids. Thus treatment with  In conclusion, a range of novel polymers has been
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Figure 13. Beaded SPOCC resin obtained through Lewis acid-
catalyzed suspension polymerization in silicon oil.

developed from easily available low-cost starting materials,
and the simple process of partial derivatization afforded the -

polymer in a single step and ready for synthesis. The PEG- Figure 14. PhOtngaph of polystyrene beads used for GPC and
based resins have significantly enhanced mobility of polymer Produced by suspension polymerization.

chains as determined by T1 measurements in NMR spec-pyrsue...” with the advice “...keep reading the literature and
troscopy and high-resolution MAS NMR spectra of com- yse your imagination...it will soon become apparent”. | was
pounds on single beads may be obtained. The resins are alfecruited to Strathclyde by Alastair North who headed up a
suitable for solid-phase enzyme assays as demonstrated witjypstantial polymer physics group. To keep me out of trouble
proteolytic enzymes, glycosyl transferases, and protein alastair asked me to take responsibility for the commission-
disulfide isomerase. PEGA supports are still the best of the jng and operation of a new Waters AnaPrep GPC instrument.
PEG-based resins for peptide synthesis, mainly because ofrhjs massive machine, of which less than a handft87)
the low cost and ease of production and the fast quantitativeyere ever purchased by U.K. institutions, was designed not
peptide reactions observed on these resins. The most genelonly to carry out analytical GPC of polymers yielding,M
ally applicable of these polar resins is the SPOCC polymer, M) n etc. data but, in principle, to achieve preparative
and in the Carlsberg Laboratory we are currently focusing fractionation of samples of up t925 g in mass. The core
efforts on the investigation of the applications of SPOCC of the preparative technology was a large steel colurin
resin for solid-phase organic combinatorial chemistry. Inour jn. diameter x 5 ft length packed with poly(styrene
Opinion there is not much to improve with the SPOCC reSin, diviny|benzene) Ps-DVB “ge| resin”. Despite great (intermit_
although beading in silicon still is a problem on large sé&le.  tent) effort we failed to ever get the preparative facility
working routinely, and during this period | became fascinated
by the Ps-DVB column packing. The highly uniform resin
particles prepared by suspension polymerizadtioti®had a

For my own polymer chemistry research group it is beautiful symmetry (Figure 14) which | had not encountered
impossible to divorce our interest in, and contribution to, before in all my earlier chemistry. GPC technology focused
the development of solid-phase synthesis (SPS) supports fromon macroporous Ps-DVB beads50—100 um in diam-
our wider activities involving polymer supports covering ion- eter'®'2! and following a lecture by John Knox, then the
exchange resins, metal ion chelating resins, polymeric United Kingdom leading academic in liquid chromatography,
sorbents, and supports for catalysts and reagents. Lookind realized that we should be able to improve the performance
back on how this involvement developed has been fascinatingof analytical GPC if we could produce and pack much
for me, and not the least very rewarding, as the early ideassmaller resin beads. This started my experimentation with
that | and my contemporaries had have gradually beensuspension polymerization which has remained with my
vindicated and, indeed, have blossomed into a number ofgroup since that time. What I did not realize was that the
key methodologies. The development and exploitation of burgeoning liquid chromatography companies were already
polymer supports continues with considerable vigor today ahead of me in their thinking, and within a few short years
and seems destined to form a major component of my own analytical GPC columns began to shrink rapidly in size, while
research activities for many years to come. improving considerably the resolution offered, as the Ps-

| joined the tenured academic staff at the Department of DVB resins used became smaller and of narrower particle
Pure and Applied Chemistry at the University of Strathclyde, size distribution. Frank Warner and Terry Croucher at
Glasgow, in October 1971 having graduated with a Ph.D. in Polymer Laboratories U.K. made a great contribution toward
polymer physical organic chemistry from the group of Cecil optimizing this analytical technique, and their company
Bawn and Tony Ledwith in Liverpool, England, in 1969. deservedly remains a world leader.
On my departure from Liverpool Tony had responded to my At this time my reading of the literature broadened to
question “... what line of independent research should | include the organic chemistry journals and | noticed papers

David. C. Sherrington.1'6 Personal Perspectives on the
Development of Solid-Phase Synthesis Supports
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on supported phosphines from the laboratories of Josephbe the sensible way forward, there was significant delay in
Castell$?? and Walter Heit?®* and by McKinley and  the more widespread adoption of the SPPS instruments being
Rakshys?* These proved to be the earliest disclosures of made available. Sheppard’s (and indeed Epton’s) acrylamide-
the concept of polymer-supported reagents, and they im-based supports expanded well in solvents such as DMF and
pressed me enormously. Coincidentally, a young Australian so tended to be compressible when used in columns under
organic chemistry colleague, George Meehan, pointed outcontinuous flow conditions in automatic synthesizers. Shep-
the same papers to me, and over a coffee in the departmenpard accepted this weakness very early on and devised his
one afternoon we agreed to throw our joint resources (one Kieselguhr-polydimethylacrylamide composite resin (loc. cit.)
very young technician and two final year B.Sc. undergradu- to provide the necessary balance of mechanical and chemical
ates!) behind a project aimed at synthesizing a Ps-DVB resinproperties for use under pressure. My discussions with Bob
analogue of triphenylphosphine and using this as a stoichio-focused on this issue and led to a joint project funded by
metric reagent with CGlto convert primary alcohols to  the MRC. | was charged with producing a Ps-DVB resin or
primary alkyl chlorides. Our drive was largely curiosity: equivalent mechanically stable polymer particulate, grafted
“could appropriate organic polymer resins be designed to with chains of a second polymer which was more physico-
have reactive functionality analogous to low molecular chemically compatible with oligopeptides. Ourvaview
weight organic reagents (and later catalysts)?” The questionat that time was that rather short chains grafted to the external
is irrelevant today and the answer taken for granted by surface of Ps-DVB beads or other particles would serve the
essentially all synthetic organic chemists. Our first paper purpose. Sam Kingston joined my group in 1979 as my first
appeared ifcuropean Polymer Journ&P and together with postdoctoral fellow and established a procedure for the
seminal publications from Phil Hod&&12" represents the  %°Co y-ray grafting of poly(acryloyl sarcosine methyl ester)
earliest contribution in this field from U.K. laboratories. ~onto inert polyethylene and polypropylene particulatesve
During this project | became aware of Professor Merri- lS0 succeeded in introducing a polyamide secondary network
field's work and the concept of polymer resin protecting N0 macroporous poly(styrene-DVB) resins. Unfortunately
groups and solid-phase peptide synthesis (see contributiorPur funding ran out before the materials could be properly
by R. B. Merrifield, this Perspective). The collection of assessed in contlnuoqs SPPS synthesis, put gll the mech_aljlcal
benchmark papersdited by Eric Blossey and Doug NecKers and solvation propertle_s looked gc_)od. L|keW|§e some rigid
was impressive, and this was probably the first book | bought Macroporous poly{,N-dimethylp-vinylbenzamide) resins
as an independent academic. After | had left Liverpool, Reza Wee produceti®and held out good promise, but were never
Arshady and Tony Ledwith were working in a collaboration 2dequately screened.
with George Kenner, helping to introduce SPPS into Ken-  Fortunately at this time my group was joined by Ahmed
ner’'s peptide group and trying to improve on the then current Akelah on sabbatical leave from Tanta University. Ahmed
resin technology. They introduced the first phenolic resins Proved to be a very hardworking and stimulating scientist.
based on Ps-DVE?® and interestingly the relative lack of ~\We got on very easily with each other and my wife and |
interest by the wider organic chemistry community meant 9rew to know his family well. Phil Hodge and | were
that much of this earlier work appeared in polymer journals €mbarked on the editing of our first book on supported
rather than in mainstream organic chemistry journals where chemistry®” but Ahmed convinced me that there was also a
it really had more relevance. Later, of course, Roger Epton 900d case for producing a different style of review, concen-
considerably expanded the use of the phenolic function ontrating all the known literature on polymer-supported re-
the support with his acrylamido-based resitfs|eading agents, catalysts, and protecting groups together in a tabulated
eventually to his ultrahigh-load method of gel-phase peptide form. Out of this came ou€hemical Reiew,***for which

synthesig3 Roger also demonstrated how powerfiC Ahmed did most of the spade work. | remain very grateful
NMR spectroscopy could be for monitoring reactions on t0 him for his efforts.
highly swollen gel type support8! and in many respects With peptide chemists increasingly focusing on the solid-

he had led the way in the now more widespread use of thisphase approach, somewhat of a Iull appeared in resin
tool 1321t was 1977 when | really became aware of the great development as one camp homed in on Ps-DVB/Merrifield
debate that had been raging between the solution synthesizergiethodology and the other oN,N-dimethylacrylamide/
and the users of SPPS methods. The latter seemed destine8heppard methodology. For our part we focused our efforts
to win out as far as | could see. | visited Bob Sheppard and on chelating ion-exchange resins and supported reagents and
Eric Atherton at the Medical Research Council (MRC) catalysts, increasingly convinced of their enormous potential
Laboratories at Cambridge, and Bob explained his philosophyand yet finding it hard to convince industrialists and indeed
of utilizing a resin backbone which unlike Ps-DVB would academic colleagues of their value. Funding for such work
have solvating requirements, and response to differentin the United Kingdom (and indeed elsewhere) was difficult
solvents, similar to that which the growing peptide in SPPS to win—but behind the scenes the environmental lobby was
would have. This all made great sense to me as a polymerstarting to assemble!

chemist, and coupled with Sheppard’s orthogonal protection By the early 1980s | was ready for some new stimulation.
strategy:*® it seemed to me that the demise of PS-DVB in My worldwide colleagues in the supported reagent/catalyst
SPPS was imminent. However, the widespread move towardfield (Jean Frechet, Phil Hodge, George Gelbard, Alain
automation was now in progress. Though Merrifield had Guyot, Ger Challa, Abraham Patchornik, Joseph Castells,
described his own instrument in 196%6and this seemed to  Warren Ford, and many other good friends) had done a great
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in automated test oligopeptide syntheses and the PolyHIPE
composite was protected by patéf§#t*°It soon became clear
that the existing manufacturing facilities and management
structure of the company’s many operating enterprises were
not appropriate for commercializing PolyHIPE and products
such as the SPPS composite which were likely to flow from
it. Accordingly, therefore, a new entrepreneurial company,
Microporous Materials, was established under the manage-
ment of Jim Marshall to be based within the manufacturing
facility of Unilever's newly acquired polymer company
National Starch in Bridgewater, U.S. Don Gregory and Phil
Small from the Unilever laboratory were seconded to the
new company initially to produce and market the composite
and also to explore other outlets for PolyHIPE monoliths,

: - largely in the membrane and filtration areas. With the
Palystyrens polyhips xZ2000 - dominance of Ps-DVB/Merrifield methodology in the United

Figure 15. Photomicrograph of pore structure of polyHIPE base States, and despite the practical drawbacks of this, establish-
resin. ing a sales foothold rapidly for the PolyHIPE composite

proved very difficult, and after a couple of years the operation
was moved back to the United Kingdom with the involve-
ment of Phase Separations, Deeside, U.K. We continue to
use it in our synthesizer at Strathclyde for producing
materials-orientated oligopeptides, and until recently it was
still available via Novabiochem.

job in demonstrating feasibility and applicability, but the
chemical world was still not ready for heterogenized systems.
Consequently when Unilever Research invited me to join
their research laboratories at Port Sunlight in the United
Kingdom in 1984, | was delighted to do so. My knowledge . o ]
and experience were broadened enormously in the three years | Was given permission from the Unilever management to

| spent in the Port Sunlight lab, and I still retain interactive Make the first public disclosure of the PolyHIPE composite
contact with some of the good friends | made during that in 1989 at the Oxford, U.K., conference on Solid Phase
period. | was given an open-ended remit to design novel Synthesis organized by Roger EptdfiErankly, | was rather
polymers to deliver new benefits in the company’s detergent Nervous of the intimate relationships between some academ-
and personal products. | also got to interact with most of €S and some |ndu.str|aI|sts at Fhat meeting, ailthough in the
the company’s chemicals businesses. When | arrived at thefield of SPPS, and indeed now in SPS more widely, the lapse
Port Sunlight lab, the highly porous macrocellular Ps-DVB time between academic discovery and commercial exploita-
material known as PolyHIPE (Figure 15) had already been tion is so short that it is understandable that academics and
discovered and the material and its unique properties wereindustrials may easily become bedfellows. Although I did
well protected by patentd® A very large group was ot recognize it at that time my disclosure of the PolyHIPE
exploring many hundreds of ideas thrown up as potential COMposite was accompanied by one which was to have much
products and application lines. Within a number of areas of broader and long-lived relevance. At that meeting | listened
interest to the company it was becoming clear that carefully to Wolfgang Rapp’s descriptiéf? of the PEG grafted Ps-
designed oligopeptides, and indeed other stepwise tailoredPVB resin he had developed while studying under Ernst
oligomers, produced rapidly by automated SPPS and SpsBayer at the University of Thingen:4+1%This reminded
could be of great value. | therefore recruited Phil Small from me very much of our 1983 efforts to graft pdiN-
Roger Epton’s group, and Phil very quickly acquired, dimethylacrylamide) chains onto polymer particulates but,
commissioned, and started to exploit a peptide synthesizer.Whereas we ran out of steam, Bayer and Rapp were able to
Both he and | were still unhappy with the balance of physical produce a brilliantly optimized resin with reportedly excellent
and chemical properties offered by existing supports, and phySical and chemical characteristics for SPPS. | am not sure
our management was keen to see greater productivity (|e,|f they realized at that time what an impaCt their resin was
resin loading) from the synthesizer. Together we realized t0 have in the wider area of SPS, but | suspect not. My
that PolyHIPE particles offered a great opportunity for impression then was that the whole area of combinatorial
developing a high-load composite support, but initially we Synthesis was still gathering momentum behind the develop-
felt the management would not look kindly on our spending ment of rapid screening technologies within the pharmaceuti-
effort on improving the support per se. Fortunately, high- cal and related industries. The bottleneck in drug discovery
volume, low-value-added uses for PolyHIPE were proving Programs was about to shift to the organic synthesis step,
elusive to pin down, and our imaginative boss respondedand together with the imminent demand for enormous
positively to our idea of a low-volume, high-value-added structural diversity, rapid combinatorial synthesis methods
outlet for the material. Phil soon demonstrated that Bob Were about to burst onto the scene.

Sheppard’s soft resin could indeed be located within the rigid  The initial targets for large libraries from SPS were
protective macrocells of PolyHIPE and, furthermore, that a oligopeptides, for which existing supports had been opti-
high-load of synthesis sites could be incorporated. We were mized. However, as demand came to generalize combina-
quickly able to demonstrate high load capacity and efficiency torial synthesis to include all facets of organic synthetic
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methodology, some supports were clearly totally unsuitable.
Ironically perhaps, Merrifield’s lightly cross-linked, lightly
chloromethylated, PS-DVB gel type resin displayed remark-
able versatility, and new sources for these species started to
spring up. This simple polystyrene-based resin, however, has
one major drawback in that it will not swell in lower alcohols,
water, or aliphatic hydrocarbons, and so a wealth of organic
chemistry cannot be exploited in combinatorial chemistry
on this support. Enter now the Bayer/Rapp resin again (and
its mimics) with its remarkable ability to allow reactions to
be performed on it in solvents as diverse as water and

I
toluene! ) o Figure 16. Photograph of 2 mnx 10 mm monolithic polystyrene
On my return from Unilever to academia in October 1987 disks for solid-phase synthesis applications. Shown on the left is a

| was appointed full professor and asked to head the Organicsingle disk fully swollen in toluene. To the right are a small stack
Chemistry Section. This was a great honor for a mere of disks, com_position 97% styrene, 3% DVB; note 25wt%to|uene
polymer chemist, and | remain deeply grateful to my organic }/g?scﬁgteirs]gnt in the polymerization to keep the monolith soft enough
chemistry colleagues for the welcome and encouragement '
they gave me. It also made me realize that my chemistry
heart was in organic synthesis and, in particular, the marrying step, therefore, in a synthesis, a sample of solution can be
of organic and polymer synthesis. Without being disrespectful analyzed using conventional solution-phase techniques.
to my gay friends, | have described this as me “coming out Interestingly, in the very early days of SPPS Abraham
of my chemical closet”! Patchornik’s group at the Weizmann Institute devised such
In parallel with the emergence of combinatorial SPS, in an inverse methodology for oligopeptide sysnthéstshe
all its forms, the environmental (green) |0bby | hinted at level of what can be achieved in ISPS has been demonstrated
earlier has also come to the forefront and in the long run Vvery remarkably recently by Steve Ley’s group at Cambridge,
may arguably be a greater technology driver than library U.K. 157158
synthesis. As a result, funding resources for our own work  Currently we have a program in progress devising new
on clean polymer-supported catalysts have increased subformats for solvent versatile SPS supports. We have in press
stantially. Not only have we been able to carry out a great a report on rod and disk formats which can be prepared
deal of fundamental work on the molecular structural and simply and cheaply in any organic chemistry laboratory
morphological aspects of key resins such as the Ps-DVB without the need to tackle the black art of suspension
systemsg?6-14° put we have also had the freedom and polymerizationt>® Disks can be produced readily-2 mm
encouragement to develop entirely new supports and inthick and 10 mm diameter) with a functional group loading
particular spherical particulate species based on highly capable of yielding~1.0 mmol of compound per disk (Figure
thermo-oxidatively stable species such as polysiloxatfes, 16). Each macroscopic disk can be readily manipulated
polyimides!®* and most notably polybenzimidazdf@.The manually or robotically. We have also devised novel anion-
research group has developed a number of very effectiveexchange resin beads which can be degraded and dissolved
polymer-supported metal complex alkene epoxidation cata- at various pHs when required, potentially to release recovered
lysts for use in both the production of commodity epoxités, species which have proved difficult to eldf8.Other SPS
and speciality chiral epoxidé&+15°Currently we have active  support developments will be reported in due course.
programs involving polymer immobilized Pt-, Pd-, Rh-, and Marrying these support developments with our activity in
Mn-based catalysts, as well as a renewed activity in novel polymer-supported catalysts potentially for use in ISPS and
resins for use in selective metal ion recovery. elsewhere is now a task upon which we are urgently engaged.
Quite remarkably for my group the fields of solid-phase We hope that some of these efforts will, in due course, prove
combinatorial chemistry and immobilized catalysts, reagents, of value in SPS and in ISPS, making a contribution both to
and scavengers, have now converged. The difficulty of the discovery of new “active” molecules and to the operation
achieving good molecular structural characterization of Of chemical processes in a cleaner and less wasteful manner.
molecules assembled on a support has been a constant How will ISPS fair against SPS in a combinatorial
frustration for classical synthetic organic chemists who need chemistry context? The technique will certainly become more
a high-quality high-resolution solution-phasél NMR widely used as the range of resin-supported reagents,
spectrum of a molecule before they are confident they have catalysts, and scavengers available commercially grows
the correct species with adequate purity. Despite recentsteadily. In many laboratories both methodologies seem
advances such as microscopic single-bead FTIR spectroscopylestined to be used in parallel depending on the target
and gel-phase magic angle spinnittNMR spectroscopy,  synthesis. This may well have a profound effect on those
this uncertainty remains. Turning the SPS methodology on automatic and robotic technologies that will survive, with
its head solves this problem at a stroke. With such “inverse” those being adaptable for use in ISPS as well as SPS being
solid-phase synthesis (ISPS), molecules are assembled irconsiderably favored. This suggests that polymer resin-based
solution with all the reagents, catalysts, and scavengerstechnologies have a big edge, and those more exotic support
heterogenized on polymers or other solid supports. At eachformats that have been described, and some brought to the
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market place, may well gradually disappear as a passing
phase! The ISPS approach also offers considerable scope
outside the limited area of, say, drug discovery and catalyst
development programs. There has been much discussion of
extending the use of SPS in the scale-up and indeed
production of target molecules. Generally this has been
viewed rather negatively because of the inherent inefficien-
cies of SPS, particularly the problems of slow and/or
incomplete reactions. As in SPPS, these problems tend to
give rise to impure products and the need for (extensive)
downstream purification of cleaved products. With ISPS
these effects will, in general, either be absent or of much
lower significance, and so the extension of ISPS into scale-
up and production stages looks more realistic. Bearing in
mind that ISPS also allows the “greening” of many reagents
and catalysts, the use of which is increasingly been frowned
upon and in some instances legislated against, the case for
the ISPS approach seems very strong indeed. In any event,
the future for supported synthesis seems rosy indeed.

None of the developments | have described from my own
laboratory would have been possible without the hard work
and commitment of my young co-workers over the last 25
years; | am much indebted to all of them. Likewise to the
more mature contemporaries with whom | have collaborated
and indeed with whom have become good friends, | express
my sincere thanks.

Derek Hudson. Interim Conclusions

We have seen how, after the seminal contribution of
Merrifield, others have attempted to improve on his selection
of low-cross-linked gel PS beads as the matrix for synthetic
transformations. These contributions, | believe, were made
without knowledge of the many alternatives that Merrifield
himself explored, before settling on his selection. Would
progress have been any different if these preliminaries had
been common knowledge? In part 1l we will explore further
ideas to improve or modify Merrifield’s concept and expand
to an even wider variety of applications. Of course, part Il
will conclude by trying to bring all this into perspective (as
is only right for such an article).
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