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1. Introduction

The widespread use of polypeptide1 and oligonucleotide2 synthesis

highlights the benefits of carrying out a series of high yielding reactions

whilst the target molecule remains tethered to an insoluble (filterable)

solid support.3 More recently this methodology has been adopted for the

synthesis of small organic molecules,4 and currently there is a growing

number of classical organic reactions which have been successfully

translated from solution onto the solid phase.5

2. Solid Phase Synthesis

To date, the main use of this small molecule chemistry has been directed

towards high speed synthesis and biological screening of diverse

libraries as part of the drug discovery process.6 The widespread use of

solid phase synthesis is due to a large extent to the ease of manipulation

when compared with classical techniques. Using a mixture of standard

laboratory apparatus and inexpensive, readily available, scientific

equipment7 it is possible to carry out a range of synthetic manipulations

with little or no outlay required for ancillary equipment. This can

increase the productivity of an experimentalist several fold and can also

allow the isolation of multimilligram amounts of product after cleavage

from the solid support and purification.

Solid phase routes often allow the use of excess reagents to force

reactions to completion. Other benefits often quoted when compared to

solution phase methods are the ease of isolation at each step by simple

filtration, the ease of automation and also the pseudo dilution effect8

which can be synthetically useful in crosslinking or cyclisation

reactions.

The main disadvantages of solid phase chemistry are the extra labour

required to develop a solid phase route, the limitations of the current

range of commercially available supports and linkers as well as the

limited means of monitoring reactions in real time. Solid phase routes

also necessitate additional steps to link and cleave to and from the

support and are generally used to prepare < 100mg final product.

3. Planning a Solid Phase Synthesis

The execution of a solid phase synthesis requires some preparation and

decisions to be made. The following stepwise approach might be helpful

in this; each step is discussed briefly in the following paragraphs.

♦ 1: The resin

♦ 2: The linker; cleavage conditions, site of attachment at target

molecule, traceless linkers

♦ 3: Reaction monitoring

♦ 4: Experimental conditions; vessels, washing, from solution phase

to solid phase

♦ 5: Purification

♦ 6: Automation; (i) optimisation and scope determination (ii)

equipment

Scheme 1

3.1 The Resin

Typical small molecule synthesis is routinely carried out by

immobilising a starting material (scheme 1) to the solid support. To

date, the majority of published solid phase organic synthesis has been

carried out on two main types of solid support (table 1). 

The development of solid phase chemistry begins not only with the

choice of support and linker, but also with a study of the proposed site of

attachment to the target molecules. When the target molecule contains

typical linking functionalities such as carboxylic acids, amides or

alcohols, there is a range of commercially available resins9 which have

been reported for the immobilisation. However, the physical/chemical

compatibility of resins, linkers and reagents used can be a strong
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determining factor in the successful outcome of a solid phase route. For

example, PS-DVB is not a suitable solvent for use with aqueous solvent

and Ellman et al found that during the synthesis of β-turn mimetics

reduction of a resin bound disulfide was only possible when utilising

TentaGel resin (scheme 2 ).10 Similarly Hauske et al report difficulties

in performing a macrocyclisation Heck reaction using aqueous DMF on

polystyrene based resin, but encountered no such difficulty with

TentaGel (scheme 3 ).11

Scheme 2. i) Tributylphosphine/DMF/propanol/water

ii) Tetramethylguanidine

Typically PS-DVB resins do not swell sufficiently in these aqueous

mixtures to allow diffusion of reagents into the polystyrene matrix.

PEG-PS-DVB co-polymers on the other hand show good swelling

properties in polar solvents and hence can give very different results

when using identical conditions. 

3.2 The Linker

Solid phase synthesis requires a covalent linker group, sometimes

referred to as a ’handle’, to attach the small molecule onto the polymeric

resin. This linker bears many similarities to protecting groups in

solution phase synthesis inasmuch as it needs to be stable to the reaction

conditions used during the elaboration of the small molecule but it needs

to be cleaved selectively at the end of the synthesis thus releasing the

small molecule from the resin into solution. It should be noted that

compared to solution phase synthesis this requirement for a linker often

adds two additional synthetic steps to a solid phase route. Properties of a

linker which may assist solid phase synthesis are given in figure 1.

• Stable to the reaction conditions required for synthesis

• Cleaved selectively at the end of synthesis

• Re-useable

• Facilitate reaction monitoring

• Sequential / Partial release

• Asymmetric induction

Figure 1

Historically, classical solid phase peptide synthesis12 made use of an

ester group as a linker stable to peptide coupling conditions but cleaved

by acid promoted hydrolysis thus liberating a carboxylic acid (Scheme

4). The very strong acid (HF) required to cleave a Merrifield type

benzylic ester can be attenuated by using a Wang13 (50% TFA) or

Sasrin14 (1% TFA) linker.

Table 1

Scheme 3. i) Pd(OAc)2, PPh3, DMF, H2O, Et3N
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The growing desire to synthesise increasingly diverse, non-peptide

small molecules has led to a requirement for linkers which do not

necessarily lead to a polar carboxylic acid group upon cleavage.

Currently, a wide variety of linkers exist, many of which are based upon

chemistry originally developed for oligomeric Solid Phase Synthesis.

The selection of the most appropriate linker for a particular class of

target molecule is a key factor in designing a solid phase synthesis. A

summary of some of the different types of linkers/cleavages is shown in

figure 2. Some specific examples are given below.

• Cyclative cleavage

• Linkers which release specific functional groups

• Traceless linkers (form a C-H bond)

• Activate-able linkers (safety catch)

• Cleavable plus functional group interconversion

• Linkers developed for stability/selectivity

• Re-useable/Recyclable linkers

Figure 2

Cyclative cleavage15 has been used to prepare a variety of 5, 6 and 7

membered (heterocyclic) rings by cyclisation and concomitant cleavage

from the resin (scheme 5).

Cyclative cleavage via ruthenium catalysed olefin metathesis has also

been reported by several groups.16 This method can be used to generate

cyclic olefins or olefinic C-H bonds in the cleaved product (scheme 6).

Photochemically cleavable linkers such as the o-nitro-benzyl ether

group (scheme 7)17 are stable to a wide variety of reaction condition

whilst allowing particularly selective cleavage conditions illustrate

stable linkers which can be cleaved using mild reaction conditions.

Linkers which form an unfunctionalised C-H bond upon cleavage are

sometimes referred to as "traceless linkers" and a prototype example

based upon cleavage of a C-Si bond is shown in scheme 8.18

Subsequently other traceless silicon linkers have been reported some of

which are easier to synthesise and are cleaved under milder conditions

than scheme 8,19 and traceless linkers utilising Ge and P have also been

utilised.20

Scheme 717

Safety catch linkers involve a functional group that is unreactive during

synthetic elaboration of the small molecule but is activated by chemical

transformation immediately prior to cleavage. This concept was utilised

in peptide synthesis21 and a recent example is shown in scheme 9 where

an aryl thioether is activated by oxidation to a sulfone prior to

nucleophilic cleavage with a secondary amine.22

Scheme 4

Scheme 5

Scheme 616
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Scheme 9

Scheme 10

A linker may be amenable to cleavage under varying reaction conditions

each leading to different products. Scheme 10 shows that a classical

ester linker can lead to an acid after hydrolysis or an amide after

aminolysis or an alcohol after reductive cleavage.23 This strategy may

be used to increase the diversity of a compound library during the final

step of a solid-phase synthesis.

Another strategy which has emerged is that of designer linkers which

are particularly suited for the release of specific functional groups after

cleavage. In the two examples shown below classical solution phase

reactions are applied in a novel way to solid phase chemistry allowing

the synthesis of tertiary (scheme 11)24, 25 and secondary amines

(scheme 12).26 

Scheme 8

Scheme 11

Scheme 12
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The methodology for the synthesis of tertiary amines outlined in scheme

11 is characterised by three stages, i) Michael addition of an amine onto

the acrylate (REM) resin, ii) quaternisation of the resin bound tertiary

amine which serves the dual purpose of activation and adding an

additional building block and iii) cleavage of the product amine via a

Hofmann elimination reaction. The REM chemistry described above

uses a linker that is regenerated during the cleavage. This has been

successfully reused and recycled to produce >500 mg quantities of

simple tertiary amines in good yield and high purity.25 This approach

offers potential for scale-up and automation. Recently the acrylate group

in REM resin has been replaced by a vinyl sulfone which has improved

stability to nucleophiles including Grignard reagents.27 Debenzylation

of tertiary amines by treatment with α-chloroethyl chloroformate (ACE-

Cl) is utilised in scheme 12 to liberate a secondary amine from a

polymer supported tertiary benzyl amine. The immobilised tertiary

amine 3 (scheme 12) is stable towards a wide variety of reaction

conditions (99% TFA; KOBu-t; NaH).

3.3 Reaction Monitoring28

Once the solid support and synthetic route has been selected, the next

problem comes with actually trying to determine if the chemisty is

working. In solution we would normally use some form of

chromatography as the first monitor (i.e. TLC).

However, with the molecule under reaction tethered to the insoluble

support chromatographic monitoring is only possible after cleavage and

work up. For many supports this is very labour intensive, and is

normally only an option for linker functionalised supports which allow

clean and fast release of substrate into a suitable solvent for trace

analysis. Non-destructive methods such as IR29 (figure 5) and gel-phase

NMR30 are methods of solid phase reaction monitoring which give

useful results with standard laboratory instrumentation. The majority of

functionalised polystyrene-divinylbenzene supports give very good IR

spectra from KBr discs, although absorption bands from PEG-PS-DVB

resins are typically of much lower intensity and are generally less

useful.31

Fully solvated resins give good quality 13C NMR spectra under standard

acquisition conditions and both PS-DVB and PEG-PS-DVB resins give

similar quality spectra (see for example figure 3; chemistry Scheme 15).

More specialised equipment is necessary to obtain good quality proton

spectra and 1H-13C correlation spectra from polymer supported

molecules,32 although the results can sometimes justify the expense.

Mass analysis has also been demonstrated as a useful analytical method

for bead analysis by using MALDI-TOF MS.33 There are also a range of

classical analytical techniques which can give useful information on the

progress of solid phase reactions, such as - titration of functional groups

(amines, acids, thiols, etc); Elemental analysis; Gravimetric analysis;

Colour tests34 (Ellman-Thiols, Kaiser-amines, Bromophenol blue -

basic nitrogen (figure 4), Chloranil - secondary vs. tertiary amine).

3.4 Experimental Conditions

Vessels and agitation. Typical glassware used for solution phase

synthesis is also suited to solid phase reactions. Disposable fritted

polypropylene vessels35 are also useful for carrying out solid phase

reactions at ambient temperature, although some solvents/reagents will

leach plasticiser from the vessel on cleavage of the product from the

support. Commercially available glass peptide vessels (Figure 6) can

also be used for solid phase synthesis, but are limited in their uses.

Therefore at Organon we developed some of our own glassware for

solid phase chemistry (Figure 7 and 8).

Solid supports show varying levels of fragmentation during agitation,

and this breakdown is more pronounced at elevated temperatures.

Hence, great care must be taken when deciding on methods of

agitation.36 Resins can successfully be stirred magnetically, but

intermittent stirring and very low stirrer speeds must be used to avoid

breakdown of beads and subsequent loss of material and/or slow flow

rates at the filtration stage. Mechanical stirring (using slow speeds), gas

sparging, vortexing and shaking are all much less destructive methods of

agitation than magnetic stirring, and sonication for short periods can

also be used without detrimental effects with many supports. It is also

generally accepted that allowing reactions to stand without agitation

Figure 3. 13C gel-NMR spectra of the reaction products (scheme 15) at 

various stages of the syntheses (the glycine building block was 13C-

labeled at the Cα-carbon. 20-30 mg of the resin was dispersed in 

benzene and NMR-spectra were recorded on a Bruker DRX600 

spectrometer in approximately 15 minutes.

A                B

Figure 4. Bromophenol blue test with A) methylamine resin, and B) 

Wang resin.
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Figure 5. Illustration of IR monitoring of synthetic transformations of REM resin (see scheme 11)24, 25
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gives good results when using swelling solvents and high yielding

reactions.

Washing. After each synthetic step and prior to cleavage, the solid

support must be exhaustively washed with a range of solvents in order to

remove reactants from the resin matrix. It is common practice to

alternate swelling solvents, followed by miscible, non-swelling solvents.

The final rinse solvent should then fully solvate the resin in preparation

for the next step. Resin washing between steps can be carried out by

decantation, centrifugation, filtration via canula or funnel, and several

suppliers offer fritted glassware suitable for peptide chemistry which

can also be used for general room temperature solid phase reactions.

Figure 9 shows a commercially available Vacuum manifold for parallel

resin washing/product isolation.

Figure 9. Vacuum manifold for parallel resin washing/product isolation

From solution phase to solid phase

The starting point is the conditions described in the solution-phase

chemistry (reagents, solvents, temperature) of the reaction under study.

These conditions can then be translated onto solid phase, provided they

are amenable to the overall requirements of the resins and linkers as

described above. This approach is illustrated by the work of a group

from Pharmacia & Upjohn37 who described initial model experiments in

solution to study the Pd-catalysed coupling of alkynes to iodoanaline

derivatives followed by a cyclisation step resulting in indole and

benzofuran moieties. The use of tetramethylguanidine (TMG) as a co-

solvent allowed complete conversion. It was found that the solution-

phase conditions could be transferred to solid-phase without difficulties

(Scheme 13).

Scheme 13

Another example in which the solution-phase conditions were a good

starting point for the transfer to solid-phase has been presented by Y.

Cheng et.al.38 of Merck Research Laboratories (Scheme 14).

Figure 6

Figure 8. Inset: Reactor with glass frit, container, stirrbar and

connector. Main picture: Reactor in container and on top a reflux

condensor.

Figure 7. Centre: Reactor (normal glass syringe, disposable frit (PE or

PTFE), stirrbar) and glass container. Left: Glass container with reactor

and on top a dropingfunnel. Right: 12 reactors is a commercially

available heating-block. Stirring and heating can be controlled by

standard heating/stirring device.
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Various arylhydrazines were studied in the Fischer indole reaction. It

was found that TFA as a catalyst and methylene chloride as solvent were

crucial in this reaction. 

An example in which the direct translation from solution phase to solid

phase failed is taken from some recent work carried out at Organon

(Scheme 15). The conversion of glycine to oxazoles was studied

utilising the published solution phase conditions.39 The reactions were

monitored by IR40 and 13C gel nmr spectroscopy (figure 3). The

transformations proceeded smoothly until the final ring closure step. In

this case the conditions described for solution phase chemistry failed to

give the anticipated ring closure product when carried out on solid

phase. Under these conditions the amide compound (E) was

regenerated. 

Scheme 15

3.5 Purification

Whilst classical methods of purification are equally applicable to the

product obtained from a solid phase synthesis, many of these methods

are not amenable to parallel purification of multiple samples obtained

from this route. As a consequence many innovative approaches to this

problem are being developed. Solid phase extraction41 allows rapid

isolation of multimiligram amounts of compound by utilising a variety

of modes (e.g. normal and reverse phase, as well as ion-exchange) and

formats (e.g. 96 well plate). A more expensive option is semi-

preparative HPLC utilising new developments in column technology to

cut down run times to less than 10 minutes. Some manufacturers are

also offering multiple parallel HPLC systems, and HPLC with mass

spectrometry directed fraction collection. Both of which will have a

major impact in the way the products from a solid phase route are

isolated in the near future.

3.6 Automation

One of the main advantages of solid phase chemistry is its amenability

to automation and hence synthesis of compound libraries. However, this

is usually only possible after the experimental conditions have been

optimised and trial reactions have been performed to determine the

variety of reagents (building blocks) that can be appropriately utilised.

Frequently, it takes several months of experimental work to turn an

initially reported solid phase synthesis into a route suitable for library

production.

Optimisation and scope determination

Optimisation is aimed towards high yielding, reliable and clean

reactions by varying solvents, reagents, reagent concentrations and

temperature. Application of a synthesis robot may expedite this study.

Monitoring of the reactions (vide supra) is important for a rapid feed-

back in this optimisation procedure.

R.M. Valerio et al42 of Chiron Mimotopes described the optimisation of

the Mitsunobu chemistry carried out on Multipin synthesis for the

preparation of ethers (Scheme 16).

Scheme 16

In the initial experiments, a number of different variables were

investigated simultaneously on model phenolic structure a. These

include solvents (x6), temperature (x3), reaction time (1-4 days),

reactant concentrations, types of phosphine (x3), presence of base and

type of alcohol. The optimal conditions described are; 

• THF as solvent

• temperature is 37oC

• reaction time is between 48-96 hours

• reactant concentrations are 0.15M (phosphine, DEAD and

alcohol) and 0.45M (base)

• optimal phosphine is PPh3

• addition of TEA improves conversion

Thereafter these optimum conditions have been tested on all three model

phenolic systems a-c with a range of alcohols with success.

Scheme 14
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C.A. Willoughby et al43 of Merck Research Laboratories described the

optimisation of the reaction of polymer-bound aryl bromides with

amines in the presence of a palladium catalyst (see Scheme 17).

Scheme 17

After screening several phosphines and solvents (the number of

experiments has not been mentioned) it was found that for cyclic

amines, anilines and secondary amines the optimal Pd-ligand was P(o-

tolyl)3 and the solvent of choice was dioxane. For the synthesis of

primary amines the biphosphine ligand BINAP was the best choice.

With the appropriate ligand selection, this chemistry can be successfully

used for coupling of primary amines, secondary amines (cyclic and

acyclic) and anilines. 

H. Künzer et al44 of Schering AG reported the optimisation of the

Baylis Hillman reaction of a set of aldehydes to polymer-bound acrylic

acid followed by the Michael additions of secondary amines (see

Scheme 18).

In a single run, 18 discrete resin-bound combinations were

automatically assembled in triplicate on a 60-well reactor block (Syro)

from 6 aldehydes and 3 secondary amines.

Equipment

In Tetrahedron Report No 4185 we included a table of commercially

available equipment for automated, solid-phase organic chemistry in the

high price category (above $125.000). In this review we present a table

of commercially available, low budget (below $30.000) solid-phase

synthesis equipment (Table 2). This Table gives only the most

elementairy equipment (i.e. synthesis units) while information on extra

additions (software, robotics etc.) is given in the footnotes.

4. Recent examples

Non-oligomeric natural product synthesis on the solid phase is not a new

development,45 but recently Nicolaou16 has extended the utility of solid

phase synthesis within a multistep synthesis of a complex natural

product. The solid-phase synthesis of epothilone A (Scheme 19)

represents a new development for the total synthesis of natural products

and opens the way for the generation of large combinatorial natural

product libraries.

Scheme 19
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