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PREFACE

Merrifield first introduced the concept of solid-phase peptide synthesis nearly half a century

ago, and since then the use of heterogeneousmaterials to facilitate synthesis has evolved and

becomewidespread in many contexts. For example, the automated solid-phase synthesis of

oligomeric biomolecules, such as polypeptides and polynucleotides, has become the

standard methodology for the production of such compounds.

The aim of this book is to highlight the state of the art regarding the use of a solid

material to support and thereby facilitate organic synthesis. The book is divided into two

parts: Part I introduces some general concepts and strategies, while Part II presents specific

examples of the solid-phase synthesis of various classes of organic molecules. Since the

field regarding solid-phase synthesis of polypeptides and polynucleotides is verymature and

well understood, these topics are not included in this book. However, since the solid-phase

synthesis of oligosaccharides is not yet routine and straightforward, a chapter on this subject

is presented.

Part I includes chapters focusing on the linker groups used to attach the synthesis

substrate to the solid support, colorimetric tests that identify the presence of functional

groups, combinatorial synthesis (especially interesting due to its historical perspective), and

diversity-oriented synthesis. These contributions showcase solid-phase synthesis that is

currently used to facilitate the discovery of new molecular functionality. Finally, a chapter

highlighting how using a support can change or increase reaction selectivity closes this part.

Part II includes chapters on general asymmetric synthesis on a support, various strategies for

heterocycle synthesis (including one focusing on the use of microwave heating), synthesis

of radioactive organicmolecules, dyes, dendrimers, and, last but not least, oligosaccharides.

It is hoped that this book will serve as an introduction and a starting point for those new

to this field and interested in using concepts and techniques of solid-phase synthesis. As

already mentioned, the application of this technology in the synthesis of small, nonoligo-

meric organic molecules is relatively underdeveloped compared to other applications, and

thus new minds and different perspectives can help to advance this field.

PATRICK H. TOY

YULIN LAM
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Part I

CONCEPTS AND STRATEGIES





1

LINKER STRATEGIES IN MODERN
SOLID-PHASE ORGANIC SYNTHESIS

Peter J. H. Scott

1.1 INTRODUCTION

The vast array of linker units available to the modern solid-phase organic chemist is

impressive and allows a lot of exciting chemistry to be carried out using solid-phase

techniques.1–11 Linker units are molecules that possess a functional group that is used to

attach substrates to a solid support and can release them at a later date upon treatment with

the appropriate “cleavage cocktail.” With this in mind, linker units have long been regarded

as solid-supported protecting groups. Moreover, linker units are frequently lengthy mo-

lecules, which improve reactivity by holding substrates away from the polymer matrix to

create a pseudo-solution-phase environment. Typically, linker units are conveniently

categorized by the functionality left at the “cleavage site” in the target molecule

(Scheme 1.1). Initially, following the late Prof. Merrifield’s original investigations into

preparing peptides on solid supports, solid-phase organic synthesis (SPOS) focused on

strategies for preparing peptides and oligonucleotides. This focus was, in part, due to the

relative simplicity of peptide chemistry that meant it could easily be adapted for use with

solid-phase techniques. Moreover, the ease of automating peptide chemistry allowed

straightforward preparation of multiple target peptides in parallel and signaled the begin-

ning of combinatorial chemistry. Many of the classical linker units developed during this

period (1960s–1990s) still represent some of the most widely used linker units in use today

and an overview of these linker strategies is presented in Section 1.2. When employing a

classical linker unit, a common (typically polar) functionality, that was the site of

Solid-Phase Organic Synthesis: Concepts, Strategies, and Applications, First Edition.
Edited by Patrick H. Toy and Yulin Lam.
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attachment of the molecule to the solid support, remains following cleavage of the

target molecule.

In the 1990s, the use of solid-phase organic synthesis experienced an explosion in

popularity. This was driven by the advent of combinatorial chemistry, as well as strategies

such as split-and-mix, which exploited techniques for automating thousands of reactions in

a parallel fashion. A combination of the ability to (i) run many solid-phase reactions in

parallel using fritted tubes and commercial shakers, (ii) drive reactions to completion using

excess reagents, and (iii) easily purify reactions by simple washing and filtration made

SPOS particularly attractive to the combinatorial chemists.

Out of the combinatorial chemistry boom came the framework for modern solid-phase

organic synthesis.While a lot of the early workwith SPOS focused on reliable and relatively

straightforward peptide coupling reactions, the ambitious library syntheses of the 1990s

required access to a much more extensive array of solid-phase reactions. That decade saw

initial strides made in adapting many well-known solution-phase reactions for use in the

solid-phase arena, development that continues to the present day,12–27 and a move beyond

peptide and nucleotide chemistry toward preparation of small molecule libraries on solid

phase.

In time, the vast libraries of combinatorial chemistry have given way to the smaller

designed libraries of diversity-oriented synthesis (DOS). Rather than preparing multimil-

lion compound libraries in the hope of finding new lead scaffolds, DOS concentrates on

Scheme 1.1. Classification of modern linker units.
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preparing smaller “focused” libraries for lead development.28 Moreover, with the advent of

chemical genetics, the interest in generating diverse compound libraries to explore chemical

space has become a significant synthetic objective in its own right. These fields of research,

in combination with related computational methods, are receiving much attention in the

continuing quest to discover new biologically active compounds in chemical space.

Reflecting these new challenges, the science of linker design in the last two decades has

predominantly focused on the design and synthesis of new multifunctional linker units.

Unlike the classical linker units described above that use a common cleavage cocktail for all

members of a library, multifunctional linker units maximize diversity by using the cleavage

step to incorporate additional structural variation into compound libraries. This final class of

linker unit is discussed in Section 1.3.

1.2 CLASSICAL LINKER STRATEGIES

1.2.1 Acid and Base Cleavable Linker Units

In 1963, Merrifield reported the first example of a synthesis carried out using substrates

immobilized on an insoluble polymer support.29 In this work, the polymer Merrifield used

was a chloromethylated copolymer of styrene and divinylbenzene, a polymer support that

now bears his name. This polymer was functionalized with a benzyloxy group and then

Merrifield was able to construct the L-Leu-L-Ala-Gly-Val tetrapeptide 1 by exploiting the

Cbz protecting group strategy (Scheme 1.2). Cleavage from the ester linker unit was

achieved using sodium hydroxide or amethanolic solution of sodiummethoxide to generate

the salt of the carboxylic acid 2 or methyl ester 3, respectively. This work in itself represents

a simple and straightforward example of multifunctional cleavage that will be discussed

further later.

Reflecting this genesis in solid-phase peptide and oligonucleotide synthesis, many

early linker units typically possessed a polar functional group (e.g., OH, CO2H, NH2, SH)

that was used to attach substrates to a solid support. These linker units can be classified

according to whether acidic or basic conditions are required for cleavage of target

molecules, and many of them are still employed routinely in twenty-first century solid-

phase organic synthesis. The main advantage is that cleavage of substrates from acid and

base labile linker units can be readily achieved using mild conditions. Moreover, target

molecules can frequently be isolated in sufficient purity by simple evaporation of volatile

cleavage reagents.

O

O L-Val-Gly-Ala-L-Leu

O

-O L-Val-Gly-Ala-L-Leu

O

Na+

-O L-Val-Gly-Ala-L-Leu

O

MeO

2

1

3

NaOH

NaOMe

MeOH

Scheme 1.2. Merrifield’s original solid-phase synthesis of a tetrapeptide.
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Two of the most used acid labile linker units, illustrated in Table 1.1, are the hydro-

xymethylphenyl linker unit reported by Wang (Table 1.1, Entry 1)30 and the aminomethyl-

phenyl linker (Table 1.1, Entries 2 and 3), stabilized by an additional anisole unit, developed

by Rink.31 The para-oxygen atom in the Wang linker has a stabilizing effect on the cation

generated upon treatment with acid, allowing cleavage to be achieved using 50% trifluor-

oacetic acid (TFA) in dichloromethane(DCM). As a comparison, greater stabilization of the

intermediatecarbocationoccurs in thepresenceof theortho-andpara-methoxygroupsof the

Rink linker. This enhanced stability allows cleavage to be realized under comparatively

milder conditions (e.g., 0.1–50%TFA/DCM). For example, trichloroacetylureawas cleaved

fromtheRink linkerusing5%TFAinDCM(Table1.1,Entry2).32Theuseofmethoxygroups

to afford greater stability to the intermediate carbocation has also been exploited in

development of the hyperlabile SASRIN (orHMPB) linker (Table 1.1, Entry 4).33–36 Similar

to theRink linker, cleavage of substrates from theSASRIN linker can be achievedusingmild

conditions such as 0.1–1% TFA.36

Other acid labile linker units from which substrates can be cleaved by treatment with

TFA include the trityl linker units. Typically, the chlorotrityl linker unit is employed

(Table 1.1, Entries 5 and 6) because it is more stable than the parent trityl linker unit,

although cleavage can still be achieved using 1% TFA or acetic acid.38,55 One advantage of

using trityl linker units over, for example, the benzyl linker units discussed above is that the

steric bulkiness of the trityl groupmakes the linkagemore stable against nucleophilic bases.

On the other hand, however, this steric bulkiness can cause problems if the substrate to be

attached is itself a large molecule. In such situations, steric interference can reduce loading

efficiency and should be taken into account before employing the trityl linker unit.

All these TFA labile linker units are well suited to SPOS using the Fmoc protective

group strategy. Thus, Fmoc protecting group manipulations can be achieved using piper-

idine without risk of cleaving the acid labile substrate. However, if a SPOS design plans to

use the Boc peptide strategy (i.e., TFA deprotection of Boc groups throughout the

synthesis), then a linker unit from which substrates are cleavable with TFA is clearly not

suitable. Apart from the TFA labile linkers previously discussed, a number of other acid

labile linker units have been reported, allowing the ability to tailor the choice of linker unit to

a given synthetic application. If it is necessary to employ the Boc protective group strategy

throughout SPOS, one might select the phenylacetamide (PAM) linker (Table 1.1, Entry 7).

Substrates are attached to the PAM linker through an ester linkage that is reasonably stable

toward TFA. After completion of SPOS, the target molecule can then be cleaved using a

stronger acid such as HF or HBr.40

Note that many of the linker units described above are available in multiple forms,

allowing a range of substrates to be attached and cleaved. A discussion of all these related

linker units is outside the scope of this chapter, but Kurosu has written a comprehensive

review.56 By way of example, multiple versions of the Rink (Table 1.1, Entries 2 and 3) and

trityl linker units (Table 1.1, Entries 5 and 6)39 are commercially available and can be

selected according to the desired substrate. However, beyond these general linker units,

there are also examples of substrate-specific linker units. For example, the benzhydrylamine

(BHA, Table 1.1, Entry 8)57 and Sieber (Table 1.1, Entry 9)42–44 linkers findwidespread use

as acid labile carboxamide linker units, while the DHP (Table 1.1, Entry 10)45–48 and silyl

linker units (e.g., Table 1.1, Entry 11) can be used to attach alcohols to polymer supports.58

A number of linker units designed specifically for immobilization of amines have also

been developed. One noticeable example exploits the versatility of the 9-phenylfluorenyl-9-

yl group (PHFI). The PHFI group has previously been used as a protecting group for amines

and was adapted into a linker unit by Bleicher (Table 1.1, Entry 12).51 Cleavage from this
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T
A
B
L
E
1.
1.

C
om

m
on

A
ci
d
C
le
av
ab
le
Li
nk
er

U
ni
ts

L
in
k
er

C
le
av
ag
e

C
o
n
d
it
io
n
s

P
ro
d
u
ct

R
ef
er
en
ce
s

1

O

O
V

al
-L

eu
-L

eu
-N

H
Z

O

5
0
%

T
F
A
/

D
C
M

H
O
2
C
-V
al
-L
eu
-L
eu
-N

H
Z
(y
ie
ld
:

6
9
%
)

3
0

2

O

N H

O
M

e

M
eO

N H

O
O

C
l

C
l

C
l

5
%

T
F
A
/

D
C
M

H
2N

N H

O
O

C
l

C
l

C
l

(y
ie
ld
:
7
2
%
)

3
2

3

O

O
R

O
M

e

M
eO

5
%

T
F
A

R
O
H

3
7

4

O

O
S

er
(t

B
u)

-L
ys

(B
oc

)-
P

ro
-V

al
-A

sp
(O

tB
u)

-B
oc

O

1
%

T
F
A
/

D
C
M

B
o
c-
A
sp
(O

tB
u
)-
V
al
-P
ro
-L
y
s

(B
o
c)
-S
er
(t
B
u
)-
O
H

(c
ru
d
e

y
ie
ld
:
9
0
%
,
p
u
ri
ty
:
7
8
%
)

3
6

5
O

C
l

C
lP
ep

tid
e-

F
m

oc
2
:2
:6

A
cO

H
:

T
F
E
:D
C
M

P
ep
ti
d
e
(s
ev
en

ex
am

p
le
s,

8
6
–
1
0
0
%

y
ie
ld
,
6
9
–
8
9
%

p
u
ri
ty
)

3
8

(C
on
tin
ue
d
)

7



T
A
B
L
E
1.
1.

(C
on
tin
ue
d
)

L
in
k
er

C
le
av
ag
e

C
o
n
d
it
io
n
s

P
ro
d
u
ct

R
ef
er
en
ce
s

6
O

P
h

O
H

1
M

H
C
l

H
O

P
h

O
H

(y
ie
ld
:
3
2
%
)

3
9

7

N H

O
O

V
al

-G
ly

-A
la

-L
eu

O

(a
)
1
6
%

H
B
R

in
1
:1

A
cO

H
:

T
F
A
;(
b
)
9
:1

H
F
:a
n
is
o
le

L
eu
-A

la
-G

ly
-V
al

(a
:
3
5
%

y
ie
ld
,

b
:
8
7
%

y
ie
ld
)

4
0

8

N
H

R

O

H
F
,
0
� C

H
2N

R

O
4
1

9

O

R
N

H

O

2
%

T
F
A

H
2N

R

O
4
2
–
4
4

1
0

O
O

O
R

T
F
A
–
w
at
er

(9
5
:5
)

R
O
H

4
5
–
4
8

8


