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is carried out. The advantages gained by this meth-
odology are striking, with four main factors contrib-
uting to the popularity of the technigue. (i) The ease
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washing the resin, thus allowing many simple auto-
mated procedures to be developed. (ii) The elimina-
tion of purification steps en route. For each step of a
multiple-step synthesis, the only purification needed
is a resin-washing step. Only the final product of
cleavage needs to be purified. (iii) In a solid-phase
synthesis, high concentrations of reagents can be used
to drive reactions to completion. (iv) The straight-
forward nature of parallel solid-phase synthesis.

However, for a solid-phase synthesis to be practical,
several important issues need to be addressed, in-
cluding the correct choice of solid support and the
mode of attachment and cleavage of materials from
the resin matrix. Efficiency in anchoring and remov-
ing a small organic molecule from the polymeric resin
relies on the correct choice of the linker group. This
key fragment is crucial in planning a synthetic
strategy. However, if the objective of a single or
parallel solid-phase organic synthesis is to produce
one or several defined products upon release, the
correct choice of an adequate linker system can
enable further goals to be attained. Multidetachable
linkers allow the preparation of different products
depending on the cleavage conditions selected. Partial
release can be useful for monitoring reactions or
screening mixtures for deconvolution. Structural
elucidation of hits from mixtures of products is
another application of linkers in combinatorial chem-
istry, allowing “tags” of a variety of forms to be
incorporated and read.

Il. Solid Supports for Organic Synthesis
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field first used a chloromethylated-nitrated copoly-
mer of styrene and divinylbenzene (DVB).! Resins
now used in solid-phase organic synthesis have
changed little since this time. These insoluble sup-
ports have a gel-type structure which readily allows
penetration of reagents and solvents into the beads
to sites where chemistry is taking place. A compro-
mise has been found between moderately cross-linked
resins (5% DVB) which are very stable but do not
swell particularly well, thus reducing site access and
low cross-linked resins where mechanical stability
becomes an issue. A general consensus now seems
to have been reached, and typical supports used for
solid-phase synthesis consist of polystyrene with a
1-2% DVB cross-linking. The three dominant poly-
styrene supports currently in use are the following.
(i) Chloromethylpolystyrene. Originally prepared by
resin postderivatization using chloromethylmethyl
ether and SnCly, it has been more recently prepared
by copolymerization using chloromethylstyrene/sty-
rene/DVB mixtures. This core resin is used widely
for the attachment of linkers by ether formation. (ii)
Hydroxymethylpolystyrene. Prepared from Merrifield
resin by esterification with potassium acetate fol-
lowed by saponification or reduction of the ester.? (iii)
Aminomethylpolystyrene. Mitchell® prepared this resin
either by potassium phthalimide substitution of the
Merrifield resin followed by hydrazinolysis or by
direct aminomethylation of the polystyrene resin.
Aminomethyl resin allows a multitude of spacers/
linkers to be appended to the resin by amide bonds,
which are stable under strongly acidic conditions.
This still provides one of the main workhorse resins
of today.

A few other materials are used but polystyrene
resin dominates; among the other materials used,
TentaGel resin (TG) and ArgoGel (AG), both poly-
styrene/DVB—poly(ethylene glycol) graft copolymers
(PS—PEG), developed by Bayer,* are the most fa-
vored. They have specific uses, such as when polar
solvents are needed or when distancing from the
resin core becomes necessary. Crowns/Pins (CP) are
another kind of support used in solid-phase synthesis
and consist of a radiation-grafted polyethylene/
polypropylene support.® Kieselguhr/polyacrylamide-
based resins (KPA)® and controlled-pore glass (CPG)’
are used in continuous flow SPPS and oligonucleotide
synthesis but are usually avoided by the synthetic
chemist. PEGA,® a poly(ethylene glycol)/dimethy-
lacrylamide copolymer, is a very polar material which
confers unparalleled swelling properties in water and
possesses a flexible interior enabling access for a
variety of large macromolecules such as enzymes;
however, low mechanical stability makes handling
difficult and expense precludes large-scale use.

[ll. Linker and Linker Attachment

The attachment point of the linker to the solid
support or spacer should be chemically stable during
the synthesis and cleavage, and as for any solution-
phase protecting group, yields for its loading and
cleavage should be as quantitative as possible. In
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protecting group for solid-phase synthesis. A great
number of linkers (more than 200) have been devel-
oped over the past 15 years in order to allow many
multistep organic syntheses to be performed and the
use of a broad range of reagents, allowing cleavages
in a very selective manner (see refs 9—15 for reviews).
Although a linker should ideally enable a selective
cleavage to take place under a defined set of condi-
tions, these conditions are in reality not only depend-
ent on the linker but also on the compound attached
to the linker, the spacer, and importantly on the resin
type, its loading, and bead size. Thus, smaller beads
have a much greater efficiency of cleavage under
photolysis conditions. Reduced cross-linking dramati-
cally enhances the rate of cleavage from solid sup-
ports under acidic conditions.® Lack of resin pre-
swelling in CH,CI, prior to cleavage with TFA can
also cause reduction in yields.!** Many different
parameters are thus involved in the cleavage of
compounds from the solid support and not just the
linker needs to be considered.

A. Linker Types

In this review, to aid clarification and to avoid
inaccuracies, there will be a clear distinction made
between resins and linkers: Resins will be considered
as an inert matrix, passive to chemistry. Linkers will
be considered simply as immobilized protecting groups
and will be classified into one of two types: (i)
Integral linkers in which part of the solid support core
forms part or all of the linker and (ii) Nonintegral
(or grafted) linkers in which the linker is attached to
the resin core. A linker which has been prepared in
solution will be defined as a unloaded linker.

Many examples of integral linkers exist (Scheme
1), and certainly they were very popular in the early

Scheme 1
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days of solid-phase synthesis. Thus, linkers such as
the o-nitro-(o-methyl)bromobenzyl linker 1.1 pre-
pared by Pillai'” is a classic example of an integral
linker. Its preparation was realized by functionalizing
polystyrene/DVB resin with acetyl chloride/AICl;,
reducing the resulting ketone and bromination of the
resulting alcohol. The nitro aroup was then incorpo-
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pared by Friedel—Crafts acylation of polystyrene with
benzoyl chloride.’® The resulting benzophenone de-
rivative was transformed into the desired product by
either reduction of an oxime, ammonolysis of the
bromo derivative, or reductive amination with am-
monium formate. The original chloromethylated poly-
styrene resin 1.3 used by Merrifield can in many
respects be considered as an integral linker. This
allowed Merrifield to anchor N-protected amino acids
onto solid supports by formation of immobilized
benzyl esters. The trityl linker 1.4 was developed by
Leznoff'® by lithiation of polystyrene and reaction
with benzophenone and by Fréchet?°2! by treatment
of benzophenone-based polystyrene with phenylmag-
nesium bromide. Another light-cleavable bromine-
derivatized linker 1.5 was obtained by functionaliza-
tion of 2% polystyrene/DVB with 2-bromopropionyl
chloride/AICl; under Friedel—Crafts conditions.??
Two percent cross-linked benzene sulfonyl chloride
1.6 was prepared from Dowex 50W ion-exchange
resin (—SO3H).%3

The disadvantage with any integral linker is the
control of synthesis, taking place as it does directly
on the resin, with the whole range of steric and
electronic effects having an influence over the syn-
thetic outcome. The exact degree of loading and
functionalization can be hard to control.

The majority of linkers used in solid-phase syn-
thesis are thus of the nonintegral type (Scheme 2).

Scheme 2
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These can be loaded onto the resin and then deriva-
tized or preloaded prior to attachment. This resin
attachment is generally realized in one of three
ways: (i) Ethers, (ii) Amides, and (iii) C—C bonds.
Thus, derivatives of the trityl linker 2.1 have been
prepared in the nonintegral manner by attachment
of 4-carboxy derivatives?* through an amide bond. A
liaht-cleavable linker o-nitrobenzyl (ONB) 2.2 was
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contrast to the integral linkers described above. The
p-alkoxybenzyl alcohol Wang linker 2.3 was initially
prepared by reacting 4-hydroxybenzyl alcohol with
Merrifield resin in the presence of sodium methox-
ide.?® The Sasrin linker 2.4 was first described by
Mergler?”28 and was initially anchored onto the resin
by etherification. Sheppard?®2° prepared the un-
loaded linker 2.5, allowing attachment to an ami-
nomethylpolystyrene resin. Dimethylsilyl chloride
groups have also been attached to the polystyrene
core through an ethylene bridge to give 2.6 by
hydrosilylation of (vinyl)polystyrene.3! Here again the
resin core is not an integral part of the linker.

Linkers that are copolymerized into resin beads can
be either of the integral or nonintegral type. Those
which are not part of the polymer core can be
considered as nonintegral (or grafted) in nature.
Scheme 3 shows the preparation of a trityl (integral)
linker 3.4 by suspension copolymerization of mono-
mer 3.1, DVB 3.2, and styrene 3.3.32
Scheme 3

3.3

Suspension
Copolymerisation

OO
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B. Scaffold Preloading and Direct Loading

The choice of which method, preloading or direct
loading of the scaffold onto a nonintegral (or grafted)
linker, is the most suitable for use in solid-phase
synthesis is not clear-cut. The first method usually
ensures much higher loading levels and that only
purified materials are coupled onto the solid support
and also reduces the number of solid-phase steps. The
second method is usually less efficient since excess
materials are often used in the coupling step, a
problem if valuable scaffolds are being used, but is
faster since no solution steps or purifications are
needed (Scheme 4).

In addition, if all the derivatized sites on the loaded
linker are not reacted, then undesirable side reac-
tions can take place. There are certainly cases where
linkers attached to resins have not been added
cleanly and have given rise to numerous side reac-
tions and impure products. Thus, the attachment of
4-hydroxybenzyl alcohol onto Merrifield resin to form
the Wang linker using the original procedure de-
scribed had to be improved in order to limit the side
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Scheme 4
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C. Spacers

A group can be attached to the solid support to act
as a spacer unit. The spacer has a number of roles.
Principally, it acts to distance chemistry from the
solid support and tailors the swelling properties of
the resin materials to give more “solution-like”
properties and better solvent compatibility. Typical
examples of spacers are PEG chains (as in PS—PEG-
based resins such as TentaGel 5.1 or resin 5.234) or
alkyl chains as shown in 5.3% (Scheme 5). Spacers
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can therefore alter the cleavage properties of the
linker, affecting resin swelling as well as complicat-
ing electronic effects. The extra methylene unit
present in 5.4 compared to the classical hydroxy-
methylpolystyrene resin confers crucial properties
such as acid stability,363" although possibly sensitiv-
ity to S-elimination once loaded.

Scheme 5

D. Linker Attachment

Although the core structure of the linker may
remain unchanged, the group placed between the
linker and the support can modify the cleavage
conditions and also alter the degree of linker cleavage
as well. An example has been illustrated with the
Rink resin 6.1.38 High concentrations of TFA can
sometimes cleave some of the Rink linker from the
polystyrene support and introduce colored impurities
into the cleaved product. The Rink amide AM 6.2
(RAM) and Rink amide MBHA 6.3 are much more
stable to TFA (Scheme 6) (these constructs are made
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Scheme 6
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E. Leaving Groups and Scavengers

The Rink linker may be employed to attach a range
of different functional groups to a common solid
support, for example acids, amides, amines, etc.
However, each functionality can be cleaved only
under specific conditions. Thus, 0.1% TFA in CH,-
Cl, will release acids® from linker 6.4 while 5% TFA
in CH.CI, is needed to cleave alcohols from 6.5 and
amides® from 6.6 (Scheme 6). Since the dimethoxy-
benzhydryl cation is generated in all of these cases,
labilities must depend on the ease of protonation of
the attached scaffold as well as its leaving ability.
Thus, clearly, linkers are only one factor in determin-
ing “cleavability”.

Another important factor, which can impede cleav-
age, is the reversibility of the reaction. This is
certainly well-documented in solid-phase peptide
synthesis (SPPS) where linker cation alkylation can
be a serious problem, especially with peptides con-
taining cysteines (thiols) or tryptophans (indoles),
with the extent of alkylation being directly related
to the proximity of specific residues to the linker. This
is presumably also a problem in solid-phase organic
synthesis (SPOS), although less well-documented
with poor yields usually attributed to other factors.
In the peptide area, scavengers are often used in
order to trap the cationic linker species and prevent
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