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Introduction 

1.  INTRODUCTION 

 

1.1.  A brief history 

 

Since Merrifield pioneered Solid Phase Synthesis (SPS) in 1963,1 the subject has evolved 

radically. Merrifield’s solid phase synthesis concept, first developed for biopolymer, has 

spread in every field where organic synthesis is involved. Many laboratories and companies 

focused on the development of technologies and chemical procedures suitable to SPS. This 

resulted in the spectacular outburst of combinatorial chemistry, which profoundly changed the 

approach for new drugs, new catalysts or new natural compounds discovery. 

The use of solid support for organic synthesis relies on three interconnected requirements: 

1) A cross-linked and insoluble polymeric material that is inert to the condition of 

synthesis; 

2) Some means of linking the substrate to this solid phase that permits selective cleavage 

of some or all of the product from the solid support during synthesis for analysis of the 

extent of reaction(s), and ultimately to give the final product of interest; 

3) A chemical protection strategy to allow selective protection and deprotection of 

reactive groups. 

Merrifield’s first enquiry focussed on these points: he started the search for the right support, 

linker, amino protecting group and cleavage procedure. Regarding the polymer, the solution 

was represented by a sample of polystyrene cross-linked with divinylbenzene (DVB), used to 

make ion-exchange resins for column chromatography that had to be functionalized in order 

to generate linkage sites (Figure 1.1). 

 

 

Figure 1.1. Polystyrene cross-linked with divinylbenzene: first resin used in solid phase synthesis. 
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From that starting point, by the end of 1962 Merrifield had demonstrated the feasibility of 

solid-phase synthesis by preparing a tetra-peptide utilizing the carbobenzoxy group for amino 

protection and HBr/HOAc for deprotecting the amino group of the growing peptide chain.1  

From the beginning it was clear that the technique could be easily automated, due to the 

simplicity of the steps involved in solid-phase synthesis, such as introduction of 

solvent/reagent, shaking and filtering were involved. So, in 1966, he presented the first 

prototype of automated synthesizer (Figure 1.2) that proved to be much more reliable in the 

synthesis of longer sequences than the manual approach (due to the repetitive nature of SPS) 

and, of course, permitted time saving and good reproducibility.2 

 

Figure 1.2. Merrifield’s prototype of automated 

synthesizer with rotary drum programmer, timers 

and two 12-port rotary Teflon valves for selection of 

reagents. 

 

Merrifield developed a series of chemical reactions that can be used to synthesise proteins, but 

also recognized the obvious extension of SPS to the synthesis of other biologically important 

heteropolymers, such as nucleic acids and oligosaccharides.3 In the latter case, there was a 

delay due to enhanced complexity of carbohydrates and the necessary developments of 

appropriate orthogonal protecting groups, but, at the end, also SPS of oligosaccharides has 

reached an equivalent state of development.4,5,6,7,8,9 

Anyway, it was only at the beginning of the ’80 that SPS got a real acceptance from scientific 

community, acceptance that lead up to the Nobel Prize in Chemistry to Merrifield in 1984.  
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In the previous period there was great scepticism about this synthetic technique, due to the 

fact that SPS violated the basic principles of synthetic organic chemistry. Traditional 

synthetic organic chemistry actually requires isolation and characterization of intermediates as 

concrete evidence supporting the chemical structure of the product. By substituting the use of 

excess reagents to force chemical reaction to completion (or as close as possible), solid-phase 

chemistry represented a kind of revolution to traditional synthetic practice. 

In reality, we have to consider that the development of solid-state technique was possible not 

only thanks to the illuminated studies of Merrifield, but also thanks to the concomitant 

improvement in purification techniques and analytical methods of structural characterization. 

Without the development of modern HPLC, capillary electrophoresis, NMR, mass 

spectroscopy, etc., the Solid Phase Chemistry would not have been so feasible. 

 

1.2. Solid Phase Synthesis 

 

This technique is based on a substrate that is anchored to a support through a covalent bond, 

obtaining at the end of the process a product that is also bound to the support. Typically, 

reactions on solid phase are performed by simply shaking the solid support with a mixture of 

solvents and reagents and, after the reaction time, by filtering the mixture and washing the 

support with the appropriate solvents (Scheme 1.1). 

 

Scheme 1.1. Solid phase synthesis process.  

Addition of 

solvent and 

reagent “B” 

Filtration of 

“B” excess 

Cleavage of 

the product Filtration 

DESIRED PRODUCT 

Solvent  

level 
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The cleavage of the desired product from the solid support often yields highly pure products 

that can be directly used as they are or purified further by re-crystallization or 

chromatography. 

A typical setup for manual solid phase synthesis at room temperature is constituted by a 

fritted polypropylene tube (e. g. a disposable syringe), acting as a reactor, fixed on an orbital 

shaker or to a blood rotator.   

The support does not usually need to be dried between different reactions, but only washed 

sufficiently with a suitable solvent, deserving special attention to the last wash before 

cleavage, in particular if the products are to be used without further purification. As a matter 

of fact, impurities physically adsorbed by the support will be desorbed during cleavage and 

contaminate the final products. 

The cleavage is performed by treating the support with cleavage reagent, followed by 

filtration and concentration of the filtrate. 

Because of the difficult characterization of support-bound intermediates, solid phase reactions 

are most conveniently monitored by cleaving the intermediates from the support and 

analyzing them in solution. 

The absolute amount of product resulting from solid phase synthesis can often be readily 

determined by 1H NMR or HPLC with an internal standard or, less efficiently, by purification 

of the product followed by weighing and full characterization. 

 

1.3. Supports for Solid Phase Synthesis 

 

As mentioned before,  solid phase synthesis refers to a synthesis in which the starting 

material, the synthetic intermediates and the products are linked to an insoluble material - the 

support - that  enables the simple physical separation of the intermediates from reactants and 

solvents (see above scheme 1). 

Supports characterised by different shapes have been used for solid phase synthesis: the most 

common are spherical particles (beads), that, being easily handling, are well-suited for most 

applications. Other forms of insoluble supports include sheets,10 crown-shaped 

‘pins’,11lanterns,12 or small discs.13  

The general requirements for a support are mechanical stability and, obviously, chemical 

inertness under the reaction conditions to be used. Mechanical stability is required to avoid 

the breaking down of the polymer into smaller particles, which could lead to the clogging of 
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filters. For the same reason beads must present an homogeneous distribution of the particle 

size, in order to avoid the presence of smaller particles. Supports also need to possess suitable 

functional groups to which the synthetic intermediates can be covalently attached via a 

suitable linker. Moreover, since the functional groups are located mostly within the support (> 

99%) , good diffusion of the reagents into the support particles is a prerequisite. For this 

reason materials with sufficient permeability or swelling capacity are preferable.  

Nowadays, many soluble or insoluble supports are available for solid phase synthesis. 

Soluble supports allow the use of insoluble reagents or catalysts; in addition, the 

characterization of intermediates can be performed (e.g. by NMR) in a homogeneous phase. 

At the end of the synthetic process, soluble supports, such as non-cross-linked polystyrene or 

polyethylene glycol (PEG), can generally be precipitated from certain solvents or purified by 

membrane filtration or re-crystallization,14,15 thus allowing their application in solid phase 

synthesis.16 

However, the use of soluble supports for solid phase synthesis presents a number of 

drawbacks, the most important being the difficulty of automatisation17  that makes this 

technology less attractive for high-throughput synthesis than the use of insoluble supports. 

Insoluble supports are represented by polystyrene,1 polymers of polyethylene 

glycol-polystyrene (Tentagel and Argogel),18,19,20,21 polyethylene glycol (PEG),22 

polyacrylamides,23,24 copolymers of polyacrylamide-polyethylene glycol (PEGA),25,26,27 

silica,28,29,30,31,32,33,34 polysaccharides,35,36,37,38,39,40,41 and many others. 

It has to be considered that, despite several different support materials have proven usefulness 

for solid phase synthesis, not all these materials are compatible with all types of solvents and 

reagents. Therefore, for each application the proper type of support has to be selected. 

Lightly cross-linked polystyrene and polyacrylamide resins have been the most successful, 

but polyoxyethylene grafted onto polystyrene supports and ethylene oxide polymerized on 

polystyrene beads are becoming more and more important. 

 

1.3.1. Styrene-divinylbenzene copolymers 

 

Micro porous supports with low internal surface area are prepared by polymerization of a 

suspension of immiscible styrene and divinylbenzene in water. On the contrary, macro-porous 

resins, that are characterised by high internal surface area, are obtained by polymerisation of a  

solution of dissolved monomers in organic solvent.42,43  
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The polymerization can also be conducted in other solvents, such as toluene, and in the 

presence of “porogens”, for instance long chain alcohols or linear polystyrene. 

During the polymerization, porogens are trapped within the cross-linked polymer thus 

generating large pores. When polymerization is complete, the porogens are removed either by 

washing or by evaporation under reduced pressure. The porous structure of the resulting 

polymers remains stable even in the absence of solvents, leading to a large internal surface 

area.44  

Preparations containing from 0.2 to 16 % cross-linker have been studied, but those containing 

1% DVB have the best overall properties (Figure 1.1). 

Styrene resins are physically stable and completely insoluble in all usual solvents. They form 

approximately 50 µm beaded gels, which become highly solvated and swollen in organic 

solvents of intermediate polarity such as dichloromethane, toluene, and dimethylformamide, 

but do not swell in water, methanol, and hexane.45 

The styrene resins can be readily derivatized by nearly all methods of aromatic chemistry to 

allow modifications in their properties and to provide functional groups for the attachment of 

amino acids for peptide synthesis. 

The swollen styrene-divinylbenzene (S-DVB) beads are rapidly permeated by dissolved 

reagents and they guarantee very fast reactions. Mass transfer rates showed that diffusion is at 

least 10 times faster than coupling so that it is not rate limiting.46 

Alternatives to the highly swollen, lightly cross-linked polystyrene gels have been examined.  

Very highly cross-linked S- DVB copolymers having large pores and rigid non-swelling 

structures were prepared.47,48 These macro reticular, or macro porous resins have very large 

surfaces that are several hundred times that of a smooth sphere of the same diameter. 

To circumvent the diffusion problems occurring in highly cross-linked S-DVB polymer 

beads, pellicular resins were examined.49,50,51 Such resins contain a shell of polystyrene 

formed around a core of glass beads. These preparations, however, are not very stable. 

 

1.3.2. Polyacrylamides 

 

With the aim to obtain supports for SPS more hydrophilic than polystyrene, polyacrylamides 

have been extensively investigated. Polyacrylamides are formed by different acryloyl 

monomers as shown in Figure 1.3a.23,24,52,53 

As polystyrene, non cross-linked polyacrylamides are soluble and hence are not well-suited 

for solid-phase synthesis.  
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Cross-linked polyacrylamides, however, do not dissolve but only gelate in various solvents. 

Because polyacrylamide is very hydrophilic and therefore incompatible with most organic 

solvents, derivates of poly-N,N-dimethylacrylamide (e.g. Pepsyn), 

poly(N-acryloylpyrrolidine)54,55,56 (e.g. Expansin),57 or poly(N-acryloylmorpholine)58,59 have 

usually been chosen as supports (See figure 3). 

O

N

O

N

O

N

O

b c dO

NH2

a

 

Figure 1.3. a. Acrylamide; b. N,N-dimethylacrylamide; c. N-acryloylpyrrolidine; 

d. N-acryloylmorpholine.  

 

The resins and related gel supports, based on acrylamide derivatives, were used in the 

discontinuous mode but their application in continuous flow systems was not satisfactory due 

to their low mechanical stability. 

To overcome this deficiency, novel class of  polyacrylamides were generated to be applied in 

continuous flow reactions, such as Kieselguhr (macro porous silico dioxide)60 or other 

polyacrilamide resins.57,61,62,63 

 

1.3.3. Polyethylene glycol (PEG) 

 

The most common polyethylene glycol (PEG) used as a support for SPS is poly(ethylene 

glycol) monomethyl ether with a molecular weight of about 5000 g/mol (Figure 1.4). 

 

H

O

On  

Figure 1.4. Poly(ethylene glycol) monomethyl ether glycol. 

 

Occasionally, simple PEG - without terminal methylether – can be used so that both terminal 

hydroxyl groups are coupled to the starting material.64 These polymers are soluble in water 
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and in most organic solvents and to be physically separated they have to be precipitated with 

hexane, diethyl ether, or tert-butyl methyl ether. 

PEG was adapted to the SP in two ways: 

- polymerization of ethylene oxide onto a derivatised, preformed copoly(styrene-

divinylbenzene) resin; 

- attach performed PEG polymer to a derivatised styrene-divinylbenzene resin.  

Unfortunately, the terminology used to describe these new supports has not been rigorous and 

both types are usually referred to as graft copolymers. The last strategy generally gives 

inferior results, because PEG or symmetrical derivatives thereof are bifunctional and can lead 

to extensive cross-linking.14,17 

A commercially available PEG graft copolymer is Tentagel (Figure 1.5), formed by 70% PEG 

grafted to a matrix of cross-linked polystyrene, by oligomerization of oxirane. Tentagel swells 

approximately 3-fold in several organic solvents and somewhat less in water or methanol, but 

very little in ethanol or ether. Like S-DVB beads it expands with growing peptide chains. 

 

O

O

O

X
n

polystyrene

(= 30-50)

 

Figure 1.5. Tentagel. 

 

A copolymer of bis-acrylamido polyethylene glycol, mono-acrylamido polyethylene glycol 

and N,N-dimethylacrylamide has also been prepared by radical polymerization.25 

However, PEG grafted polystyrene supports have some disadvantages, the most critical being 

the low loading and the release of PEG upon treatment with TFA or upon heating.20,44,65,66 

 

1.3.4. Silica 

 

Silica gel is a rigid, insoluble material, which does not swell in organic solvents. Commercial 

silica gels differ in particle size, pore size, and surface area. Their structure, created for 
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chromatography, enables efficient transfer of solvents and reagents to its entire surface 

(Figure 1.6). 

Silica with large pore size (25-300 nm), so-called “controlled pore glass”, is generally used 

for the automated solid phase synthesis of oligonucleotides, presenting quite regular particle 

size and shape and good mechanical stability. 

    

Figure 1.6. Structure and examples of silica gel beads. 

 

1.3.5. Other Supports 

 

A number of other polymers has been prepared and tested, namely a phenol-formaldehyde 

polymer, a polymer made by heating resorcinol dimethyl ether and formaldehyde,67 and an 

amorphous polymer prepared from phenol, s-trioxane, and p-toluensulfonic acid in a catalytic 

amount;68 but none of them gained popularity. 

Carbohydrates have been the first supports studied for solid phase peptide synthesis. The 

initial attempts to use cellulose powder and regenerated cellulose were only marginally 

successful due to the low loading and the low chemical reactivity of the cellulose. Only 

Sephadex® LH-20, prepared by hydroxypropylation of a dextran polymer and commonly used 

in chromatography,  was found to be a usable support for SPS.69 

Cellulose paper has proved to be an effective carrier and cotton, a very pure form of cellulose, 

has been developed for solid-phase synthesis in the form of sheets,36 threads,70 or beads called 

Perloza.71 The cellulose sheets and threads are insoluble and do not swell in water or organic 

solvents. Perloza beaded cellulose is swollen in solvents such as water, dioxane, DMF, 

DMSO, THF to the extent of about 10 ml/g.  
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1.4. Analytical methods 

 

Analytical methods are crucial in SPS since they allow the analysis of intermediates on the 

support. Monitoring solid-supported reactions is challenging, because reaction components 

are covalently attached to an insoluble resin bead and the polymer backbone makes detection 

of the species involved difficult. 

For the analysis of reactions on SPS, two possible strategies are used: conventional analytical 

liquid phase techniques, after cleavage of the compound from the solid support, or non-

destructive techniques for samples still bound to the solid phase.72 The  cleavage process is 

time-consuming, irreversible, potentially it alters the product, and it lowers the yield of the 

reaction. Moreover, some synthetic intermediates are not stable enough in the cleavage 

conditions. This can be a significant limitation especially if the issue is to monitor a reaction 

in progress or to characterise an intermediate in a multi-step synthesis. Nowadays, generally 

solution-state techniques are used to characterise the final products (compounds must be 

cleaved from the resin prior to running the bioassays), while on-bead analysis are performed 

during the assessment of the chemistry and screening of the best reaction conditions. 

 

1.4.1. Combustion analysis 

 

Combustion analysis is mainly used to determine the amount of halogens, nitrogen, or sulphur 

present in samples and it has been successfully used in cross-linked polystyrene. This 

information can be used also to estimate the loading of a support, and, for example, nitrogen 

determination has been used to estimate the loading of the first amino acid.73 

 

1.4.2. Colorimetric assays 

 

The use of coloured reagents to follow the appearance or disappearance of a functional group 

- technique widely used in classical organic chemistry - is successfully applied also in SPS 

during the library assessment phase. These “on bead” assays are destructive techniques, but, 

due to their simple and rapid use, they are routinely employed in the laboratory. 

Colorimetric assays allow the detection of a wide range of functional groups with a good 

sensitivity. 
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The so called ‘Kaiser test’ (Ninhydrin Colour Test) is principally employed for the detection 

of the primary amines and is largely used especially to monitor the solid phase synthesis of 

peptides.74  

Solid-supported amino group derivatisation with ninhydrin (a, Figure 1.7) yields a blue dye. 

This test is very sensitive for primary amines, enabling the detection of even small amounts of 

primary amines on a support, and therefore it can be used to monitor the proceeding of  

acylation reactions; on the contrary, it is not so useful for the detection of secondary amines. 

On-bead quantification can also be done using spectroscopic measurement of the ninhydrin 

uptake from the test solution,75 but caution has to be exercised when using thermally labile 

protecting groups, because the test requires heating the sample to 110°C. 

Others reagents suitable for detecting amines includes 

fluorescamine (4-phenylspiro-[furan-2(3H),1-phthalan]-3,3'-dione)76 (b, Figure 1.7), TNBSA 

(2,4,6,-trinitrobenzenesulfonic acid)77 (c, Figure 1.7), bromophenol blue 

(3’,3”,5’,5”-tetrabromophenolsulfonylphtalein) (g, Figure 1.7 ),78 and p-chloranil (d, Figure 

1.7).79  

The fluorescamine assay is very sensitive (a negative test is indicative of 99.9% coupling), but 

secondary amines are not detected, as with the TNBSA. Instead, using bromophenol blue and 

p-chloranil secondary amines can also be detected.  

A less frequently used method for the detection of amino groups is the DABITC 

(4-N,N’-dimethylaminoazobenzene-4’-isothiocyanate) test (e, Figure 1.7).80 This test gives 

rise to a pale orange colour that is often not distinguishable from the resin bead itself, so that 

malachite green isothiocyanate (f, Figure 1.7)81 test, which gives a green or blue colour, is 

usually preferred. 
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Figure 1.7. Reagents for the detection of resin-bound amines. 

 

The detection of aldehydes and ketones is based on the reactivity of the solid-supported 

carbonyl functionality towards hydrazine-containing reagent to afford highly conjugated 

aromatic hydrazones.82 The derivatisation with DNP (2,4-dinitrophenylhydrazine), 

traditionally used for the detection of aldehydes and ketones in solution, can be adapted for 

visualizing solid-phase transformations of this functional groups, producing orange coloured 

beads in the presence of the carbonyl functionalities.83 

For the detection of hydroxyl groups, PDAM (1-pyrenyldiazomethane) can be used, since it is 

sensitive, it requires little resin material and provides a useful test for monitoring the loading 

of a first monomer onto a hydroxyl functionalized resin.84 

The Pomonis test can be used for the detection of alcohols.85 This test involves the 

derivatisation of unreacted alcohol on resin with tosyl chloride and 4-(4-nitrobenzyl)-pyridine 

and deprotonation of this adduct gives rise to intensely coloured deep blue resin. 

For the detection of thiols can be used the Ellman test,86 based on the reaction of thiol groups 

with DTNB (5,5’-dithio-bis-2-nitrobenzoic acid) to give a characteristic yellow colour. This 

assay is particularly useful in peptide synthesis for monitoring disulfide bridge formation on 

resin, which is quite difficult to analyse with conventional cleavage-analysis methods, 

because of the easily oxidation of the cleaved products. 
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Quantitative monitoring of reaction sequences on solid support is based on the cleavage of 

chromophoric groups from the resin. In the simplest case, this principle involves the removal 

of a protecting group from resin bound products and analysis of the resulting supernatant. An 

alternative approach is the introduction of spectroscopically active moieties onto the resin so 

that, after cleavage, these fragments can be measured using straightforward and reliable 

protocols (for instance, UV spectrometry).  

The most widely employed technique is the Fmoc (9-fluorenylmethoxycarbonyl) test, which 

can be used also to monitor continuous-flow solid phase peptide syntheses.87 Typically a 

sample of resin is deprotected using a 20% solution of pyperidine in DMF. The resulting 

pyperidine-dibenzylfulvene adduct is quantified by its absorbance at a given wavelength. 

For on-line monitoring of solid-phase reactions DMT (dimethoxytrityl) protecting group is 

used. Dilute acid treatment of the protected alcohol releases an intensely coloured cation, and 

this procedure can be automated for peptide and oligonucleotide synthesis.88 

Colorimetric assays, even if are doubtless very useful to detect appearance or disappearance 

of functional groups, do not constitute a definitive characterization, and often other analytical 

techniques are required. 

 

1.4.3. Infrared and Raman spectroscopy 

 

IR and Raman spectroscopy are powerful techniques for detection and characterisation of 

reaction products directly on a single bead.89 

Structural determination of resin-bound, totally unknown compounds is rarely required, on 

the contrary the analytical task is to confirm the desired chemistry rather than a full structural 

elucidation.  

Since FT-IR is a very sensitive technique for the detection of organic groups and is useful to 

confirm the organic transformations. The principle of monitoring reactions by IR is based on 

the functional group inter-conversions via chemical reaction or by appearance or 

disappearance of functional groups carried by building blocks or protecting group introduced 

or removed during the reaction. The direct functional group analysis permits qualitative 

analysis of each reaction step throughout the synthesis. 

Transmission spectroscopy on KBr pellet is the simplest sampling technique and, because 

FTIR is one of the most popular instruments in organic chemistry laboratories, is widely used 

for routine spectral measurements on solid samples. It presents some disadvantages of which 
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the main one is light scattering due to the fact that resin cannot be ground to the required 

dimension. 

This method requires a large amount of sample (5–10 mg of beads), is destructive, and time-

consuming (for pellets preparation), so it is suited for the analysis of resin bound compounds 

but not for reaction monitoring. 

Attenuated Total Reflection (ATR)90 is a versatile, non-destructive technique for acquiring the 

IR spectrum from the surface of a material or for materials that are either too thick or too 

strongly absorbing to be analysed by standard transmission spectroscopy. Under certain 

conditions, IR radiation passing through a prism made of a high refractive index IR 

transmitting material (ATR crystal) will be totally internally reflected (Figure 1.8). If a sample 

is brought in contact with the surface of the ATR crystal, an evanescent wave extends beyond 

the reflecting surface and will be attenuated in regions of the IR spectrum where the sample 

adsorbs energy. This technique is very sensitive (only enough beads to cover the area of the 

crystal are necessary) and requires no sample preparation. The speed of analysis is very high 

although no automation is so far reported. 

This approach can be used for real time reaction monitoring and is the method of choice for 

the analysis of surface grafted solid supports.  

 

Figure 1.8.  IR beam pathway in an ATR crystal. 

 

The FT-IR microspectroscopy method records spectrum from a small sample (such as a single 

bead) either in transmission mode or with use of an ATR objective.90 A microscope accessory 

is required for the measurement and a liquid nitrogen cooled mercury–cadmium–telluride 

(MCT) detector is used to enhance the sensitivity. Several beads are spread on a diamond 

window and the IR beam is focused on a single bead using the view mode of the microscope. 

This is the most sensitive methodology nowadays available: the amount of sample required is 
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so small that real time reaction monitoring (without interrupting the reaction) can be 

performed. 

Although it is the most expensive IR technique, FT-IR microspectroscopy offers several 

advantages: high quality spectra can be recorded in a few minutes, no sample preparation is 

required, qualitative, quantitative (as percentage of conversion) and kinetics information can 

be obtained.91  

An issue of this technique is the quantification for samples with inherently differing diameters 

(resulting in variant transmission path-lengths) and non homogeneous transmission cross-

sections.  

Diffuse Reflectance IR Fourier Transform Spectroscopy  (DRIFT) enables the analysis of 

many solid samples for which traditional techniques failed.90 

When IR radiation is directed onto the surface of a solid sample, two types of energy 

reflectance can occur: specular and diffuse reflectance. The specular component is the 

radiation, which reflects directly off the sample surface (energy not absorbed by the sample) 

while diffuse reflectance is the radiation, which penetrates into the sample and then emerges. 

A diffuse reflectance accessory is designed so that the diffuse reflected energy is optimised 

and the specular component is minimised. The optics collects the scattered radiation and 

directs it to the IR detector. The technique is non-destructive and the sample can be recovered, 

the only limitation being the sample size (5–10 mg of beads). Because of the high speed of 

analysis, the absence of sample preparation and the availability of an automated DRIFT 

accessory, this approach can be considered a high-throughput method for on-bead reaction 

monitoring. 

In recent years also Macro and Single Bead Raman Spectroscopy are becoming more and 

more popular for the analysis of SPS resins.92 Raman is based on inelastic light scattering, in 

which scattered photons exchange energy with the sample. The intensity of the Raman signals 

depends on changes in polarizability during the vibration. Strong Raman signals can be 

obtained for functional groups with low polarity and high polarizability such as C-C triple and 

double bonds, N-N, S-S, C-H, S-H, C≡N, C-N, C-S, C-S, and asymmetric vibrations of NO2, 

SO , CO . This approach is also useful for confirming the presence of conjugated groups. 

Many important vibrations are not detectable by the Raman method (such as OH, NH), 

however some IR-inactive vibrational modes can be detected by this method, like S-S. 

Because of the high speed of analysis and sensitivity (comparable with other methods), 

Raman spectra can be used for real time reaction monitoring. 

 



Introduction 

1.4.4. Mass spectrometry 

 

Recently mass spectrometry techniques found a wide application in the characterisation of 

combinatorial libraries.93,94,95,96,97,98 

The development of soft ionization techniques, such as Electrospray (ESI) and 

Matrix-Assisted Laser Desorption (MALDI) has considerably increased the speed, sensitivity, 

and specificity of the analysis. 

Different mass spectrometry based approaches can be adopted, depending upon the desired 

information. The quickest technique is the flow injection analysis: after cleavage from the 

solid support an aliquot of the compound in solution is directly injected in the mass 

spectrometer obtaining a mass spectrum in a very short time. The automatic data processing 

phase provides a qualitative response, positive or negative, based on the presence of the 

molecular weight of the target compound. This analytical approach is useful for a rapid 

quality control of parallel synthesis or for poor libraries.  

A limitation of this technique is related to the possible presence of compounds with the same 

molecular weight, which are not distinguishable. To circumvent this problem mass 

spectrometry has to be coupled with a separation technique, such as the liquid 

chromatography. 

Another approach involving the mass spectrometry to monitor solid phase reactions, is related 

to MALDI/time of flight (MALDI/TOF) spectrometry.99 By this technique mass spectra are 

acquired after cleavage of a small number of resin beads and addition of a matrix and a 

calibrant. The resulting mixture is allowed to crystallize and MS analysis is performed by 

irradiation of the sample with a N2 laser at 337 nm, producing ions due to a desorption 

process. 

The MALDI technique has a high sensitivity but at the moment has big limitations for 

molecular weight < 600 Da, due to the presence of intense matrix signals. 

 

1.4.5. Nuclear Magnetic Resonance Spectroscopy 

 

NMR spectra of samples still bound to solid-phase resins present many difficulties mainly due 

to line broadening, mainly due to chemical shift anisotropy and dipolar coupling, and to the 

small amount of sample available for the analysis.100 One of the main reasons for the 

line-broadening effect is the limited internal motional freedom. To increase the motional 
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freedom and consequently narrow the signal’s line-width, all SPS  resins are swollen in a 

solvent as much as possible before acquiring NMR data. The resulting solvent swollen 

slurries are neither fully solid nor fully liquid: the technique of acquiring NMR data of these 

samples is called “gel phase NMR”. 

A better approach to remove line broadening observed in NMR spectra of these 

heterogeneous samples consist in using a MAS (magic angle spinning) probe.100 The use of 

the MAS removes magnetic susceptibility variation within the resin sample itself and 

discontinuities around the edges of the samples, just spinning the sample about an axis 54.7° 

relative to the static magnetic field. 

 

1.5. Solid Phase Organic Synthesis 

 

Until recently, repetitive solid-phase synthesis procedures were used predominantly for the 

preparation of oligomers such as peptides, oligosaccharides, peptoids, oligocarbamates, 

peptide vinylogues, oligomers of pyrrolin-4-one, peptide phosphates, and peptide nucleic 

acids.101 

 However, the oligomers produced by this technique have a limited range of possible 

backbone structures due to the restricted number of building blocks and synthetic techniques 

available. Biologically active compounds of this type are generally not suitable as therapeutic 

agents but can serve as lead structures for optimization. Combinatorial organic synthesis 

has been developed with the aim of obtaining low molecular weight compounds by pathways 

other than those of oligomer synthesis. Combinatorial synthesis offers new strategies for 

preparing diverse molecules, which can then be screened to provide lead structures. 

Combinatorial chemistry is compatible with both solution-phase and solid-phase synthesis. 

Moreover, this approach is conducive to automation, as proven by recent successes in the 

synthesis of peptide libraries. These developments have led to a renaissance in solid-phase 

organic synthesis (SPOS), which has been in use since the 1970s. Fully automated 

combinatorial chemistry relies not only on the testing and optimization of known chemical 

reactions on solid supports, but also on the development of highly efficient techniques for 

simultaneous multiple syntheses. Almost all of the standard reactions in organic chemistry 

can be carried out using suitable supports, anchors, and protecting groups with all the 

advantages of solid-phase synthesis, which until now have been exploited only sporadically 

by synthetic organic chemists. Among the reported organic reactions developed on solid 
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supports are Diels-Alder reactions, 1,3-dipolar cycloadditions, Wittig and Wittig-Horner 

reactions, Michael additions, oxidations, reductions, and Pd-catalyzed C-C bond 

formation.99a,102,,103,104,105,106,107,108,109,110,111,112,113,114   

 

1.6. Solid Phase Peptide Synthesis (SPPS) 

 

The revolutionary principle of solid phase peptide synthesis (SPPS), conceived by Merrifield, 

is that the peptide is bound to an insoluble support whereas any not-reacted reagent left at the 

end of any synthetic step can be removed by a simple washing procedure, greatly decreasing 

the time required for synthesis. 

Actually, this technique involves the incorporation of Nα-amino acids into a peptide of any 

desired sequence with one end of the sequence remaining attached to a solid support matrix. 

After the desired sequence of amino acids has been obtained, the peptide can simply be 

removed from the polymeric support.  

What is more, the arrangement is amenable to automation. This is only valid, however, if the 

individual synthetic steps occur with essentially quantitative yields. This latter requirement 

entails rigorous testing of the chemistry and tends to result in the use of a limited range of 

tried and tested methodologies. 

The general scheme for solid phase peptide synthesis is outlined in Scheme 1.2. 

The solid support is a synthetic polymer that bears reactive groups that can react easily with 

the carboxyl group of an Nα-protected amino acid, thereby covalently binding it to the 

polymer. The amino protecting group can then be removed and a second Nα-protected amino 

acid can be coupled to the attached amino acid. These steps are repeated until the desired 

sequence is obtained. The release and isolation of the desired peptide is performed by 

cleaving the bond between the C-terminal amino acid and the polymer support. 



Introduction 

 
Scheme 1.2. Solid phase peptide synthesis. 

 

 

 

 



Introduction 

1.6.1. Linkers  

 

The number of derivatives introduced to modify the physical or chemical properties of 

polymeric supports is quite large. This is possible because almost any chemical reaction that 

can be conducted in homogeneous solution can be carried out on the polymeric materials, 

especially those derived from polystyrene. It has been possible to prepare supports with 

altered polarity and solvation properties by introducing functional groups or, for example, by 

grafting one polymer to another. It has also been possible to fine-tune the resin derivatives so 

that the anchoring bond holding the peptide chain to the support can have any desired 

sensitivity to cleavage conditions. The modification are based on physical-organic principles, 

and the rates of reaction can be easily and rather accurately predicted. The resin derivatives 

can be designed for cleavage by strong, medium, or weak acids, by bases and other 

nucleophiles, and by photolysis, hydrogenolysis, or other catalytic reagents. They can also be 

designed to yield free carboxyl groups, esters, amides, or hydrazides.  

Basically, a linker is a bifunctional protecting group; it is attached to molecule by means of a 

bond labile to the cleavage conditions and it is attached to solid phase polymer through a 

more stable bond. In other words, a linker can be visualised as a connection between the 

molecule being synthesised and the solid phase polymer that is cleaved to release the desired 

molecule.  

The ideal linker would fulfil a number of important criteria: 

• it would be cheap and readily available; 

• the attachment of the starting material would be achieved in high yield; 

• the linker would be stable to the chemistry used in the synthesis; 

• cleavage would be efficient under conditions that do not damage the final product. 

Several types of linker have been developed, and in recent years linkers containing fluorine to 

facilitate NMR monitoring and enantiomerically pure linkers for the synthesis of 

enantiomerically enriched products have been created.115,116 

In many of the resins used for the solid phase synthesis, the linkers are attached to the support 

by means of a spacer, with the idea that the peptide could be assembled better if it is farther 

from the support. Although this might facilitate the diffusion of the reagents to the resin 

bound substrate, there is little evidence that this is required or that this improves the synthesis 

of small molecules on insoluble supports.117 

Admittedly, this is true for swelling resins, whereas for rigid solid supports the presence of 

the spacer becomes more important. 
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An other aspect that might be considered talking about spacers, is that for the characterization 

of compounds attached to the solid support, the presence of long spacer increases the mobility 

of the substrate and reduces the line-broadening usually observed in the NMR spectra of 

polymers. 

Linkers must be attached to the support in such a way that no release of the linker occurs 

either during a synthetic sequence or upon cleavage of the linker-product bond. For this 

purpose, linkers often contain a carboxyl group, which enables irreversible attachment of the 

linker to amino group containing supports through amide formation. 

Linkers can be designed to be cleaved in a wide range of acidic or non acidic conditions 

(Table 1.1), and the cleavage can lead to peptide acids or amines. 

 

Table 1.1. Structure of the more common linkers for SPPS. 

Acid labile linkers 

Structure Name/Description Cleavage reagent 

For peptide acids 
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Linkers cleavable in non acidic conditions 

Structure Name/Description Cleavage reagent 

O

R

O

O2N  

 

Nitrobenzyl137 

 

hυ 

O
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O

 

 

Phenacyl138 
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Fluorenylmethyl139 
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Pbs140 Fluoridolysis 
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HYCRAM 

(Allyl ester)141,142 

 

Pd(0) 

 

 

Those linkers used with strong acid cleavage, that is, with HBr, HF and TFMSA 

(trifluoromethanesulfonic acid), are suitable for use with Boc (Nα-tert-butylcarboxycarbonyl) 

temporary protection and side-chain benzyl-based protecting groups. 

However, all the acid labile linkers require Nα-protecting groups that are removed by reagents 

other than acid (e. g. Fmoc). 

One of the first linkers to be developed, after the one used by Merrifield,1 was the 

4-hydroxymethylphenylacetamidomethyl (Pam) linker, which greatly improved 

anchoring-bond stability and selectivity for extended stepwise synthesis procedures.118,119 The 

Pam resin is a fully satisfactory support for those wishing to use the Boc/benzyl protection 

strategy and final cleavage with HF. 
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Afterward, the design of anchoring bonds that could be cleaved by TFA or other acids of 

intermediate strength, and thus avoid strong acids, was begun. From these studies, a 

t-alkoxycarbonylhydrazide-resin and a t-alkyl alcohol-resin were developed.120 

Subsequently hydroxymethyl-4-alkoxystyrene resin (Wang resin) was introduced,121 and it 

has been finding renewed use, especially in combination with Nα-Fmoc-amino acids. 

A TFA labile hydroxymethyl-4-alkoxy derivative (PAC) was also prepared,122 and then the 

corresponding 2,4,5-trichlorophenyl 3'-(4''-hydroxymethyl-phenoxy)propionate linker was 

used to prepare the corresponding polystyrene handle.123 

It was straightforward matter to further modify the linkers with electron donating groups to 

become even more acid labile. 

Adding one methoxyl group to the acetoxybenzyl resin, a linker that can be cleaved by 1% 

TFA was obtained,122 while the introduction of one more methoxyl to the Wang resin gave the 

super acid sensitive SASRIN resin (2-methoxy-4-alkoxy benzyl alcohol), removable with 

0.5-1 % TFA,124 and two methoxyls added to the hydroxymethylphenoxylvaleryl-resin lead to 

the HAL resin [5-(4-hydroxymethyl-3,5-dimetoxyphenoxyvaleryl)], also removed by 1% 

TFA.125  

The substitution was further modified with a benzhydryl derivative, 

4-(2’,4’-dimethoxyhydroxymethyl)phenoxymethyl-polystirene, leading to a linker (Rink 

linker) cleavable with 0.2% TFA.126 

Other very acid sensitive linkers for peptide synthesis are the trityl chlorides, cleavable in 

acetic acid.127 

All of the acid labile linkers require Nα-protecting groups that are removed by reagents other 

than acid (e.g. Fmoc). For some of them the peptide containing t-butyl side chains can be 

removed from the resin in a fully protected form for further segment condensation. 

In a similar way, linkers with graded acidolytic rates have been prepared, thus giving rise to 

peptide amides. The first was a benzhydrylamine-substitued polystyrene (BHA), cleavable in 

HF.128 

A more acid-labile 4-methylbenzhydryl derivative (4-methyloxybenzhydrylamine, MBHA) 

was prepared. It still requires HF for cleavage, but soon became a linker of choice.129 

Proper substitution with methoxyl groups gave benzhydryl amines with predictably more acid 

sensitivity: SAMBHA is cleavable with 90% TFA.130,131 

The PAL [5-(4-aminomethyl-3,5-dimethoxyphenoxy)valeryl linker] is cleavable in 50% 

TFA,132,133 while for very acid sensitive linkers the Rink benzhydryl-resin was reacted with 

Fmoc-NH2 to give the substituted benzhydrylamine derivatives.126 
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Also the XAL [5-(9-amino-xanthene-2-oxy)valeryl] attachment is cleavable in very dilute 

acid, being removed in 2% TFA.134 

The chlorotrityl resins were also adapted to obtain linker cleavable in acetic acid or 0.5% 

TFA.135,136 

Linkers cleavable in non acidic condition have also been developed, such as nitrobenzyl137 

and phenacyl, 138 removable by light, or fluorenylmethyl, cleavable with piperidine.139 

Among the non acidic reagents that can be designed for the release of peptides from a resin 

support, fluoride ion has been particularly interesting. A bifunctional linker, 

2,4,5-trichlorophenyl N-(3 or 4)-{[4-(hydroxymethyl)phenoxy]-t-butylphenylsilyl} 

phenylpentanedioate monoamide (Pbs) has been prepared. It can be coupled to an 

aminomethyl resin and the C-terminal amino acid attaches as a benzyl ester. The latter is 

removable by fluoridolysis of the oxygen-silicon bond.140 

An other important nonacidic cleavage method utilizes a linker containing an allyl group 

between the peptide and the copoly(styrene-DVB) resin, and such a support is called 

HYCRAM-resin (hydroxycrotonylaminomethyl-resin).141,142 

A new resin linkage that allows a peptide fully protected with t-Bu or Fmoc groups to be 

cleaved under neutral conditions have been reported.143 

The linker is a 2-azidomethyl-4-hydroxy-6,N-dimethylbenzamide which is coupled to 

polystyrene resin as a phenol ether and to the peptide by a N-hydroxymethyl group. The aryl 

azidomethyl group, after reduction to an aminomethyl group with n-Bu3P, undergoes an 

intramolecular reaction to release the protected peptide. 

 

1.6.2. Protecting group strategy  

 

The crucial point in any polypeptide chain is the amide bond, which is formed by the 

condensation of an amine group of one amino acid and a carboxyl group of another. 

Generally, in an amino acid the central carbon atom is attached to four other groups: a 

hydrogen, an amino group, a carboxyl group, and a side chain group. The side chain group, 

designated R, defines the different structures of amino acids. Certain side chains contain 

functional groups that can interfere with the formation of the amide bond. Therefore, the 

successful synthesis of peptides requires protecting group strategy. For solid phase synthesis 

at least two levels of protection are required. The peptide chain must be held to the polymeric 

support by a cleavable bond that will be stable to the Nα-deprotection steps. Side-chain 



Introduction 

protecting groups must also be stable to the Nα-deprotection, and for certain purposes they 

must be stable to the Cα-cleavage reagent. 

There are two majorly used protecting strategies: one based on fluorenylmethoxycarbonyl 

(Fmoc) and the other on tert-butyloxycarbonyl (Boc). 

 

1.6.2.1. Boc strategy in SPPS 

 

In the Boc chemistry the attachment of the first amino acid is usually performed using a 

symmetric anhydride in the presence of DMAP, but mixed anhydrides or acid fluorides can 

also be used. 

Boc group removal usually requires treatment of the resin bound carbamate with 50% TFA in 

DCM (Scheme 1.3). Under these conditions, neither cleavage of the peptide from the support 

nor hydrolysis of side chain protective groups should occur. 
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Scheme 1.3. Boc cleavage. 

 

After deprotection, the amino group can be neutralized by washing with a tertiary amine. The 

main reason for this neutralization step is the removal of TFA, which could otherwise lead to 

the formation of trifluoroacetamides when a coupling reagent is added.  

Standard coupling is generally conducted with active esters formed in situ, but for difficult 

couplings other acylating agents, such as symmetric anhydrides or acid fluorides, longer 

reaction times and twofold couplings might be required. 

Final cleavage of the peptide from the support requires HF or other acids of high ionizing 

power (triflic acid, HBr/AcOH).144 

HF is a good solvent for amino acids and proteins, and does not usually lead to the cleavage 

of peptide bonds.145 Because of its toxicity and capacity to dissolve glass, HF must be handled 

with great care in special HF resistant containers. 

Before cleavage with HF, those side chains protective groups that will not be cleaved by HF 

must be removed.  

The N-terminal Boc group is also usually removed before treatment with HF, to minimize the 

risk of alkylation of electron rich functionalities in the peptide by carbocations. Some of the 
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side chain protective groups will, however, be removed from the peptide during cleavage 

from the support. 

Because the resulting carbocation species is part of the product molecule being cleaved, it can 

reattach to the solid phase by a non cleavable bound, resulting in lower yields of cleaved 

product. In this cases, is necessary to quench the cation prior to its reaction with the cleaved 

product, and this is achieved by scavengers, which can thiol compounds, phenol, and water.146  

One of the main advantages of the Boc strategy is that  treatment with TFA after each 

coupling leads to the destruction of β-sheets, which can readily form during solid phase 

peptide synthesis, and which often cause coupling difficulties.147 

One of the main disadvantages of the Boc strategy is that coupling efficiencies cannot be 

monitored as readily as in peptide synthesis with Fmoc protection. The repeated treatment 

with TFA also limits the choice of special amino acids that can be incorporated into the 

peptide. 

Most importantly, the Boc strategy requires handling of HF, which implies the availability of 

special equipment. Due to this, often the Fmoc strategy is preferred.  

 

1.6.2.2. Fmoc strategy in SPPS 

 

Acid sensitive Nα-protecting groups have gradually been supplemented with groups cleavable 

by bases, nucleophiles, or other reagents. The 9-fluorenylmethyloxycarbonyl (Fmoc) 

derivative has become an extremely important and widely used N-α-protecting group for solid 

phase synthesis.73,146,148,149 

The Fmoc chemistry proved to be particularly suitable because of the mild conditions required 

for its removal and because of the formation of a readily detectable by-product 

[9-(1-piperidinylmethyl)fluorene], which enables the automated monitoring of each 

deprotection step (Figure 1.9). 
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Figure 1.9. Mechanism of deprotection of Fmoc amines.  

 

A convenient solid phase protocol for peptide synthesis based on Fmoc protection was 

developed53 and has become the most commonly used strategy for synthesising peptides 

(Scheme 1.2)146 

Because no treatment with acid is required during peptide assembly, peptide synthesis with 

Fmoc amino acids can be conducted on acid-sensitive supports (e.g. Tentagel) and with 

acid-labile linkers. 

Deprotection of Fmoc group is conducted with 20% pyperidine in DMF, and the release of the 

fluoreine derivative is easily monitored spectrophotometrically. The peak can be used to 

determine the amount of chromophore released, which is proportional to the efficiency of the 

preceding coupling reaction. 

During acylations with Fmoc protected amino acids, addition of bases should be avoided as 

these could lead to partial deprotection and hence to multiple incorporation of the amino acid.  

The conditions used for final cleavage of the peptide from the support depend on the type of 

support and linker chosen. Because side-chain protective groups must also be removed, the 

use of scavengers is required during cleavage to avoid alkylation of the peptide. 

The release of a readily detectable compound during each deprotection step and the absence 

of corrosive reagents during peptide assembly makes the Fmoc strategy particularly well 

suited for automation. 
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1.6.2.3. Side-chain protection  

 

The successful synthesis of peptides requires an overall protecting group strategy: not only 

the peptide chain must be held to the polymeric support by a cleavable bond that will be stable 

to the repetitive Nα-deprotection step, but also side-chain protecting groups must be stable to 

the Nα-deprotection, and for certain purposes they must be stable to the Cα-cleavage reagent. 

Protective groups suitable for the Boc strategy must be resistant towards TFA, whereas for the 

Fmoc strategy stability towards pyperidine must be ensured. 

Choosing the right side-chain protection for solid phase peptide synthesis can be a difficult 

task, in particular if large peptides have to be prepared. Many factors have to be considered, 

compatibility of various protecting groups and strategies for their removal must be carefully 

planned.144,145,146, 87 

However, usually the selectivity during cleavage procedures is achieved by quantitative 

kinetic differences in rates of removal. For example, the Nα-Boc group can be removed by 

4 N HCl in dioxane or 50% TFA in DCM, which would leave the benzyl derived side chain 

and anchoring groups intact. The latter is than removed by strong acids such as HBr, HF or 

TFMSA. 

Much has been done to fine-tune this system to obtain larger differences in rates, for instance 

with the introduction of halogens onto the benzyl ring to make them more stable to HCl or 

TFA,150 or making the Nα-amino-protecting group more acid labile.151 

 

1.6.3. Coupling reagents 

 

Another important parameter in solid phase peptide synthesis is the peptide forming reaction. 

Ideally, it must be rapid and complete, even with hindered components, and must be free of 

racemization or other side reactions. Moreover, there should be no deletion or modification of 

peptides.  

The coupling reaction requires the activation of the incoming amino acid and subsequent 

condensation with the resin bound amino acid or peptide.  

In practice, it is always the carboxyl component that is activated, and in nearly all cases it is 

the soluble component, either a protected amino acid or peptide. It then reacts with the 

support bond amino component to form the new peptide bond. The carboxyl group may be 
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pre-activated in a stable, crystalline form, or it may be activated in situ using a suitable 

reagent. 

Over the last decade the peptide coupling reagent field evolved from carbodiimides to -onium 

(phosphonium and uronium) salts. The area of industrial coupling reagents began in 1955 

with the introduction of dicyclohexyl carbodiimide (DCC), which at that time was already 

known and well studied. Unfortunately, carbodiimides did not come close to being an 

“ultimate” coupling reagent, because their high reactivity provokes racemization and side 

reactions during the coupling. 

At the beginning of the 70’s, 1-hydroxybenzotriazole (HOBt) was proposed as an additive to 

DCC to reduce racemization. Since then other benzotriazole derivatives such as 1-hydroxy-5-

chlorobenzotriazole (Cl-HOBt)152 or 1-hydroxy-7-azabenzotriazole (HOAt)153  have also been 

used. The OBt active esters of the amino acids are less reactive than the O-acylisoureas, but 

more stable and less prone to racemize. All these factors make the addition of benzotriazole 

derivatives almost mandatory to maintain high yields and chiral configuration during the 

peptide bond formation by carbodiimide activation. 

In the last decade -onium (phosphonium and aminium/uronium) salts of hydroxybenzotriazole 

derivatives have been introduced. Although, they have been rapidly adapted for research 

purposes, only a few of them have been found compatible with current industrial requirements 

and synthetic strategies and therefore adopted by the industry.  

A huge variety of coupling reagents are available for research purposes. However, when it 

comes to production the question arises: What is a good “coupler” from an industrial point of 

view? From a production point of view, cost is the overall driving force. Effectiveness, i.e., 

high coupling yield, is a central demand to a good coupling reagent. Thus, in order to use it in 

as much as possible cases, it should maintain its high effectiveness in a variety of different 

peptide sequences, especially in cases with bulky building blocks, where steric hindrance is a 

problem. In an ideal situation a compound should be used in stoichiometric amounts only, as 

any excess would be a waste of investment and an issue for waste treatment. 

Costs are high for reaction conditions other than room temperature, thus, the conversion rate 

should be high without the necessity of any cooling or heating. As both solution and solid 

phase chemistry are used and will be used in the future, the ideal coupler should work in both 

synthetic approaches, which means that it should be soluble in high concentrations in most 

common solvents used and the solution should be stable over a long time. To monitor the 

proceeding of the main reaction and also of side reactions, certain spectroscopic or other 

physical properties are desired to measure concentration on-line. The formation and/or 
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consumption of intermediates should also be measured. After the reaction, the main product is 

the peptide, which needs to be separated and isolated from any other chemicals used or 

formed during the synthesis. An easy separation is therefore desired and the resulting waste 

should be safely and cheaply destroyed or treated. 

From the users’ point of view the overall desire is to have a highly reactive, selective, 

versatile chemical, which is safe for the user and the environment. From a production point of 

view, the final product should be easy to be produced from readily available, conventional 

and cheap starting raw materials. The scale-up of its production to bulk quantities should be 

as easy as possible and not require sophisticated equipment. The whole process should 

preferably run at standard reaction conditions. Once produced the shelf life at ambient 

temperature needs to be long. Toxicology of the end product should be assessed together with 

the whole reaction process, raw materials, catalysts, by-products, solvents and other waste, 

which should be able to be disposed without pollution risk. Analyzing the coupling reagent 

market, there are more than 80 reagents known today. However, less than a dozen have found 

their way to industry and they represent three main groups of coupling reagents in addition to 

the additives. 

1.6.3.1. Carbodiimides 

 

Dicyclohexylcarbodiimide (DCC) was the first successful activating reagent, and it is still 

frequently used (Figure 1.10).1,154 

 

NCN

 

Figure 1.10. Dicyclohexylcarbodiimide. 

 

The mechanism of the carbodiimide activation, which is complex and dependent on the 

solvent, starts with a nucleophilic attack of the carboxylate to the carbonyl-carbon of the 

carbodiimide and forms the O-acylisourea. This is a very reactive intermediate, which can 

then react with the free amino group of an amino acid to give the corresponding amide. This 

is the desired way of the process.155 The reactive O-acylisourea, however, can undergo 

enolization with a corresponding loss of chirality. Furthermore, it also can suffer a 
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rearrangement to give the N-acylurea, which is not reactive. This results in a loss of the 

overall yield. Last, but not least, it can sustain an intramolecular cyclization to give a 

5-(4H)-oxazolone, which is less reactive than the Oacylisourea and can tautomerize with a 

corresponding loss of chirality as well. If activation is carried out in a solvent of low dielectric 

constant such as chloroform or dichloromethane, the O-acylisourea is spontaneously formed. 

In absence of a nucleophile or base this can be stable for many hours. If the activation is 

carried out in a more polar solvent such as DMF, no immediate reaction can be detected. A 

complex mixture of starting amino acid, symmetrical anhydride, and N-acylisourea is formed. 

If the activation is carried out in the presence of an extra equivalent of acid, the symmetric 

anhydride is formed, which is also very reactive. 

 

1.6.3.2. Active esters 

 

To couple Asn and Gln, in order to avoid nitrile formation, p-nitrophenyl esters have been 

used.156,157 

For general syntheses these esters were soon replaced by more reactive esters prepared from 

N-hydroxysuccinimide (HOSu-ester),158 N-hydroxybenzotriazole (HOBt-ester),159 3-hydroxy-

4-oxo-3,4-dihydrobenzotriazine (Dhbt), 160 5-chlor-8-hydroxyquinoline, 161 

pentafluorophenol,162,163 and many others(Figure 1.11). 
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Figure 1.11. Example of active esters. 
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1.6.3.3. Anhydrides 

 

Following the carbodiimide and active ester period, amino acid anhydrides began to be 

explored for solid-phase synthesis. The mixed anhydrides were effective reagents, but they 

were never extensively used because of the concern over “wrong way” addition, a concern 

that has not been well documented experimentally. 

However, when the symmetrical anhydrides were introduced, they were recognized to be 

excellent reagents.164,165 They can be prepared, in crystalline form, from the amino acid salt 

and phosgene, or from two equivalents of Boc-amino acid and one equivalent of DCC in 

DCM and used without isolation.  

The bis(2-oxo-3-oxazolidinyl)phosphinyl chloride (Figure 1.12) is an activating reagent 

designed for synthesis of peptides containing N-alkylamino acids.166 
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Figure 1.12. BopCl. 

 

1.6.3.4. Phosphonium salts 

 

A very good, highly active reagent, the benzotriazolyloxy-tris-(dimethylamino)phosphonium 

hexaphluorophosfate (Figure 1.13), was discovered to promote rapid and efficient couplings 

and soon became the reagent of choice.167 This phosphonium derivative was soon modified by 

replacing the hexafluorophosphate counterion with tetrafluoroborate. 
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Figure 1.13. Benzotriazolyloxy-tris-(dimethylamino)phosphonium hexaphluorophosfate, BOP. 

 

BOP reacts only with carboxylate salts and it is stable in the presence of carboxylic acids. 

It has been demonstrated that the coupling reaction proceeds directly with the 

acylphosphonium salt via a cyclic complex . 

After BOP, an other reagent, benzotriazolyloxy-tris-pyrrolidinophsphonium 

hexafluorophosphate (Figure 1.14), more effective for hindered couplings, was obtained.168 
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Figure 1.14. PyBOP. 

 

Since HOBt was known to accelerate active ester- or DCC- mediated coupling of normal α-

amino acids and of N-methylamino acids but inhibits the BOP coupling, bromo and chloro 

analogues were prepared, such as bromo-tris-(dimethylamino)phosphonium 

hexafluorophosphate (Figure 1.15), bromo-tris-pyrrolidinophosphonium hexafluorophosphate 

(PyBroP), and chloro-tris-pyrrolidinophosphonium hexafluorophosphate (PyCloP).169 
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Figure 1.15. BroP. 

 

1.6.3.5. Uronium salts  

 

In addition to the phosphonium salts, uronium salts were found to be effective activating 

reagents. 

The most common uronium salts are O-benzotriazol-1-yl-1,1,3,3-tetramethyluronium 

hexafluorophosphate (HBTU, Figure 1.16a),170,171 the corresponding compound containing 

the tetrafluoroborate counterion O-benzotriazol-1-yl-1,1,3,3-tetramethyluronium 

tetrafluoroborate (TBTU, Figure 1.16a),172 the succinimidyl-tetramethyluronium 

tetrafluoroborate (TSTU, Figure 1.16c), containing N-hydroxysuccinimide as the hydroxyl 

component.172 

These reagents proceed by way of the active ester, which is formed very rapidly in situ and 

quickly yields the peptide bond with the amino component. They apparently do not form 

symmetrical anhydrides under the synthetic conditions. 

More over, introducing  the aza analog of HOBt into the uronium salts, O-(7-azabenzotriazol-

1-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate (HATU, Figure 1.16b) and 

O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl uranium tetrafluoroborate (TATU ) were 

obtained.173 These aza reagents show an increased reactivity.     
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1.6.3.6. N-Carboxyanhydrides 

 

These amino acid derivatives were first studied for the preparation of polymers. Conditions 

were later found for coupling single amino acid residues, but they were not adapted to solid-

phase methods.174 In the early 90’ a general synthesis of crystalline urethane-protected N-

carboxyanhydrides (UNCAs) was developed.175 This class of activated amino acids can be 

directly used for forming peptides bonds. They couple rapidly, even with hindered peptides, 

and the only by-product is CO2.  

 

1.6.3.7. Acid Halides 

 

Acid halides were among the earliest known activated amino acid derivatives; however, they 

are complicated by conversion to N-carboxyanhydrides, and they also become associated with 

problems of racemization during solution synthesis and were generally abandoned. They were 

never seriously used for solid-phase synthesis. Than, it was discovered that Fmoc amino acid 

chlorides were very useful for solid-phase synthesis of peptides containing several secondary 

amino acids.176 

1.6.4. Additives 

 

As outlined earlier, the addition of benzotriazoles (HOBt and Cl-HOBt) to the carbodiimides 

based coupling reagents leads to the formation of the benzotriazole active esters that are less 

reactive than the O-acylisourea, reducing racemization and avoiding the formation of other 

unreactive by-products. Cl-HOBt is more acidic than HOBt, but since it is more acidic (pKa: 

3.35 for Cl-HOBt and 4.60 for HOBt), it is a better leaving group and its active esters are 

more reactive than OBt esters. The chlorine in Cl-HOBt stabilizes the structure and makes it a 

less hazardous reagent. Although not strictly necessary, HOBt and Cl-HOBt are also added to 

the aminium salts mediated coupling reactions, with the purpose of favoring the active ester 

formation. Thus, Cl-HOBt is used as an additive together with HBTU to suppress 

racemization during fragment condensation assay, as mentioned earlier, in the industrial 

synthesis of  Fuzeon® (see paragraph 1.8).177 

The pyridine derivative of HOBt (HOAt) is not for industrial use, because the extra nitrogen 

in the phenyl ring makes the structure unstable, i.e., giving it a hazardous and toxic property. 
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1.7. Microwave-enhanced solid phase synthesis   
 

1.7.1. Microwave application in solid-phase synthesis 

 

Solid-phase reactions are typically characterized by longer reaction times compared to their 

solution-phase variants. Microwave dielectric heating has emerged as a powerful tool to 

overcome this limitation. Microwave acceleration initially attracted the attention of peptide 

chemists as a way to speed up the sluggish coupling of sterically hindered amino acids. 

In 1992, Wang described the use of a single-mode microwave as an excellent heating source 

to reduce the reaction time needed to achieve difficult peptide couplings.178 He reported the 

feasible coupling of Fmoc-protected amino acids or peptide fragments with glycine bound to 

Wang resin using DMF as solvent and HOBt/DIC as the coupling reagents. The reactions 

were carried out in open vessels in a conventional, kitchen microwave oven for 2-6 minutes 

and temperature near 55°C (Figure 1.17), with a two to four fold enhancement in coupling 

efficiency.178 

Afterwards, several different groups have since reported the synthesis of peptides using the 

Wang protocol, dramatically reducing reaction times but with the use of expensive and exotic 

coupling agents such as HBTU, PyBOP and HATU.179,180,181,182,183 

 

 

Figure 1.17. Operating system used by Wang and co-workers: the vessel was left in the middle of the 

microwave oven, and a Teflon tube from the side of the reaction vessel was connected to a nitrogen source. 

During microwave irradiation, a stream of nitrogen was blown into the reaction vessel, and the nitrogen 

gas bubbles served as a stirrer. After irradiation was stopped, the reaction solution was filtered off via the 

side arm by suction. 
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For a successful solid phase  peptide synthesis, reactions must proceed in a clean and efficient 

way. While certain peptide sequences can be relatively easy to synthesize, some sequences are 

much more difficult. During the assembly of some “difficult” peptides, sudden decreases in 

reaction rates resulting in incomplete couplings have been observed.184 

In some cases, repeated or prolonged reaction time showed no improvement in chain 

assembly. Optimal reaction conditions require a fully solvated peptide-polymer matrix that 

allows for efficient reagent penetration.185 It has been noted that during the synthesis of 

difficult peptides the reaction matrix become partially inaccessible, typically 6-12 residues 

into chain assembly. This is though to occur owing to formation of secondary structures that 

result in poor solvation of the peptide-polymer matrix. As a peptide is built stepwise on a 

resin bead, it can form aggregates with itself or neighbouring chains via hydrogen bonding of 

the peptide backbone. Microwave energy represents a fast and efficient way to enhance both 

the deprotection and coupling reactions hindered by aggregation. In peptides, the N-terminal 

amine group and peptide backbone are polar, causing them to constantly try to align with  the 

alternating electric field of the microwave. During peptide synthesis this can help break up the 

chain aggregation owing to intra- and inter-chain association and allow for easier access to the 

solid phase reaction matrix (Figure 1.18).  

 

Figure 1.18. Microwave energy disrupting aggregation (a)  through dipole rotation of the 

polar peptide backbone, allowing easier access to the solid phase matrix (b). 
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1.7.2. General microwave physics  

 

 

Microwaves represent a segment of the electromagnetic energy spectrum that extends 

between 300 and 300,000 megahertz (Figure 1.19). To avoid the interference with 

telecommunications devices and to provide optimal penetration depth, most microwave ovens 

operate at a frequency of 2.45 GHz. At this frequency, the energy that microwaves carry is 

low in relation to the energy of molecular bonds and can only affect molecular rotations. 

Microwave energy is thus too low to affect covalent bonding. 

 

 

 

Figure 1.19. Microwaves are between IR and radiofrequencies. Since some bands between 1 and 25 cm are 

for telecommunications and radar, not all bands are available for microwave heating. Most ovens operate 

at 2450 megahertz, 12.2 cm. 

 

The mechanism of heating by microwave irradiation originates from the interaction between 

substances characterised by dipole and the microwave radiation. The electric field component 

of electromagnetic radiation is responsible for dielectric heating, which occurs upon 

microwave irradiation. At least two mechanism are responsible for dielectric heating. 

Dipolar polarization occurs when polar molecules or polar substances try to align, by rotation, 

with the rapidly changing electric field generated by the microwave (Figure 1.20). Since the 

frequency of the dipole is not high enough to align with the oscillating electric field, the 

results is a phase difference between the orientation of the field and that of the dipole. This 

phase difference causes energy to be lost from the dipole by molecular friction and collisions, 

giving rise to dielectric heating. 
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Figure 1.20. Example of dipole  rotation of molecules in microwave field. 

The second way to transfer energy is by ionic conduction which results if there are free ions 

or ions with hydrogen bonded clusters present in the substance being irradiated with 

microwaves. The electric field causes the ionic motion through the solution as the ions try to 

orient themselves along the field. These movements will result in loss of energy due to an 

increased collision rate, converting kinetic energy into heat. 

The temperature of the substance also affects conduction: as the temperature increases, the 

transfer of energy becomes more efficient. During heating of a reaction mixture in the 

microwave cavity both dipolar polarization and conductance could be operative in generating 

the heat in the reaction medium. It should be pointed out that in an alternative hypothesis, a 

rate enhancement seen in microwave heating has been ascribed to specific microwave 

effect,186 now reinterpreted as the effect of superheating. 

In fact, the amount of energy transmitted by the microwaves is too small to account for any 

direct molecular activation, and microwave irradiation at 2.45 GHz cannot excite rotational 

transformations because this requires higher frequencies.187 

It is possible, however, that hot-spots, resulting from heterogeneity in the applied field, 

develop at certain zones of the reaction mixtures. In such hot-spots, higher temperatures than 

those monitored are reached and faster transformations might occur. However, the hot-spot 

effect, frequently described as the “false microwave effect”, is still of thermal origin. 

At  2.45 GHz, the polarization vector lags behind the applied field, and the effective current in 

the irradiated sample is out of phase with that of the applied field by a difference, termed δ. 

This difference defines the tangent loss factor, termed tan δ, often named the “dissipation 

factor” or the “dielectric loss tangent”. The word ‘loss’ refers to the input microwave energy 

that is lost to the sample by being dissipated as heat. Thus, microwave energy is not 

transferred primarily by convection or by conduction, as with conventional heating, but by 

dielectric loss.188 



Introduction 

The tangent loss factor is expressed as the quotient tan δ=e/ε0, where e is the dielectric loss 

factor, indicative of  the efficiency with which electromagnetic radiation is converted to heat, 

and  ε0  is the dielectric constant♥ describing the ability of molecules to be polarized by the 

electric field. A high value for tan δ indicates a high susceptibility to microwave energy. 

Polar solvents have high tan δ values and are, therefore, preferable for microwave-promoted 

reactions. Unfortunately, the tan δ values of most common solvents have only been 

determined at room temperature.189 

Among the polar solvents most frequently used, it is notable that significantly faster heating 

can be achieved in ethanol (ε0 = 25) or N, N-dimethylformamide (ε0 = 37) than in acetonitrile 

(ε0 = 38) or water (ε0 = 78), reflecting the fact that a larger dielectric constant does not always 

result in a faster temperature increase. Furthermore, the rate of temperature increase is not 

only a function of tan δ, but also of the ionic strength, specific heat capacity, emissivity, 

geometry and volume of the sample reaction mixture, and the strength of the applied field.190 

In practice, and as a general rule, almost all types of organic transformations that require heat 

can be performed using microwave heating. In fact, microwave heated synthetic reactions 

have been performed using microwave-transparent 1,4-dioxane as a solvent:191 in such a case, 

the reactants and reagents are responsible for the transformation of irradiation into bulk heat. 

Microwave irradiation produces efficient internal heat-transfer (in situ heating), resulting in 

even heating throughout the sample, as compared with the wall heat-transfer that occurs when 

an oil bath is applied as an energy source.192 Consequently, the tendency for seed formation is 

reduced, and superheating is possible even at atmospheric pressure. Superheating can be 

rapidly generated in closed microwave-transparent vessels.  

Because of this fast and homogeneous heating, microwave assisted solid-phase combinatorial 

synthesis offers several advantages over traditional heating. Often, thermally demanding 

reactions take hours in solution, but up to days on solid-support, and may require repetitive 

treatments with excess reagents to drive them to completion. On the contrary, under 

microwave heating, the same reactions can be complete in some minutes, and the 

homogeneous heating given by microwaves eliminates the risk of local overheating near the 

reaction walls, which can lead to side products. 

Therefore, microwave-irradiated reactions not only are faster but proceed with higher purity 

and, consequently, higher yields. In an industry where time is money, the dramatic rate 

                                                 
♥ Dielectric Constant (ε0) is a number relating the ability of a material to carry alternating current to the ability of 

vacuum to carry alternating current.  The capacitance created by the presence of the material is directly related to 

the Dielectric Constant of the material. 
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acceleration and increased purity and yields of microwave assisted reactions make them 

attractive for high-throughput combinatorial drug discovery. 

 

1.7.3. Microwave equipment 

 

 

Two types of reactors exist for microwave-assisted organic synthesis: a multiple-mode reactor 

and a single-mode reactor (Figure 1.21).  

 

 

Figure 1.21. A multiple-mode reactor (on the left) and a single-mode reactor (on the right). 

 

The most common apparatus used is the multiple-mode reactor, otherwise known as the 

commercial kitchen microwave oven. In this kind of ovens, the power levels commonly 

fluctuate as a result of the patterns of switching of on-off cycles, so that the distribution of the 

electric field is not homogeneous, creating hot spots in only parts of the oven (Figure 1.22). 

In addition, the temperature control is difficult, thus leading to poor experimental 

reproducibility. However, many organic syntheses have been conducted with these ovens after 

first calibrating the temperature corresponding to each position inside the reaction cavity by 

heating capillaries of compounds with known melting points.193 

For more reproducible results, more sophisticated and expensive single-mode reactors are 

available.194 In recent years, an increasing amount of organic transformations has been 

conducted in single-mode microwave cavities. In a single-mode cavity a continuous standing-

wave is delivered with well defined regions of maximum and minimum field strengths, and 

the reaction tube is located at a fixed position, so that the energy is homogeneously distributed 

inside the reaction cavity (Figure 1.22). Hence, a single-mode microwave cavity combined 
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with an adequate temperature control system allows for optimal reproducibility and energy 

efficiency.195,196 

One drawback with the single-mode cavities, however, is that the reaction size is more or less 

fixed at a relatively small volume. 

 

Figure 1.22. Distribution energy in a single-mode and in a multiple-mode microwave oven. 

 

In general, an efficient application of microwave irradiation as an energy source requires 

reliable temperature monitoring and temperature-feedback control during the irradiation. 

These control features enable the chemist to control the temperature of a reaction mixture. 

The temperature-feedback control should be capable of a fast reduction of power in cases 

where either the exothermic reaction energy becomes pronounced, or when the dissipation 

factor increases rapidly, to avoid thermal runaways. Thus, any vessel can become over-

pressurized if not fitted with an efficient temperature-feedback power control and a pressure-

relief device. Most commercially available single-mode reactors allow temperature control via 

variable power and temperature monitoring via preinstalled digital thermometers. Some ovens 

are computer-interfaced for reaction monitoring and automation, while others are designed in 

order to facilitate the addition of reagents under inert atmospheres with mechanical stirring. 

Since microwave reactions can be carried out with or without solvent, the reaction vessels 

required vary depending on the application, and are made of materials that are virtually 

transparent to microwaves at the operating frequency. For small-scale reactions in polar 

solvents, screw-capped closed Teflon vessels with 5-6 mm thick walls are required to prevent 

evaporation, potential fire hazards, and explosions. For micro waving of large-scale reactions 

employing solvent, use of a custom-made pressure relief vessel is recommended. Solvent-free 
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reactions are less cumbersome and can be conducted in a standard glass round bottomed or 

Erlenmeyer flask. 

 

1.7.4 CEM Liberty Automated Microwave Peptide Synthesizer 

 

The Liberty system (developed by CEM discovery) is a sequential peptide synthesiser capable 

of complete automated synthesis including cleavage of up to 12 different peptides (Figure 

1.23). The system uses the single-mode microwave reactor Discover, which has been widely 

used in the organic synthesis industry. 

The Liberty system uses a standard 30 ml Teflon glass fritted reaction vessel for 0.025-1.0 

mmol syntheses. 

The reaction vessel features a spray head for delivery of all reagents and a fiber-optic 

temperature probe for controlling the microwave power delivery. The system uses up to 25 

stock solutions for amino acids and seven reagent ports that perform the following functions: 

main wash, secondary wash, deprotection, capping, activator, activator base, and cleavage.  

The system uses nitrogen pressure for transfer of all reagents and to provide an inert 

environment during synthesis. Nitrogen bubbling is used for mixing during deprotection, 

coupling, and cleavage reactions. The system uses metered sample loops for precise delivery 

of all amino acid, activator, activator base, and cleavage solutions. The Liberty is controlled 

by an external computer, which allows for complete control of each step in every cycle. 

 

 

Figure 1.23. Liberty, automated CEM peptide synthesizer. 
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1.8. From production of peptides in milligram amounts for research to 

multi-tons quantities for drugs: the case of Fuzeon® 

 

Today approximately 200 new peptide-based drugs are under different stages of development 

(Table 1.2).  

 Table 1.2. Examples of Commercial Peptide Drugs and Their Manufacturing Methods.  

 

 

Approximately half are in clinical trials or prior to approval. Peptides represent a market of 

US$ 300-500 M per year and a growth rate of 15-25% annually. It is expected that the market 

will double in the next two years, when generic and recently approved new chemical entities 
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enter the market. This is reflected by the fact that over ten known bulk peptide producers and 

tens of companies are offering custom peptide synthesis. Their numbers, as well as their 

capacities are growing. This trend has subsequently affected all raw material manufacturers 

and the entire peptide industry supply chain. Manufacturing companies now face the 

unprecedented challenge of producing hundreds of kilogram to ton quantities of complex 

peptides with modern technologies. Thus, the customer/supplier relationships are becoming 

more complex, involving basic producers with their extensive knowledge and experience in 

the reagents field and increasingly into process development at different stages of production. 

A major breakthrough for peptides as pharmaceutical products was the discovery of T-20, a 

peptide consisting of 36 amino acids. 

The peptide drug Fuzeon®, the first fusion inhibitor for HIV, is manufactured by Roche 

Colorado, a part of the Roche Group that has been in operation since 1967.  

Fuzeon works by blocking the virus from entry into CD4 cells, which are human immune 

cells. The drug is for patients in whom other HIV medication is losing effectiveness. It was 

discovered by Dani Bolognesi and Tom Matthews, who were at the time researchers at Duke 

University’s Center for AIDS Research. They formed Trimeris in Durham, N.C., in 1993 and 

joined forces with Roche in 1999.  

In the late 1990s, Roche decided that the drug should be produced in-house, expanding on the 

firm’s peptide manufacturing experience. In 2003 Fuzeon® received approval from Food & 

Drug Administration. 

Production capacity for Fuzeon® at the site is 3,700 kg per year, 60–300 times the annual 

production of synthetic peptides such as calcitonin or leuprolide. The high volume is a result 

of the fact that high dosages of Fuzeon® are necessary for its activity. In adults, that translates 

to twice-daily subcutaneous injections of 90 mg. 

The production of tons of peptide therapeutic is related to the issue of raw materials, i.e. the 

availability of raw materials to produce peptides at this volume. Some 45,000 kg of raw 

materials is required to make 1,000 kg of Fuzeon®. Going from start to finished product takes 

more than six months. 

Roche and Trimeris collaborated on developing the Fuzeon® manufacturing process, which 

was completely new territory because of the scale. Scientists worked out the process 

chemistry, engineers had to design machinery that would run the reactions at the scale 

required. Development and scale-up took two years in a combination of design-and-build and 

learning-by-doing approaches (Figure 1.24 and Figure 1.25).  
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Figure 1.24. Roche Colorado production manager with the filter press used in the 

large-scale peptide manufacturing process. 

 

 

Figure 1.25. A Roche Colorado production manager supervisor demonstrates the 

comparison between a typical peptide synthesis vessel and the facility's large-scale 

peptide synthesizer at his back. 

Fuzeon® is manufactured in three fragments, a process found to deliver higher yields than 

when the long chain is all produced at once, company researchers found. In solid phase, the 

amino acids are added onto a polystyrene resin bead that supports the growing chain of amino 

acids. Then in solution phase, the three separate chains are hooked together. The peptide 

undergoes purification to remove any synthetic by-products. The active substance is then 

compounded into solution, sterile filtered, filled into vials, lyophilized (water is removed), 

inspected, tested, packaged, and labelled for use. It is, according to company brochures, “the 

most complex synthetic peptide ever produced on a large scale.” Small molecules require on 

average eight to 12 steps for their manufacture; Fuzeon® requires 106 steps. 

The sequence of the 36 aminoacids that constitutes Fuzeon® (T-20) is shown in Figure 1.26.  
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Figure 1.26. Sequence of Fuzeon® (T-20) and its fragments. The 16mer (A), 10mer (B) and 9mer (C) are 

produced on solid support, followed by fragment condensation in solution. 

 

Fuzeon® contains 14 different amino acids in its 36-amino acid chain. Three fragments 16 + 

10 + 10 are synthesized individually on solid support with Fmoc/tBu strategy and standard 

HBTU coupling protocols. The fragments are cleaved from the resin with low concentration 

acid, while all side chain protecting groups are still attached onto the peptide. 

Fragment C is synthesized on the resin by starting with the second residue (Trp). When the 

synthetic process for this fragment is completed, the peptide is cleaved and Phenylalanine 

amide coupled to the C-terminus to make the complete fragment C. Fragment C is then 

coupled in solution 

to fragment B, whose a-amino function is protected with an Fmoc protecting group. After its 

removal fragment BC can then be coupled with fragment A to form ABC, the complete 

peptide sequence, but still carrying all protecting groups on the side chains. 

In small scale synthesis HBTU in combination with HOAt is used as coupling reagents for the 

fragment condensation. HOAt is more reactive than the standard additive HOBt, however, it 

is much more expensive and the extra nitrogen in the pyridine ring makes this chemical 

unstable and therefore hazardous and explosive. 

A safer alternative, 6-Chloro-HOBt, was developed to overcome these disadvantages with 

HOBt/HOAt. It has significantly higher coupling efficiency compared to HOBt (like HOAt) 

and has a “safer” profile, such as being nonhazardous, non-irritant and non-explosive. Thus, 

HOAt was substituted by 6-Chloro-HOBt for the synthesis of Fuzeon® in bulk scale. In more 

recent projects, the exchange of HBTU by HCTU for bulk production is in preparation, 

because of enhanced reactivity and improved safety and environment properties. More details 

are provided in the coupling reagent section. 

After completion of building the sequence, all side chain protecting groups have to be 

removed.  
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2. AIM OF THE THESIS 

  

The Laboratory of Applied and Computational Biocatalysis, where the present study was 

conducted, closely collaborates with Resindion S.r.l. (Mitsubishi Chemical Corporation).197 

This industry produces and sells polymers (Sepabeads®) for the enzyme immobilisation, ionic 

exchange resins, and resins for chromatography applications in pharmaceutical and food 

production industry.198  

Collaboration between our research group and Resindion started with the aim of a rational 

development of polymers for enzyme immobilisation and for the preparation and optimisation 

of processes with immobilised enzymes applicable to industrial scale production.199 

More over, thanks to the joint research between our group and Resindion, a new class of non 

swelling, highly porous polymeric supports for solid phase synthesis, Synbeads, were 

conceived. 

The first developed Synbeads, or “Synbeads of the first generation”, demonstrated a good 

potential both in chemical and enzyme-catalysed peptide synthesis, showing good stability to 

reaction conditions and high values of chemical accessibility.200 

In this thesis the optimisation study of Synbeads of first generation was further extended with 

the aim to create a new generation of Synbeads for large scale applications in Solid Phase 

Peptide Synthesis. 

The influence of many key parameteres, such as the length of the spacer or the functional 

group density, was studied and the applicability of aminomethyl Synbeads in solid phase 

synthesis was tested. 

Starting from the encouraging results obtained with aminomethyl Synbeads, we developed 

processes for the preparation and characterization of Synbeads with different functional 

groups (cloromethyl-, bromomethyl- hydroxymethyl- and carboxymethyl-). 

New analytical approaches were set up, both for the determination of chemical accessibility of 

differently functionalized Synbeads and for the characterization of rigid polymers. 

The use of ATR FT-IR analysis with conventional and synchrotron light was also investigated 

for its applicability in the study of inner matrix of rigid non transparent polymers as 

Synbeads. 

Synbeads were finally applied to Solid Phase Peptide Synthesis showing that peptides can be 

synthesizes on these matrices with high yields (volumetric yields) and good purity.  
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3. RESULTS AND DISCUSSION 
 

3.1. A brief history: Synbeads of first generation 

 

The application of solid phase synthesis to industrial processes requires supports that have to 

ensure the maximum reaction yield and also present a very good mechanical stability, 

reproducibility and, of course a reasonable cost. 

From the first solid support used by Merrifield for his solid phase peptide synthesis, many 

different kind of supports have been developed (see paragraph 1.3). 

The research group (Laboratory of Applied and Computational Biocatalysis) where this study 

was developed, closely collaborates with Resindion s.r.l. for the development of solid phase 

supports for industrial application. This collaborative research has generated, some years ago, 

a new class of non swelling and highly porous polymers, Synbeads (Figure 3.1 and Figure 

3.2), that showed great potential in solid phase synthesis, even in reactions catalysed by 

enzymes.201 

 

Figure 3.1. Synbeads. 
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The choice to develop rigid and insoluble supports is based on some considerations: 

 - insoluble supports can be easily recovered from the reaction mixture by filtration; 

- processes based on rigid polymers require smaller amount of solvent than those on swelling 

supports; 

- rigid supports as Synbeads have a very high mechanical stability. 

Figure 3.2. Electron microscopy (SEM) of  Synbeads (Mag = 30 X). 

 

Synbeads were obtained through a suspension polymerisation technique, namely by mixing an 

organic phase containing a solvent, where the monomers and the catalyst are dissolved, with 

an aqueous phase characterised by a high ionic strength (Scheme 3.1). The organic solvent 

acts as a porogenic agent, whereas the monomers participate to the polymerisation – some of 

them act as cross-linkers other bring the functional group (i.e. electrophilic group). 

This polymerisation process leads to a matrix characterised by a non conventional high 

porosity and an internal micro-porosity. Moreover, the porosity can be calibrated by tuning 

the amount of the porogenic agent/ cross-linker during the polymerisation process. 
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Scheme 3.1. Synbeads are produced by suspension polymerization, by mixing an organic phase, where the 

monomers and the catalyst are solubilised in a solvent that acts as porogenic agent, and an aqueous phase, 

characterised by high ionic strength. 

 

The polymerisation leads to a polymer containing electrophilic groups that, after the 

polymerisation,  can be easily transformed in other functional groups by simple and feasible 

chemical reactions. The firstly developed Synbeads were prepared by reacting the 

electrophilic group of Synbeads with 1,6-diaminohexane.201 

During polymerisation the porosity can be tuned: Synbeads functionalised with 

1,6-diaminohexane were prepared with three different pores diameters, varying from 380 Å to 

>2000 Å (Table 3.1). 

 Table 3.1. Characteristics of Synbeads of first generation functionalised with 1,6-diaminohexane. 

Synbeads Solvent retention 
Mean particle 

diameter 

Pore 

diameter 
Surface area 

 (%)  (µm) (Å) (m2g-1) 

     

Low porosity 56 240 380 130 

Medium porosity 63 210 950 40 

High porosity 69 200 >2000 15 

 

The difference in porosity is clearly visible by comparing images obtained by electron 

microscopy  

Figure 3.3) that shows the decrease of porosity from the polymer with high porosity to the 

polymer with low porosity.  
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Figure 3.3. Electron microscopy (SEM) of Synbeads with low, medium and high porosity (from left to 

right) that evidences an increase of porosity (from 380 Å to >2000 Å) and uniform distribution of pores 

(single beads Mag = 30 X; details Mag = 100 X).202  

 

Results obtained with this first generation of Synbeads are summarized in Table 3.2: despite 

the large amount of functional groups present on the polymer (total exchange capacity, TEC) 

not all these groups are accessible to the reagents and can react (compare with chemical 

accessibility, CA). 

It is clearly visible that highly and medium porous Synbeads present a very low chemical 

accessibility (0.06 and 0.09 mmol/gdry respectively) if compared with the small porous 

Synbeads (0.46 mmol/gdry), but these values are only apparently low. In fact, these values of 

chemical accessibility correspond to the maximum acylation achievable when NH2 groups are 

acylated by Fmoc-Phe. This comes from the calculation of the number of Fmoc-Phe groups 

per 100 Å2, which is comparable in all the polymers. From the values of total exchange 

capacity and surface area it results that Synbeads have more than ten NH2 groups per 100 Å2. 

Due to the steric hindrance of the Fmoc-Phe group (Fmoc-Phe occupies about 25 Å2), the 

maximum acylation achievable in the highest packed situation for all the polymers considered 

corresponds, in theory, to no more than four amino groups per 100 Å2. As a consequence, the 

yields reported in Table 3.2 correspond to the maximum acylation achievable for all the 

polymers; although with less sterically hindered substrates higher acylation yields could be 

achieved. 
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Table 3.2. Influence of porosity on chemical accessibility. 

Synbead  TECa 

(mmol/gdry) 

CAb 

(mmol/gdry) 

Fmoc-acylated 

amino groups per 

100 Å2 

 1,6-diaminohexane    

 Low porosity 2.24 0.46 2.1 

 Medium porosity 1.77 0.09 1.4 

 High porosity 1.58 0.06 2.4 
a TEC: Total Exchange Capacity; b CA: Chemical Accessibility. 

 

The applicability of Synbeads was also tested in biocatalysed processes. The substrate 

PhAc-Phe-Wang-resin was chemically synthesised (Scheme 3.2), the enzymatic efficiency 

was tested by means of the enzymatic hydrolysis, with release of PhAcOH, that  was then 

quantified (Table 3.3).  

Table 3.3. PhAcOH release from Synbeads and other commonly used SPS supports. 

Support PhAcOH release 

 (µmol/gdry) (%)  

PEGA1900 18 12 

Tentagel 4 <1 

6-aminohexane Synbeads   

Low porosity 10 2 

Medium porosity 10 11 

High porosity 21 35 

 

 

The effect of porosity is evident: when using polymer with high porosity the diffusion of the 

enzyme is improved, thus suggesting a better diffusion of the enzyme in the pores of this 

polymer. Diffusion of enzymes within the beads in solid phase biocatalysis is a key factor: 

large enzymes, such as penicillin G amylase, require highly porous supports.203   
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Scheme 3.2. Synthesis and PGA release of PhAcOH. a) HMPA coupling (DIC/HOBt, dry DMF); b) 

Fmoc-Phe coupling (DIC/DMAP, dry DMF); c) capping with acetic anhydride in DMF; d) Fmoc 

deprotection by pyperidine (20% in DMF); e) PhAcOH coupling (HOBt/HBTU/DIPEA, dry DMF);           

f) PGA release of PhAcOH. 

 

Despite the low yields obtained, these preliminary results were very encouraging, since the 

behaviour of Synbeads was comparable, and even better, to the behaviour of other supports 

used for solid phase synthesis, such as PEGA1900 and Tentagel. 

Synbeads were also assayed in the peptide synthesis catalysed by a smaller enzyme (35 KDa), 

thermolysin from Bacillus thermoproteolyticus rokko. This enzyme has been successfully 

used in the preparation of dipeptides and in the solid phase resolution of amino acids.204  

With this small enzyme, complete acylation was obtained on all polymers, and porosity of 

Synbeads influenced only the reaction kinetics, since synthetic yields after 8 hours of reaction, 

obtained quantifying both the not reacted Phe and the product Fmoc-Phe-Phe-OH, varied 

from the 1% with the small porous Synbeads functionalised with 1,6-diaminohexane to the 

45% of the medium porous till the 88% of the highly porous Synbeads. 

Being the thermolysin a small enzyme, these data can be directly correlated with the porosity 

of the supports, and so with the diffusion limits of the enzyme inside the polymer. 

All the previous data, obtained to have some initial information on the possible applicability 

of Synbeads, indicated that these polymers could be used both in solid phase biocatalysis and 

in chemical processes, with the possibility to optimise them in terms of chemical accessibility 

and porosity, in order to greatly improve their use in solid phase processes. 
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3.2. Development of aminomethyl Synbeads  

Results obtained with the first generation of Synbeads demonstrated us that the development 

of rigid and highly porous polymers was a route to be pursued. These supports demonstrated 

their applicability in both chemical and enzymatic peptide synthesis.  

Nevertheless, near the undoubted advantages characterising Synbeads, the chemical 

accessibility of these polymers required to be improved (Table 3.2).   

With the aim to obtain a class of versatile supports for solid phase processes, Synbeads were 

optimised in order to obtain polymers with high porosity and complete chemical accessibility, 

to be used in chemical or enzymatic processes. 

In this part of the study, a new class of aminomethyl Synbeads was generated, optimised and 

characterised, and reproducibility of polymerisation process was verified.  

The polymerisation process leading to the formation of Synbeads has been patented205  and 

will be here only briefly discussed. For this reason, information about composition of 

monomers and details about the specific polymerisation process, that are the object of the 

patent, will not be disclosed. Without going into details in the polymerisation process, by 

tuning the concentration of the monomers and of the porogenic agent, it is possible to 

generate polymers presenting the same chemical and physical properties but with different 

characteristics (amount of functional groups, porosity, bead size). 

Preliminary investigations were done in order to study the influence of both i) functional 

groups density and ii) the length of the spacer between the solid support and the functional 

group on the chemical accessibility of the polymers. 

3.2.1. Influence of amino spacer 

As already described before (paragraph 3.1) the polymerisation process leads to a polymer 

with an electrophilic group that can be subsequently chemically transformed. In order to study 

the effect of the length of the spacer, Synbeads with terminal amino group but with different 

spacers were prepared. Different amino Synbeads were prepared by reacting the electrophilic 

group on the polymer with ammonia, 1,2-ethylendiamine, 1,6-diaminohexaneendiamine, and 

4-aminomethyl benzyl amine as reported in Scheme 3.3.  



Results and Discussion 

 61 

E
NH2

NH2

3

NH2

Synbeads
with electrophilic group

ammonia 1,2-Ethylendiamine

1,6-Diaminohexane

4-Aminomethyl benzylamine

NH2

 

Scheme 3.3. Preparation of amino Synbeads with different spacers. 

Results show that the length of the spacer strongly influences the chemical accessibility, as 

reported in Table 3.4.  

 

Table 3.4. Effect of the spacer on chemical accessibility of Synbeads♣♣♣♣ 

Spacer TEC Chemical accessibility 

 mmol/gdry mmol/gdry % 

    

Ammonia 0.97 0.27 28 

1,2-Ethylendiamine  0.55 0.40 73 

1,6-diaminohexaneendiamine 0.94 0.88 76 

4-Aminomethylbenzylamine  0.97 0.46 47 
♣ The starting polymer had a density of electrophilic groups of 1 mmol/gdry and was then reacted with the 

amino derivatives. 

 

When 1,2-ethylendiamine or 1,6-diaminohexaneendiamine were used as spacers, chemical 

accessibility was higher then 70% and this indicates that about all the functional groups were 

accessible to reagents.  

Looking at the length of the chain between the amino group and the support, we can observe 

that a long and flexible spacer as 1,6-diaminohexaneenamino ensures  good accessibility, 
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while the ammonia is too close to the rigid matrix so that the chemical accessibility is only 

28% of all the amino groups. 

The Synbeads with 4-aminomethylbenzylamine as spacer were prepared to verify the effect of 

a rigid, hydrophobic spacer, that could positively affect the diffusion of hydrophobic reagents. 

However, results indicate that the rigidity of the spacer, associated to an increased steric 

hindrance, decreases the chemical accessibility (only 47% of the amino groups were 

accessible). 

3.2.2. Effect of density of functional groups 

We studied an other important parameter that influences the chemical accessibility, the 

density of the functional groups in the polymer. 

By tuning the composition of monomers during polymerisation, it is possible to control the 

density of functional groups in the final polymer.  

The polymerisation process was improved not only regarding the monomers composition, but 

also controlling other variables, such as reaction temperature and reaction time. 

In this way, different  Synbeads, with functional groups varying from 1.45 mmol/gdry to 0.40 

mmol/gdry were prepared. The polymerisation process allows a calibration of the functional 

group density and porosity without affecting the physical properties of the polymers. 

 

Table 3.5. Amino groups density and their influence on chemical accessibility. 

TECa SSAb Pc PVd CAe 

mmol/gdry m2/g Å ml/g mmol/gdry % 

Synbeads of first generation    

1.58 15 > 2000 1.45 0.06 3.8 

Synbeads of second generation    

1.45 27 1206 1.60 0.21 14.5 

1.23 32 -- -- 0.37 30.0 

1.00 29 2232 1.41 0.39 39.0 

0.86 35 -- 1.38 0.43 51.0 

0.80 32 2208 1.27 0.41 51.3 

0.57 21 -- 1.51 0.33 57.9 

0.40 21 -- -- 0.30 75.0 

a: Total Exchange Capacity; b: Specific Surface Area; c: Porosity; d: Pore Volume; e: Chemical 

Accessibilty. 
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Results in Table 3.5 indicate that the new polymerisation process and the decrease of amount 

of functional groups positively affected the chemical accessibility of all new Synbeads with 

respect to the first generation of Synbeads (grey). Modifications introduced in the 

polymerisation process improved also the properties of the supports. 

In fact, comparing Synbeads of first and second generation with similar amount of functional 

groups, the chemical accessibility shows great differences. Even if the Synbeads of second 

generation are characterised of a similar porosity than the Synbeads of first generation, they 

present a higher chemical accessibility, so that porosity is not the key parameter to the 

chemical accessibility. 

We can find a better relation between distribution of the functional groups and the specific 

superficial area (SSA), that is doubled in the second generation of Synbeads, resulting in a 

better accessibility of the functional groups. 

The decreased density of the functional groups allows easier accessibility from the reagents, 

and so in higher chemical accessibility (Figure 3.4). 
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Figure 3.4. Relation between functional group density (TEC) and chemical accessibility (CA). 

 

The low percentage of non accessible functional groups can be ascribed to an internal  

micro-porosity of the polymers: an accurate control of the polymerisation process can create 

an uniform porosity with the consequent result of a complete chemical accessibility. 

The chemical accessibility value have to ensure also a good ratio between the amount of 

polymer used for a process and the amount of product obtained. Considering that Synbeads 
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with a chemical accessibility of  about 1mmol/gdry represents the best option for application in 

solid phase processes. 

3.2.3. Preparation, characterisation, properties of aminomethyl 

Synbeads A310 

From the optimisation study it resulted that 6-aminohexane Synbeads with high porosity value 

and a chemical accessibility of about 1 mmol/gdry represented the best choice. These polymers 

were named aminomethyl Synbeads A310 and were prepared, characterised and tested for 

their application in solid phase synthesis. 

The methacrylic structure of Synbeads confers to the polymer rigidity and mechanical 

stability. The negligible swelling tendency of Synbeads grants a constant functional group 

density from dry to solvated form: as a matter of fact 1 gram of dry polymers occupy 0.25 ml.  

As can be seen from Figure 3.5, Synbeads are rigid polymers that do not swell when 

suspended either in organic solvents or water, differently from swelling polymers commonly 

used for solid phase synthesis (as Tentagel, Argogel or PEGA that is used as comparison in 

the figure). 
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Figure 3.5. Synbeads vs. a gel type competitor: behaviour in different solvents. 

 

Synbeads show great mechanical stability compared to other rigid polymers. The mechanical 

stability of Synbeads was assayed maintaining the polymers under magnetic stirring and 

analysing the formation of fines by spectrophotometry (Figure 3.6). 
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An increasing of the absorbance is related to the formation of fines upon breakage of the 

beads. 
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Figure 3.6. Mechanical stability of Synbeads vs. other acrylic polymers. Mechanical stability is 

determined by analysing the supernatant of a suspension containing polymers being stirred 

with magnetic bars: the formation of fines is evidenced at 400nm. 

 

Further experiments were conceived to confirm the reproducibility of the polymerisation 

process. Two samples of aminomethyl Synbeads A310 were characterised and the 

reproducibility in terms of surface area and pores dimension was verified. 

The physical characterisation of aminomethyl Synbeads A310 (Table 3.6) indicates that these 

polymers have high surface area (36-39 m2/gdry) and large pores (pore diameter of 120 nm).  

 

Table 3.6. Physical analysis of amino Synbeads A310. 

Polymer Sample S.A.  P.V.  P.D.  

  m2/gdry ml/gdry nm 

A310  1 36 1.29 120 

A310 2 39 1.31 120 

 S.A. Surface Area , P.V. Pore Volume, P.D. Pore Diameter.  

 

Uniform porosity and, so, homogeneity of the matrix, gives rise to a solvent retention 

corresponding to the 70% in weight in both the samples (Table 3.7). 
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The homogeneity of particle size distribution of the samples was also determined: this 

parameter is very important when producing rigid polymers for solid phase synthesis, because 

it grants the applicability of the polymers, avoiding the fritting of the filters and the clotting of 

the instruments that can be ascribed to small particles. 

Table 3.7. Chemical analysis of amino Synbeads A310. 

Polymer Sample Solvent retention Functional groups 

   Theoretical  Titrated Accessible 

  (% w/w)  (mmol/gdry)  

   A310 1 71 1 1.27 0.86 

   A310 2 70 1 1.17 0.93 

 

 

 

Figure 3.7. Electron microscopy (SEM) of Synbeads before (on the left, Mag=10 X) and after (on the right, 

Mag = 30 X ) classification: small particles are eliminated during the process left. 

 

The particle size distribution can be controlled: after the polymerisation process and before 

functionalisation, samples were classified in a column (Figure 3.7) and characterised with 

laser diffraction (Appendix A), and the good reproducibility of particle size distribution was 

verified (Figure 3.8). 

From these characterisations it was demonstrated that the polymerisation process used for 

Synbeads grants a homogeneous particle distribution, between 150 and 300 µm. 

In Figure 3.8 the particle analysis of three different samples is reported: it can be clearly seen 

the reproducibility of the polymerisation method, since the three samples show similar 

distribution curves that are perfectly overlapped. 
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Figure 3.8. Particle size distribution of  three different samples of Synbeads. 

 

As well as it concerns the chemical characterisation, the number of functional groups present 

on the polymers and their chemical accessibility were evaluated. 

The total exchange capacity (TEC) was determined by acid/base titration and it gives 

information on the free amino groups present on the polymers: values of 1.27 and 1.17 

mmol/gdry were measured on both samples that are in accord with the theoretical value of 1 

mmol/gdry (on the basis of the mass balance) (Table 3.7). 

The chemical accessibility of these amino groups was verified with the Fmoc number method 

(Scheme 3.4): this characterisation gives information not only on the chemical accessibility of 

the functional groups, but also on the reaction kinetics, since the determination can be done on 

small samples of polymer at different reaction times.206  
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Scheme 3.4. Fmoc number for the determination of primary amino groups: Fmoc release by 

pyperidine (20% in DMF) and spectrophotometric quantification (λ= 290 nm). 
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Data on chemical accessibility indicated that both samples grant an accessibility higher than 

80%, showing values respectively of 0.86 and 0.93 mmol/gdry.   

 

3.2.4. Chemical stability of aminomethyl Synbeads A310 

Aminomethyl Synbeads A310 demonstrated to possess a great chemical stability, upon 

treatment in some harsh conditions that can be used in solid phase organic or peptide 

synthesis. Synbeads were treated with several reagents as strong acids or bases or reducing 

agents:  

− Reducing conditions: LiAlH4 in THF (saturated solution), reflux overnight; 

− Acid conditions: HCl 12 N overnight; 

− Acid conditions: suspended in TFA for two weeks; 

− Basic conditions: NaOH 1 N, reflux overnight; 

− Basic conditions: pyperidine 20% in DMF for two weeks; 

− Thermal conditions: toluene, reflux for 48 hours.  

After these treatments, Synbeads maintained their initial loading and their physical properties 

(Table 3.8). 
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Table 3.8. Stability of  aminomethyl Synbeads A310 over chemical conditions.  

 

Stability 
Treatment 

Chemical Mechanical 
Physical aspect 

LiAlH 4 Complete retention of initial loading Good stability 

 
    

HCl Complete retention of initial loading Good stability 

 
    

TFA Complete retention of initial loading Good stability 

 
    

NaOH Complete retention of initial loading Good stability 

 
    

    

Pyperidine Complete retention of initial loading Good stability 
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3.3.  Preparation and characterisation of Synbeads with other functional 

groups   

After optimisation of the preparation of aminomethyl Synbeads A310 (different spacer and 

amount of functional groups), we proceeded into the development of a complete series of 

functionalised Synbeads. Synbeads are methacrylate polymers that can be, in theory, 

transformed into polymers with all desired functional groups.  

As a general role, Synbeads are prepared after two synthetic processes: 

a. polymerisation process and formation of spherical beads bringing the electrophilic 

group, Synbeads E310; 

b. post-polymerisation transformation of polymers into differently functionalised 

Synbeads. 

The polymerisation involves methacrylic monomers acting as cross-linker, spacer or bringing 

the functional group. 

After polymerisation, the functional group (an electrophilic group) can be modified by simple 

reactions so that Synbeads with different functional groups can be prepared (Figure 3.9). 
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Figure 3.9. Different functional groups are introduced on Synbeads by nucleophilic 

substitution on a starting polymer with electrophile group (E). 
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Once polymers were prepared and functionalised, Synbeads have been characterised as 

follow: 

- physical analysis (porosity determination, particle size analysis, solvent retention); 

- chemical analysis (functional group titration, elemental analysis and chemical accessibility). 

The porosity of these polymer was evaluated by mercury porosimeter, while internal surface 

area was determined with the B.E.T. technique. 

In order to grant good chemical accessibility of all the functional groups, they have to be 

homogeneously distributed on a surface as larger as possible. 

3.3.1. Preparation and characterisation of chloromethyl Synbeads 
C310 

 

Synbeads with functional groups different from the aminomethyl were prepared. After an 

analysis of the situation of the market, we evaluated that the most used functional groups used 

in SPS are aminomethyl-, chloromethyl- (Merrefield resin), bromomethyl-, hydroxymethyl-, 

and carboxymethyl-.  

The chloromethyl polymers, named Synbeads C310, were prepared by nucleophilic attach of 

chlorine ion to the electrophilic group present on the resin. Two different synthetic 

approaches were tested and compared: 

1- Chloridric acid  in aqueous media; 

2- Chloridric acid in aqueous media in the presence of a catalyst. 

At the end of the synthetic process the samples were classified in column in order to obtain a 

good particle size distribution (Figure 3.10) and chemically and physically characterised 

(Table 3.9). 

 

 
Figure 3.10. Particle size distribution. 
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Table 3.9. Physical analysis of chloromethyl Synbeads C310. 

Polymer Sample 

Synthetic 

route S.A. P.V. P.D. 

   m2/gdry ml/gdry nm 

C310 1 HCl 32 1.29 150 

C310 2 HCl 34 1.38 150 

C310 3 HCl/CTZ 30 1.27 180 

C310 4 HCl/CTZ 35 1.39 200 

S.A. Surface Area, P.V. Pore Volume, P.D. Pore Diameter. All the samples (1, 2, 3, 4) were obtained from the 

same starting polymer. 

 

The samples are characterised by large surface area (30-35 m2/gdry) and by high porosity (pore 

diameter higher than 150 nm). The porosity of polymers prepared by HCl/catalyst route is 

slightly higher and can represent a technological advantage in terms of increased diffusion of 

reagents. 

As for aminomethyl Synbeads, the chemical characterisation was conducted as follow: 

- quantification of functional groups on the support; 

- evaluation of chemical accessibility. 

The number of functional groups present on the support was determined by elemental analysis 

of the total chlorine present in the polymeric matrix. Data showed a good functionalisation 

degree (> 0.92 mmol/gdry) in all the polymers (Table 3.10), and reactions conducted in the 

presence of a catalyst did not gave higher functionalisation values. 

The chemical accessibility, that indicates the efficiency of the polymers in SPS processes, was 

measured with Fmoc number method on 1,6-diaminohexane functionalisated  polymers 

(Scheme 3.5). 
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Scheme 3.5. Analytic method for the determination of loading capacity of  C310 e B310 Synbeads. 

 

For  samples 3 and 4, produced in the presence of a catalyst, the chemical accessibility was of 

0.58-0.60 mmol/gdry respectively, while for the other two samples lower values, 0.51-0.55 

mmol/gdry, were obtained (Table 3.10). This difference can be explained by considering the 

higher porosity of the obtained samples (Table 3.9), that probably permits a better diffusion of 

the reagents within the beads. 

Table 3.10. Chemical analaysis of  chloromethyl Synbeads C310. 

Polymer Sample Solvent retention  Functional groups   

   Theoretical 
Determined 

(E.A.) 
Accessible 

  % w/w mmol/gdry 

C310 1 72 1 0.98 0.55 

C310 2 69 1 0.98 0.51 

C310 3 68 1 0.96 0.58 

C310 4 70 1 0.92 0.60 

E.A. Elemental Analysis (chlorine). 

 

An analysis of the cost of the production evaluated that the addition of a catalyst during the 

functionalisation does not rise to significant technological advantage: chloromethyl Synbeads 

C310 will be produced following the simpler synthetic route. 
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3.3.2. Preparation and characterisation of bromomethyl  Synbeads 
B310 

 

Bromomethyl Synbeads, called Synbeads B310, were prepared by nucleophilic attack of 

bromide ion to the electrophilic group present on Synbeads E310. Functionalisation reaction 

was conducted with hydrogen bromide in aqueous media, without the addition of any catalyst. 

Two samples were produced and, after classification in column to obtain a homogeneous 

distribution of particle size (Figure 3.11),  and characterised from a physical and chemical 

point of view (Table 3.11). 

 
Figure 3.11. Particle size distribution of bromomethyl Synbeads B310. 

 

 

Table 3.11. Physical analysis of bromomethyl Synbeads B310. 

Polymer Sample Synthetic route S.A.  P.V.  P.D.  

   m2/gdry ml/gdry nm 

B310 1 HBr 29 1.24 150 

B310 2 HBr 32 1.34 180 

S.A. Surface Area, P.V. Pore Volume, P.D. Pore Diameter. 

 

The samples are characterised by a great surface area (29-32 m2/gdry) and by a great porosity 

(> 150 nm). 

The elemental analysis of the two samples demonstrated the efficiency of the bromination 

reaction (0.90 mmol/gdry) comparable to the theoretical value of 1 mmol/gdry (based on mass 

balance). The chemical accessibility was evaluated using the Fmoc number method (Table 

3.12), that was in  both cases of at least 59% of functional groups. 
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Table 3.12. Chemical analysis of bromomethyl  Synbeads B310. 

Polymer Sample Solvent retention  Functional groups   

   Theoretical Determined (E.A.)  Accessible 

  %  mmol/gdry 

B310 1 67 1 0.91 0.58 

B310 2 69 1 0.90 0.53 

E. A. Elemental Analysis 

 

3.3.3. Effect of functional groups on the porosity of Synbeads  
 

Comparing the characteristics of the starting polymer with the differently functionalised 

Synbeads, it can be observed that the pore diameter decreases proportionally to the size of the 

introduced functional group (Table 3.13). 

Table 3.13. Physical analysis of  Synbeads. 

Polymer S.A.  P.D.  

 m2/gdry nm 

Synbeads E310 37 90 

Synbeads A310 36 60 

Synbeads C310 32 85 

Synbeads C310 30 85 

Synbeads B310 29 75 

S.A. Surface Area, P.D. Pore Diameter. 

 

Non functionalised polymers (Synbeads E310) are characterised by mean pore diameter of 90 

nm and the introduction of functional groups decreases the pore diameter (60 nm in the 

aminomethyl Synbeads A310). 

The introduction of the chlorine group causes a lower decrease in the pore size, from 90 nm to 

85 nm, whereas the introduction of the larger bromine group reduces the pore diameter to 

75 nm.  

In Figure 3.12 the dimensions of the different groups introduced are compared, thus 

explaining the different influence of these groups on pore diameter. 
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Figure 3.12. Dimension of different functional groups on Synbeads: diaminohexane (blue and grey, 9.87 

Å), bromine (green, 1.12 Å) and chlorine (yellow, 0.97 Å).  

 

3.3.4. Preparation and characterisation of carboxymethyl Synbeads 
X310 

 

Differently from the carboxy polymers present on the market that are prepared by oxidation 

reactions (that are very expensive on industrial scale), we decided to develop a simpler 

synthetic procedure, involving non oxydative reactions.  

Carboxymethyl Synbeads, named Synbeads X310, were prepared starting from amino 

Synbeads A310. This choice was due to the good reactivity of primary amino group together 

with the possibility of an easy control of the process. 

The introduction of a carboxylics groups requires the formation of a stable chemical bond on 

the polymer such as the amidic bond. The development of a synthetic procedure was based on 

practical and economical considerations: solvent and reagents used in the process should be 

applied  on a large industrial scale.  



Results and Discussion 

 77 

Preliminary experiments were performed using DMF as reaction solvent that has a high 

boiling point (153°C) and can be compatible with an industrial application, even if not on 

very large scale due to its toxicity. 

As reagent to introduce a carboxy group, the amino group of Synbeads A310 was reacted with 

succinic anhydride that creates an amide (Scheme 3.6). 

 

DMFNH2

H
N

OH

O

O

O
O O

Synbeads A310  

Scheme 3.6. Synthetic route for the preparation of carboxymethyl Synbeads X310 in DMF. 

 

The major difficulty when preparing these kind of polymers is represented by the analytical 

methodologies that should give quantitative reproducible values and should be fast. In fact, as 

reported in the introduction (paragraph 1.4), the reaction monitoring on solid phase often is 

not feasible, since common spectrophotometric methods can not be used. 

In our case, colorimetric tests were used to monitor the reaction and to qualitatively evaluate 

the formation of carboxylic groups. Ninhydrin test was used to verify the reactivity of amino 

groups, while Malachite Green was used to verify the formation of carboxylic groups. 

Malachite Green test gives positive results when the polymer, forming a salt with the 

Malachite Green, becomes green-blue, thus indicating the presence of carboxylic groups. 

The test confirmed the presence of carboxylic groups (Figure 3.13), but in order to obtain a 

quantification of the functional groups we also performed acid/ base titration. 

 

Figure 3.13. Synbeads X310 after reaction with Malachite green test.  
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The titration of free carboxylic groups resulted in 1mmol/gdry, value that corresponds to 

complete acylation of the initial NH2 groups (1mmol/gdry) reacted with succinic anhydride. 

We also developed a method to determine the chemical accessibility of these carboxylic 

groups: they were reacted with 1,6-diaminohexane and the chemical accessibility was 

measured using Fmoc number method (Scheme 3.7). 
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Scheme 3.7. Synthetic route for the evaluation of loading capacity of carboxymethyl Synbeads X310. 

 

 

The chemical accessibility determined by this method was 0.39 mmol/gdry. 

On the basis of these promising results, we developed a second synthetic pathway avoiding 

the use of DMF.  

The first consideration about this synthesis was the choice between succinic acid and succinic 

anhydride, so that both the synthetic routes were tested (Table 3.14). 
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Table 3.14. Four synthetic approaches tested to prepare Synbeads X310. 

Synthetic route Reagent Equivalents 

1 Succinic acid 5 

 EDC 5 

2 Succinic acid 5 

 EDC 5 

 Imidazole 6 

3 Succinic anhydride 5 

 EDC 5 

4 Succinic anhydride 5 

 EDC 5 

 Imidazole 6 

 

 

Ninhydrin test and Malachite Green test were used respectively to verify the presence of not 

reacted amino groups or carboxy groups.  

In this way it was seen that, despite the fact that succinic anhydride undergoes hydrolysis in 

water, best results were obtained with this reagent respect to succinic acid.   

Hence, the best approach was represented by using succinic anhydride as reported in 

literature, in the presence of an activating agent (EDC) and imidazole in water, at low 

temperature (ice bath) (scheme 3.8).207 
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Scheme 3.8. Synthetic route for the preparation of carboxymethyl Synbeads X310 in water. 

 

The obtained polymers were characterised with Malachite Green test (Figure 3.14) and 

acid/base titration, and the feasibility of this synthetic protocol on both laboratory and 

industrial scale was verified (Table 3.15). 
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Table 3.15. Chemical characterisation of carboxymethyl Synbeads. 

Polymer Sample Synthetic route Functional groups   

   Theoretical  Titrated Accessible 

   mmol/gdry 

X310 1 
Succinic 

anhydride/DMF 
1 1.1 0.39 

      

X310 2 
Succinic anhydride 

EDC/imidazole/water 
1 0.43 n.d. 

 

However, with this approach, the carboxylic functional groups did not reach the theoretical 

value calculated on the mass balance, so that we pursued into further optimisation. 

We developed another synthetic route based on the reaction of the electrophilic group present 

on Synbeads E310 with p-toluensulphonic acid in water, followed by reaction with succinic 

anhydride/EDC/imidazole. The obtained polymers were characterised with Malachite Green 

test (Figure 3.14) and the efficiency of the polymers was assayed in the affinity 

chromatography for the retention of lisozyme (Figure 3.15). In fact, carboxymethyl Synbeads 

can be applied also in affinity chromatography, and the retention obtained gives us 

information about the accessibility of the functional groups. 

 

 

 

 

Figure 3.14. Malachite green test on carboxymethyl Synbeads after treatment with PTSA 

and succinic anhydride/imidazole/EDC. On the left: 5h reaction time; on the right: 17h 

reaction time. 
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Table 3.16.  Preparation of carboxymethyl Synbeads X310. 

Sample Adsorption capacity Reagents 

  Succinic anhydride EDC Imidazole Water 

 mg lisozyme/ml resin equivalents g/ml 

A 12 5 5 6 1/4 

B 48 5 5 6 1/4 

C 36 1.5 1.5 1.8 1/4 

D 29 1 1 1.2 1/4 

E 39 1.5 1.5 1.8 1/2 

F 35 1 1 1.2 1/2 
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Figure 3.15. Affinity chromatography for the retention of lysozyme using carboxymethyl Synbeads X310. 

 

Results show that the reaction of the electrophilic group with water/PTSA requires 17h and 

better results in terms of  affinity (48 mg of retained lisozyme per ml of resin) were obtained. 
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However, the large excess of the expensive EDC (5 equivalents) makes this synthetic route 

not applicable on large scale, so that further experiments were conducted in order to decrease 

the equivalents of EDC. 

We decided to explore two routes: 

- decrease the equivalents of reagents (1 equivalent or 1.5 equivalent); 

- decrease the solvent (decrease the polymer/solvent ratio from 1/4  w/v to 1/2  w/v). 

Table 3.16 shows results obtained from these experiments. 

Results clearly show that the polymer/solvent ratio is a key factor: by decreasing the solvent 

amount (Samples E and F) the efficiency in the affinity chromatography was largely 

improved. This is due to a very high local concentration of reagents inside the polymer that 

improves mass transfer and kinetics. 

Results reported in Table 3.16 show that it was possible to decrease the equivalents of 

reagents – therefore to decrease the production cost – from 5 to 1 equivalents, by conducing 

the reaction in water and at an optimal temperature (20°C). 

3.3.5. Preparation and characterisation of hydroxymethyl Synbeads 
H310 

 

Preparation of polymers with hydroxymethyl groups was more complex so that different 

synthetic approaches were investigated and compared.  

First experiments were conducted by nucleophilic attack on the electrophilic group of 

Synbeads E310 with water or polyalcohols. 

The polymers obtained by reaction with water and p-TSA as catalyst presented showed very 

low value of chemical accessibility (Table 3.17) and these results were initially attributed to a 

too short spacer between the functional group and the matrix.  

This synthetic approach was rejected and we verified the possibility to use diols, similarly to 

the approach used for the formation of aminomethyl Synbeads A310. 

Glycerol and 1,5-pentanediol were chosen with the idea that their carbon chain should grant a 

good chemical accessibility (Scheme 3.9). 
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Scheme 3.9. Synthetic routes for the preparation of hydroxy polymers in water, glycerole, and 

1,5 pentanediol starting from  Synbeads E310. 

The presence of hydroxy groups on the resin was controlled by using two colorimetric tests: 

the Pomonis test and the methyl red test (Figure 3.16).  

 

Figure 3.16. Methyl red test on hydroxymethyl Synbeads. 

 

Both tests however require long time and have the drawback to have low selectivity, since 

Pomonis test gives positive response also in the presence of other electrophile groups and 

methyl red detects oxydrilic, carboxylic and chlorometyhl groups giving different colour 

intensity, so that in the contemporaneous presence of some of these functional groups results 

are misleading. 

Anyway, tests were previously made on non functionalised Synbeads, to verify the absence of 

any interference of the matrix. Since no interference was evidenced, the qualitative analysis of 

functionalisation was verified on the prepared polymers.  

The chemical accessibility was obtained using the Fmoc number method but results showed 

very low chemical accessibility of primary hydroxy groups (Table 3.17). 
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Table 3.17. Preparation and characterisation of hydroxymethyl Synbeads H310. 

Polymer Sample Synthetic route Functional group   

   Theoretical Accessible 

   mmol/gdry 

H310 1 Water 1.00 0.04 

H310 2 Glycerole 1.00 0.03 

H310 3 1,5-Pentanediol 1.00 0.03 

 

We developed a new synthetic process on the reaction of 2-ethanolamine and 

3-amino-1-propanol (Scheme 3.10). 
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Scheme 3.10. Synthetic route proposed for the preparation of hydroxymethyl 

Synbeads H310 in water. 

 

We assumed that being the amino group more reactive than the hydroxy group, the reaction 

with aminoalcohols should proceed to the formation of hydroxymethyl derivatives. 

Reactions were monitored with ninhydrin test and the absence on primary amino groups was 

verified. Polymers were then characterised with the Pomonis test and with the methyl red test, 

both giving positive results. 

The chemical accessibility was then verified using the Fmoc number method, and good 

chemical accessibility was obtained (Table 3.18). 
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Table 3.18. Chemical analysis of hydroxymethyl Synbeads H310 prepared with ethanolamine and 

3-amino-1-propanol. 

Polymer Sample Synthetic route Functional groups   

   Theoretical Accessible 

   mmol/gdry 

H310 4 ethanolamine 1.00 0.33 

H310 5 3-amino-1-propanol 1.00 0.41 

 

From these results it is evident the importance of the spacer for a the chemical accessibility, 

since, in this case, by  increasing the carbon chain length, the accessibility passes from 0.33 to 

0.41 mmol/gdry. 

This synthetic route will be applied on industrial scale. 

 

3.4. Application of Synbeads in solid phase peptide synthesis 

 

3.4.1. Preparation of Wang-Synbeads 

 

The presence of a linker covalently bound to the resin, as the so called Wang linker 

(4-hydroxymethyl-phenoxyacetic acid, HMPA, paragraph 1.6.1), ensures a stable bond 

between the solid support and the linker, and a selectively cleavable bound between the linker 

and the product.. 

In the specific case of the Wang linker, this is anchored to an amino polymer (in our case 

Synbeads A310) through an amide bond whereas the substrate is anchored to the linker 

through an acid labile ester bond, so that, at the end of the process, the product can be cleaved 

with trifluoroacetic acid (TFA, 95% in water). 

After washing the resin, this is treated with HMPA and DIC and HOBt as coupling reagents, 

in dry DMF ( 

Scheme 3.11). At the end of the reaction the beads are filtered to eliminate the excess of 

reagent, then they are washed and the ninhydrin test is made. Reaction is repeated till negative 

ninhydrin test is obtained. 
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Scheme 3.11. Preparation of Wang-Synbeads.  

 

3.4.1.1.  Recycle of the pre-loaded resin 

We verified the possibility to recycle the Wang-Synbeads after different cycles of peptide 

synthesis. This could open new perspectives in the large scale application of solid phase 

supports, where the cost of polymeric supports greatly influences the overall process cost. 

The Wang Synbeads was functionalised with Fmoc-PheOH and we verified the possibility to 

reuse the Wang-Synbeads after detachment of the amino acid by cleavage of the amino acid 

with TFA (Scheme 3.12). 
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Scheme 3.12. Recycle of the pre-loaded Synbeads. 

 

After every reaction step the amount of loaded aminoacid was quantified with the Fmoc 

number method. Results showed that using an appropriate washing protocol (H2O, DMF, 

DMF/MeOH, MeOH, DCM, DMF) after every synthetic step, the polymer could be reused 

five times maintaining good loading capacity.  

This is promising results in the view of large scale applications, especially if we compare it 

with the data of the recycles of PEGA1900, an other solid support normally used for solid 

phase synthesis (Figure 3.17). 
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Figure 3.17. Recovery of the loading, expressed as percentage respect to the initial loading, 

after treatment with TFA on Synbeads A310 and PEGA1900. 

 

3.4.2. Preparation of HMPB-Synbeads 
 

The chemical structure of the HMPB linker (4-(4-hydroxymethyl-3-methoxyphenoxy)butyric 

acid) is similar to the structure of HMPA linker, since it is designed to form a covalent and 

stable amide bond between the amino group on the polymer and the carboxy group on the 

linker. The substrate is then linked to the linker through an ester bond that can be release 

under acid condition. Differently from HMPA linker, that requires 95% of TFA for the release 

of the product, in the case of HMPB the ester bond is more labile and 1% TFA in DCM for 

only 30 minutes is sufficient for the release of the peptide, thus making this linker particularly 

suitable for the synthesis of sensible peptides.  

HMPB-Synbeads was prepared using the same protocol used for the preparation of Wang-

Synbeads  (paragraph 3.4.1). 

The efficiency of the linker was studied in the synthesis of Fmoc-Phe-Phe-OH, by 

determining the yield through Fmoc number method and by analysing the product by HPLC 

(Figure 3.18). 
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Figure 3.18. Chromatogram relative to the released (TFA 1% in DCM) product Fmoc-Phe-PheOH (Rt 11 

min) obtained on HMPB-Synbeads. 

 

First results show a good cleavage of the product, even if some impurities were observed, thus 

indicating that the procedure for the use of such linker requires additional investigation. 

However, it has to be considered that the chromatogram was made directly on the solution 

obtained after TFA cleavage, without further purifications. 

3.4.3. Preparation of Rink Amide-Synbeads 
 

Rink linker (4-[(2,4-dimethoxyphenyl)(Fmoc-amino)methyl]phenoxyacetic acid) is more acid 

sensitive than Wang or HMPB, because the benzyhydrylamine linker is joined to the support 

through a benzylic ether bond rather than through an electron-withdrawing acetamido 

spacer.208  

Rink Amide-Synbeads have a broad range of chemical compatibility, particularly towards 

strong reducing agents. 

The breakdown of the linker during cleavage can be minimised through the use of low 

concentrations of TFA, or by the addition of trialkylsilanes to the cleavage mixture. 

Synthetic applications of Rink Amide supports include diaryl ketones via a three-component 

Stille coupling;209 tertiary amines via on-resin reduction of tertiary amides;210 and 

microwave-assisted synthesis of tryptamines.211  

The Rink Amide-Synbeads were prepared dissolving the linker (5 eq.), DIC (5 eq.), and HOBt 

in dry DMF. After washing the resin, this mixture was added to the support, and the 

obtainedmixture is maintained in blood rotator for 6 hours ( 
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Scheme 3.13). 

 

 

 

NH2

OMe

OMe

NH
Fmoc

OHOOC

OMe

OMe

NH
Fmoc

O

H
N

O

HOBt, DIC

dry DMF

Synbeads A310 Rink Amide linker Rink Amide-Synbeads  
 

Scheme 3.13. Preparation of Rink Amide-Synbeads. 

 

 

At the end of the reaction the beads are filtered to eliminate the excess of reagent, then they 

are washed and the ninhydrin test is made.   

Rink Amide-Synbeads were used for the synthesis of a pentapeptide (see paragraph 3.4.6.3). 

 

 

3.4.4. Preparation of bromoacetal-Synbeads  

3.4.5.  

Synbeads with hydroxy groups can be easily modified to generate bromoacetal Synbeads. 

Bromoacetal Synbeads (or 2-bromo-1-ethoxyethan-1-oxy  Synbeads) is suitable for 

multifunctional heterocyclics synthesis using a N-acyliminium ion cyclisation ( 

Scheme 3.14).212  
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R1 = Bn, MeO(CH2)2;  R2 = Me, Bn, i-Pi;  n = 1,2 

 

Scheme 3.14. (a) 2-bromo-1,1-diethoxyethane, pyridine toluenesulfonate, 1,2-dichloroethane, reflux; (b) 2 

M R1NH2 in DMSO; (c) Fmoc-AA2-OH, TFFH, DIEA in 1,2-dichloroethane, then 20% pyperidine in 

DMF; (d) HNu(CH2)nCOOH, TFFH, DIEA in 1,2-dichloroe thane; (e) HCOOH, rt to 60 °C.  

 

The bromoacetal resin is used for the synthesis of heterocycles in the combinatorial synthesis 

of compound libraries. 

Bromoacetal Synbeads was prepared by reacting  hydroxymethyl Synbeads H310 with 2-

bromo-1,1-diethoxyethane ( 

Scheme 3.14, step a).  

Reaction was conducted in 1,2-dichloroethane with pyridine toluenesulfonate. Ethanol 

forming during the reaction was eliminated by means of the azeotrope with 

1,2-dichloroethane.  

After 4 hours, the reaction was stopped and the loading was calculated quantifying the amount 

of bromine present on the resin, by elemental analysis. 

A loading of 0.314 mmol/gdry was obtained (starting from a Synbeads H310 with 0.41 

mmol/gdry). 

This yield is similar to that obtained for the same synthesis using Tentagel OH.212  
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3.4.6. Peptide synthesis on Synbeads A310 

 

3.4.6.1. Single  amino acid loaded on Synbeads A 310 

Initially, the applicability of Synbeads in SPS was tested by coupling several amino acids 

commonly used in SPS. 

Applicability of solid support in the synthesis of long peptides (more than 10-15 amino acids) 

is strictly related to the loading of the first amino acid. In fact this step will influence the yield 

of the entire synthesis. More over, it is important to avoid as much as possible that the steric 

hindrance of the growing peptide causes undesired bonds formations.  

Starting from this consideration, Synbeads were treated with acetic anhydride in order to 

obtain an optimal value of 0.1-0.5 mmol/gdry of acylable amino groups. 

After the capping with acetic anhydride, Fmoc-AA-Wang-Synbeads were prepared (Scheme 

3.15). 
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Scheme 3.15. Preparation of AA-Wang-Synbeads 
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Table 3.19. Synthesis of Fmoc-AA-Wang-Synbeads from Wang-Synbeads 

 Loading 
 mmol/gdry 
 Loaded amino acid  

 Fmoc-Arg(Mtr)-OH 0.13 

 Fmoc-Asp(OtBu)-OH 0.23 

 Fmoc-Cys(Trt)-OH 0.13 

 Fmoc-Glu(OtBu)-OH 0.24 

 Fmoc-Gly-OH 0.44 

 Fmoc-His(Trt)-OH 0.21 

 Fmoc-Leu-OH 0.33 

 Fmoc-Lys(Boc)-OH 0.20 

 Fmoc-Met-OH 0.18 

 Fmoc-Phe-OH 0.30 

 Fmoc-Ser(OtBu)-OH 0.27 

 Fmoc-Tyr(OtBu)-OH 0.17 

 

 

As can be seen from Table 3.19, optimal loading was obtained with all the considered amino 

acids, so that AA-Wang-Synbeads can be applied in SPS. 

 

3.4.6.2. Dipeptides synthesis on Synbeads A310 

 

Aminomethyl Synbeads A310 were assayed in the synthesis of dipeptides and the efficiency 

of the polymers was tested utilising two different synthetic approaches: chemical or 

enzymatic synthesis (Scheme 3.16). 
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Scheme 3.16. Chemical and enzymatical synthesis of dipeptides on aminomethyl Synbeads A310. 

 

Amino Synbeads A310 demonstrated to be efficient both in the chemical synthesis (Table 

3.20) and in the enzymatic synthesis ( 

 

 

 

Table 3.21).  

The use of enzymes in the synthesis of small peptides presents some advantage respect to the 

traditional chemical methods. The enzymatic process does not require any activation of the 

carboxylic group (thermodynamic synthesis can be performed), does not causes 

reacemisation, is highly selective and permits to use aqueous buffer instead of organic 

solvents. 
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Table 3.20. Chemical peptide synthesis on aminomethyl Synbeads A310. 

O

O
NH2

DIC, HOBt, DMF

O
O

N
H O

O

O
O

N
H

HN

O

A

Fmoc-AA-OH

 

Fmoc-Aminoacid Product Yield (%)  

Fmoc-Phe-OH Fmoc-Phe-Phe-OH 99 

Fmoc-Asp(OtBu)-OH Fmoc-Asp-Phe-OH 96 

Fmoc-His(Trt)OH Fmoc-His(Trt)-Phe-OH 90 

Fmoc-Arg(Mtr)-OH Fmoc-Arg(Mtr)-Phe-OH 56 

Fmoc-GABA-OH Fmoc-GABA-Phe-OH 93 

Fmoc-β-Phe-OH Fmoc-β-Phe-Phe-OH 93 

Fmoc-β-Leu-OH Fmoc-β-Leu-Phe-OH 98 

 

The enzymatic synthesis were catalysed by the protease Thermolysin (from Bacillus 

Thermoproteolyticus), an enzyme that demonstrated high specificity for hydrophobic amino 

acidic residues in solid phase.213,204 This protease is a relatively small hydrolytic enzyme of 35 

kDa, highly thermostable and with a maximum of activity expressed at a pH value between 7 

and 8.216 

This enzyme is used as catalyst in the peptide synthesis thanks to its robustness, 

stereospecificity and its capacity to avoid undesired side reactions on the carboxylic groups of 

lateral chains.214 
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Thermolysine has already demonstrated to be efficient in the solid phase synthesis on PEGA 

900,204 and Xerogel.215 First attempts on Synbeads of the first generation demonstrated that 

Thermolysin can be successfully used also on rigid Synbeads.201 

 

 

 

Table 3.21. Enzymatic peptide synthesis on aminomethyl Synbeads A310.  

O

O
NH2

O
O

N
H

O

O

N
H

O

O

N
H

Fmoc-AA-OH

Thermolysine

O
H
N

Fmoc

AA
Phe-Wang-Synbeads AA-Phe-Wang-Synbeads  

Amino acid  

(Fmoc-AA-OH) 

Product 

(Fmoc-AA-Phe-OH)  

Yield (%) a 

Fmoc-GABA-OH Fmoc-GABA-Phe-OH 91 

Fmoc-β-Phe-OH Fmoc-β-Phe-Phe-OH 7 

Fmoc-β-Leu-OH Fmoc-β-Leu-Phe-OH 60 

a Yield % is calculated as the ratio between the loading of the second aminoacid and the loading of 
the first one. Conversion determined with Fmoc number method.  

 
The enzymatic synthesis were catalysed by the protease Thermolysin (from Bacillus 

Thermoproteolyticus), an enzyme that demonstrated high specificity for hydrophobic amino 

acidic residues in solid phase.216,204 This protease is a relatively small hydrolytic enzyme of 35 

kDa, highly thermo-stable and with a maximum of activity expressed at a pH value between 7 

and 8.216 

This enzyme is used as catalyst in the peptide synthesis thanks to its robustness, 

stereospecificity and its capacity to avoid undesired side reactions on the carboxylic groups of 

lateral chains.217 

Thermolysine has already demonstrated to be efficient in the solid phase synthesis on 

PEGA1900,
204 and Xerogel.218 First attempts on Synbeads of the first generation demonstrated 

that Thermolysin can be successfully used also on rigid Synbeads.201 

The enzymatic synthesis were catalysed by the protease Thermolysin (from Bacillus 

Thermoproteolyticus), an enzyme that demonstrated high specificity for hydrophobic amino 

acidic residues in solid phase.204  
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This protease is a relatively small hydrolytic enzyme of 35 kDa, highly thermostable and with 

a maximum of activity expresses at a pH value between 7 and 8.216 

This enzyme is used as catalyst in the peptide synthesis thanks to its robustness, 

stereospecificity and its capacity to avoid undesired side reactions on the carboxylic groups of 

lateral chains. 

Thermolysine has already demonstrated to be efficient in the solid phase synthesis on 

PEGA1900,
204 and Xerogel. First attempts on Synbeads of the first generation demonstrated 

that Thermolysin can be successfully used also on rigid Synbeads.201 

The enzymatic synthesis were catalysed by the protease Thermolysin (from Bacillus 

Thermoproteolyticus), an enzyme that demonstrated high specificity for hydrophobic amino 

acidic residues in solid phase.,204 This protease is a relatively small hydrolytic enzyme of 35 

kDa, highly thermostable and with a maximum of activity expressed at a pH value between 7 

and 8.216 

This enzyme is used as catalyst in the peptide synthesis thanks to its robustness, 

stereospecificity and its capacity to avoid undesired side reactions on the carboxylic groups of 

lateral chains. 

Thermolysine has already demonstrated to be efficient in the solid phase synthesis on PEGA 

900,204 and Xerogel. First attempts on Synbeads of the first generation demonstrated that 

Thermolysin can be successfully used also on rigid Synbeads.201 
 

 

 

Table 3.21Table 3.21 shows that high yields were obtained even when working with non-

natural aminoacids as Fmoc-GABA and β-aminoacids as Fmoc-β-Phe and Fmoc-β-Leu and 

this can be ascribed to the high porosity of Synbeads (pore diameter > 1000Å) that allows 

good enzymatic diffusion. 

Fmoc-L-Phe-OH was bound to the resin using the Wang linker, and, after the capping of the 

non reacted groups with acetic anhydride, the amino groups were deprotected with 

pyperidine. 

 

3.4.6.3. Synthesis of oligopeptides on Synbeads A310: Fuzeon® 

fragment (FWNWL) 
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As reported in the introduction (paragraph 1.8) Fuzeon® (enfuvirtide) is a linear 36-amino 

acid synthetic peptide with the N-terminus acetylated and the C-terminus is a 

carboxamide (Figure 3.19).  

The empirical formula of enfuvirtide is C204H301N51O64, and the molecular weight is 4492. 

It has the following primary amino acid sequence:  

CH3CO-Tyr-Thr-Ser-Leu-Ile-His-Ser-Leu-Ile-Glu-Glu-Ser-Gln-Asn-Gln-Gln-Glu-Lys-Asn-

Glu-Gln-Glu-Leu-Leu-Glu-Leu-Asp-Lys-Trp-Ala-Ser-Leu-Trp-Asn-Trp-Phe-NH2 and the 

following structural formula:  

 

Figure 3.19. Structural formula of enfuvirtide (Fuzeon®). 

 

The aim of the work is to verify the applicability of Synbeads in peptide synthesis by 

synthesising a first fragment of this peptide (FWNWL). 

Aminomethyl Synbeads A310 were functionalised with Rink linker as described in 

paragraph 3.4.3. 

The choice of Rink linker was determined by the fact that this linker releases, upon cleavage, 

an amide-protected peptide (Scheme 3.17).208 
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Scheme 3.17. Rink Amide linker application. 

 

Being Fuzeon an amide-terminal peptide (Phe-NH2 terminal), the use of Rink linker permits 

to obtain directly the desired product. 

Actually, the large scale synthesis of Fuzeon is obtained preparing three fragments in solid 

phase and condensing them in solution (see paragraph 1.8). 

Our strategy is to synthesise the complete sequence of Fuzeon directly on Synbeads in a 

unique step. 

The synthesis of  Fuzeon, as every peptide synthesis on solid phase, presented an aggregation 

potential depending on the amino acids constituting the sequence. The aggregation potential 

can be calculated and it is an indicator of synthesis difficulty. In Figure 3.20 is reported the 

calculated aggregation potential for every step of Fuzeon synthesis.219  

 

Figure 3.20: Aggregation potential in the enfurvitide synthesis. 
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The pentapeptide prepared in this study presented a medium level of synthetic difficulty 

overall the entire synthesis. 

Pentapeptide was prepared following the steps reported above  

 

1. Coupling of Rink linker 

 

Rink linker was coupled following procedures reported in paragraph 1.8. After the coupling, 

Synbeads A310 were acetylated (acetic anhydride, 10 equivalents) in order to block any 

not-reacted free amino group. The loading of the Rink-Synbeads (calculated by Fmoc 

number) was 0.5 mmol/gdry. 

 

2. Coupling of aminoacids 

 

Amino acids were coupled using HCTU and DIPEA. The use of the most reactive aminium 

salt, HATU, is inconvenient because of the price (1235€/25g), which makes its use 

detrimental for industry. 

HCTU and TCTU are a new and more advanced alternative to HBTU and TBTU,220 because 

the presence of the chlorine makes those reagents more reactive (Figure 3.21). 

 

X
N

N

N

N

N

O

Y
PF6

-/BF4
-

HBTU: X=Y=H         Z=PF6
-

TBTU: X=Y=H         Z=BF4
-

HCTU: X=H, Y=Cl   Z=PF6
-

TCTU: X=H, Y=Cl   Z=BF4
-

HATU: X=N, Y=H   Z=PF6
-

 

Figure 3.21. Coupling reagents. 

 

Conditions for coupling are reported in Table 3.22. 
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Table 3.22. Conditions for synthesis of FWNWL. 

 Reagents (equivalents) Number of cycles 

 Fmoc-AA DIPEA HCTU  

Aminoacid 1, Phe, F    

 5 10 4.9 2 

Aminoacid 2,Trp, W    

 5 10 4.9 2 

Aminoacid 3, Asn, N    

 5 10 4.9 3 

Aminoacid 4,Trp, W    

 5 10 4.9 3 

Aminoacid 5, Leu, L    

 5 10 4.9 3 

 

Reactions were conducted in  DMF/NMP (1:1) – the so called magic mixture -, because this 

mixture improves the solubilisation of the reagents and avoids the aggregation of the growing 

peptide. Coupling reactions were performed at 50°C, under constant mixing for 1h, using a 

ratio polymer/solvent of 1gdry/3,3 ml. 

The acetylation procedure was repeated after each acylation step to block every eventually not 

reacted group. 

Removal of Fmoc group was performed maintaining the polymer in pyperidine solution (20 

% in DMF) for two hours. 

 

3. Cleavage of the product 

 

Peptide can be cleaved from the resin using different approaches:221 

a. TFA/water (9.5/0.5) 

b. TFA/p-cresol/water (9.0/0.5/0.5) 

c. TFA/ethanedithiol (EDT)/p-cresol/water (7.5/1.5/0.5/0.5) 

d. TFA/EDT/phenol/thioanisole/water (8.25/0.25/0.5/0.5) 

 

The approach used in the present study was TFA/water (9.5/0.5), for 2 hours. 
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After cleavage, diethylether was added to the acid solution in order to precipitate the peptide. 

Crude peptide was analysed through mass spectrometry (Figure 3.22). 

 

 

 

Figure 3.22. Mass spectrometry of crude peptide FWNWL (M.W. 765).  

 

4. Purification of the product 

 

The crude peptide was analysed through HPLC (acetonitrile/water as mobile phase) and the 

chromatogram showed the presence of two peaks (Figure 3.23). 
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Figure 3.23. HPLC chromatogram relative to the analysis of FWNWL. Mobile Phase: CH3CN/H2O 

Column: Chromopack C18. 

 

The peak corresponding to a Rt of 24.5 minutes was isolated and analyses by ES-MS (Figure 

3.24) and by UV (Figure 3.25). 

 

 

 

Figure 3.24. Mass spectrometry of purified peptide FWNWL by HPLC (M.W. 765). 
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Figure 3.25. UV spectra of the pentapetide FWNWL. 

 

The yield of the reaction was calculated by UV determination: 0.19 mmol/gdry corresponding 

to a yield of 853mg of peptide per gram of dry polymer, that, due to the absence of swelling, 

corresponds to a volumetric yield of 3.4g of peptide per ml of reaction. 

The study is currently proceeding into the complete synthesis of Fuzeon. 

 

3.4.7. Microwave assisted synthesis of peptides on Synbeads A310 

 

The applicability of Synbeads in the microwave assisted peptide synthesis was investigated. 

Nowadays, the automated microwave assisted systems for synthesis on solid phase are 

designed for swelling polymers and are supplied with a series of protocols for peptide 

synthesis on these polymers. The use of rigid Synbeads in such a kind of system requires the 

set-up of appropriate procedures that takes into account: 

- the rigidity of Synbeads; 

- the higher loading per volume unit (1 mmol = 0.25 ml); 

- the use of lower amounts of solvents in the peptide synthesis  

We thus verified the compatibility of Synbeads with the automated microwave system 

(Liberty CEM®) (Figure 3.26) and their resistance to microwave irradiation. 



Results and Discussion 

 104 

 

 

Figure 3.26. Teflon Liberty reaction vessel: the resin is transported by a resin transfer tube. Swelling and 

washing solvents are drained out and then reaction reagent are injected in to the vessel. 

 

To avoid problems of  filter fritting or formation of clusters of beads within the collection 

tubes of the instrument, 200 mg of wet Synbeads, suspended in DMF/DCM (50:50 v/v), were 

inserted in the resin syringe and the automated step of transport to the reaction cell was 

activated. The polymer was transported back from the reaction cell to the resin syringe, and in 

this way it was verified that there was neither fritting of the filters nor formation of clusters. 

In fact, the spherical form of Synbeads, their uniform particle size distribution, and their high 

mechanical stability allow their use with the automated system. 

It was then necessary to evaluate the resistance of Synbeads to the microwave irradiation, by 

controlling their mechanical and chemical resistance during and after the irradiation, and by 

controlling the recovery of the loading after the microwave treatment. 

Synbeads were maintained at 100°C at a radiation of 100 W for 20 minutes, than they were 

analysed by optical microscopy to verify the bead integrity, whereas the chemical stability 

(complete recovery of the initial loading) was verified using the Fmoc number method. 

It was possible to appreciate that Synbeads presented perfectly intact and they maintained a 

loading of  0.81 mmol/gdry, corresponding to 94% of the initial loading (0,86 mmol/gdry). 

These first results indicate the possibility to use Synbeads in solid peptide synthesis assisted 

by microwaves. 
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3.4.8. Set up of protocols for microwave assisted peptide synthesis on 
Synbeads  

 

Preliminary tests were made in order to evaluate the different variables involved in the 

synthetic protocol. 

Preliminary experiments were performed by direct coupling of  Fmoc-Phe-OH on Synbeads 

A310 using the standard conditions loaded in the synthesiser (Scheme 3.18). 
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DIPEA

dry NMP NH

O NH
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Synbeads A310 Fmoc-Phe-OH Phe-Synbeads  

Scheme 3.18. Coupling of Fmoc-Phe-OH on Synbeads A310 under microwave irradiation. 

 

It has to be considered that the instrument Liberty CEM® is designed and optimised to be 

compatible with swelling polymers and requires great amounts of solvents are used in order to 

ensure a good swelling and so permit a high chemical accessibility. 

Standard synthetic protocol to obtain 0.1 mmol of peptide is reported in Table 3.23 

Table 3.23. Lyberty CEM routine synthesis conditions 

Reagent Concentration Volume 
 (M) (ml) 

Amino acid 0.2 2.5 

DIPEA 2.0 0.5 

PyBOP 0.5 1 

 

Standard synthetic protocols are at 75°C and 40 W, with a reaction time of about 5 minutes.  

The protocol for peptide synthesis on Synbeads requires a ratio polymer/solvent of 

1gwet/3.3ml (corresponding to 1gdry/11ml). On the contrary the synthesiser is set a ratio of 

1gdry/40 ml.  

At the end of the first reaction cycle (using a ratio 1/40), the loading of the resin (calculated 

using Fmoc number method) was of 0.19 mmol/gdry. 
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Considering that in manual synthesis the loading of Fmoc-Phe-OH on Wang-Synbeads 

presented a value of 0.30 mmol/gdry (see paragraph 3.4.6.1), it can be seen the difference in 

the polymer/solvent ratio had strong effects in the yield. 

This result can be ascribed to: 

1. large amount of solvent (ratio of  1/40 instead of 1/3.3); 

2. higher dilution of the reagents in the solvent (0.125 M versus 0.270 M); 

3. shorter reaction times; 

4. different coupling reagent. 

Considering those points, two different approaches were applied:  

- elongation of reaction times; 

- increase reagent concentration (used for the manual synthesis). 

 

3.4.8.1. Reaction time 

It was decided to increase the reaction times by maintaining unchanged the reagents, the 

solvent/polymer ratio, the concentration of the acylating solution and the temperature and 

power parameters of the synthesiser. 

In this way it was possible to demonstrate that the yield of the reaction is time-dependent, 

because the chemical accessibility increased from a value of 0.19 mmol/gdry for 5 minutes 

reaction to a value of 0.28 mmol/gdry for 10 minutes reaction (Table 3.24). 

Table 3.24. influence of time on microwave assisted synthesis on Synbeads A310 

Solvent/polymer 

ratio 

Coupling 

reagent 

Fmoc-AA 

concentration 

Reaction 

time 

Acylated functional 

groups 

ml/100mg  M min mmol/gdry % 

4 PyBOP 0.125 5 0.19 19 

4 PyBOP 0.125 10 0.28 28 

 

3.4.8.2. Reagent concentration 

A solution presenting the same proportions in terms of concentration used for the manual 

peptide synthesis (concentration of reagents in the solvent: 0.270 M) was used, and DIC was 

chosen as coupling reagent. All the parameters of the synthesiser (power, time of irradiation 

and temperature) were maintained constant.  

Two different synthetic approaches were tested: 

- synthetic way A: 0.5 ml of solution for 150 mgdry polymer (as in manual synthesis); 
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- synthetic way B: 2.5 ml of solution for 150 mgdry polymer. 

At the end of the reactions the loading was calculated with the Fmoc number method. 

Differently to what was expected, the value obtained using synthetic way A was 0.03 

mmol/gdry with respect to the 1 mmol/gdry of functional groups present of the polymer (Table 

3.25). This value can be explained considering that the reaction vessel is very big (10 ml) if 

compared with the little volume occupied from the resin and the reaction solution. In fact, the 

automated introducing of the solvent and the reagents implies a loss of the liquid on the walls 

of the reaction cell. More over the stirring of the reaction is obtained fluxing nitrogen, so that 

the polymer, being rigid and occupying a small volume, can also be transported on the walls 

of the vessel. 

Using synthetic way B an higher value was obtained, and the yield of the reaction after one 

cycle of 5 minutes reached 0.27 mmol/gdry (Table 3.25). 

This means that an higher concentration of the reagents (0.270 M) favours the reaction yield, 

and also confirm that in synthetic way A  the problem is related to the sample vessel 

dimension. 

 

Table 3.25. Study of microwave assisted peptide synthesis on Synbeads A310. 

Solvent/polymer 

ratio 

Coupling 

reagent 

Concentration Reaction 

time 

Acylated 

functional groups 

ml/100mg  M min mmol/gdry % 

Synthetic route A      

0.33 DIC 0.270 5 0.03 3 

Synthetic route B      

 1.67 DIC 0.270 5 0.27 27 

 

From these previous studies, it emerged that the use of Synbeads for automated peptide 

synthesis is feasible, but many parameters have to considered. 
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Table 3.26. Comparison between standard protocols and optimised condition for the use of Synbeads 

 

 

 

 

 

 

 

 

 

 

 

 

 

First of all is important to use neither a great amount of solvent, as for swelling polymers, nor 

a great excess of reagents, but an high concentration of the reagents in the solvent and a low 

solvent/polymer ratio. 

This permits to use lower amounts of solvents and reagents, so that the peptide synthesis can 

be competitive and more sustainable, above all thinking to large scale synthesis. 

Starting from this first protocol (Table 3.26), there is the possibility to investigate the effect of 

different variables involved with a multi-varied analysis. 

Reaction conditions Standard Customed for 

Synbeads 

Swelling time (sec.) 15 0 

Irradiation time (min.) 5-10 5 

Temperature (°C) 75 75 

Power (W) 40 40 

Reagent concentration (M) 0.125 0.270 

Solvent (ml) 4 1.67 

Support amount (mg) variable 100 
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3.5.  Functional groups distribution analysis 

3.5.1. Understanding diffusion phenomena in Synbeads 
 

Synbeads are rigid, non swelling polymers, so that the diffusion of the reagent inside the 

polymeric matrix can be a key parameter for their applicability on SPS. 

The aim of this study was to measure and understand kinetics of reactions and diffusion of 

reagents on Synbeads not only with a kinetic profile, but also with a real time imaging of the 

distribution of functionalisation within the beads. 

Similar studies were successfully done by means of two-photon microscopy on optically 

transparent polymers,222 but in the case of  the opaque  Synbeads, this approach cannot be 

used. 

A more efficient technique for this study is represented by FT-IR analysis, so IR spectra were 

collected both on entire Synbeads and on slices of the beads using ATR, FPA and MCT 

detectors.  

The ATR has not a deep path inside the sample, so that an on-bead ATR analysis gives us 

information only on the surface of the beads. 

Since the 99% of functional groups of a polymer is located in the inner part of the matrix and 

not on the surface,223 this technique cannot describe the real distribution of the functional 

groups inside the polymer. 

However, this approach allowed us to take preliminary information on the feasibility of this 

technique and follow the reaction kinetics just taking the ATR spectra on grinded Synbeads. 

In this way it was possible to obtain a mean value of the functionalisation degree at a specific 

time of the chemical reaction. 

On the contrary, a deeper study of the distribution inside the polymeric matrix requires the 

preparation of slices of the beads, to be analysed at different reaction times with FPA and 

MCT detector. 

 

3.5.2. ATR analysis 
 

Samples of aminomethyl Synbeads (A310) were analysed by ATR detector on single bead 

using an ATR detector with a Germanium crystal (Figure 3.27). 
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Figure 3.27. ATR objective  

 

In this way the spectrum of the polymeric matrix was obtained (Figure 3.28).  

 

 

Figure 3.28. IR spectrum of unfunctionalised Synbead A310 

 

In the spectrum, the C==O stretching signal at 1750 cm-1 can be observed, which is typical of 

the methacrylic matrix, together with the stretching of aliphatic in the zone under 3000 cm-1.  

No signal of the free amino group  is evident, and this is due to a spectrum flattening by the 

great peak of the C=O, and to the relative small amount of amino groups in the matrix 

(1mmol/gdry, corresponding to 1-2 % w/w), which is not sufficient to give a significant and 
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quantifiable signal. Moreover, the signal of the amino group suffers from the presence of 

hydration water. 

For these reasons, the idea of follow the proceeding of reaction by decrease of the amino 

group cannot be applied.  

Hence, our approach was to functionalise the amino groups with a compound characterised by 

an IR sensible group. In this way the reaction could be followed looking at the increase of the 

signal of this group. 

The choice of the functional group was done on the basis of some consideration:  

- no overlap with other signals of the spectrum; 

- this signal should be significant, considering that the C=O signal of the matrix of Synbeads 

is very high and create a flattening effect on the entire spectrum. 

Several functional groups were considered, and in particular: 
− thiol group, that shows a typical stretching signal at 2250 cm-1 

− cyano group, that shows a typical stretching signal at 2260-2220 cm-1 

− nitro group, that shows a typical stretching signal at 1560-1515 cm-1 

All these functional groups present a signal in a “good portion” of the spectrum, free from 

signals from the solid support, but only the nitro group resulted to be helpful for this 

investigation.  

The thiol group has the drawback of a low stability, so experiments were conducted with 

Boc-protected cysteine was selected and the deprotection of the side chain was made cleaving 

the protecting group just before the analysis. However, such approach did not gave an 

appreciable and measurable signal in the FT-IR spectrum. 

The same problem was found when using cyanoacetic acid: no signal was detectedable at the 

considered wavelength (Figure 3.29) and comparing the spectrum of non functionalised 

Synbeads with the spectrum of Synbeads after 1, 2 and 12 h reaction with cyanoacetic acid, 

no difference can be appreciated. 
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Figure 3.29. Spectra of Synbeads after functionalisation with cynaoacetic acid. Orange: non functionalised 

Synbeads; Blue: 1 h reaction; Black: 2 h reaction; Green: 12 h reaction. 

 

Better result was obtained using a reagent with a nitro group: the nitro group presents a 

quantifiable signal at 1554 cm-1, a region of the spectrum free from signals of the polymeric 

matrix (Figure 3.30). 

 
Figure 3.30. IR spectrum of Synbeads A310 after functionalisation with 3-nitropropionic acid. 
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Hence, Synbeads were functionalised with 3-nitropropionic acid, a small molecule that can 

easily permeate the pores of the beads. The reaction (Scheme 3.19) with 3-nitropropionic acid 

(3 equivalents) and DIC as activating agent (3 equivalents) was complete after 1 hour 

(verified by ninhydrin test). 

NH2

N
H

O

NO2

O2N OH

O

DIC DMF

Synbeads A310   

Scheme 3.19. Synthetic route for the functionalisation of Synbeads A310 with 3-nitropropionic acid.  

 

These preliminary studies were made with an ATR-single bead analysis, in order to verify the 

feasibility of the method. Once the nitro group was selected for our studies, further 

investigations about the reaction kinetic and the distribution of functional groups were made 

adopting the following strategy: 

− the aminomethyl Synbeads A310 were sieved in order to obtain beads with a mean 

diameter distribution of 150-200 µm. In this way the analysis of equatorial sections of 

the beads was assured just choosing slices with a diameter of 150-200 µm; 

− aminomethyl Synbeads A310 was conditioned with DMF and 3-nitropropionic acid 

was added in the presence of catalysts and activators. The reaction was stirred by 

means of a blood rotator at 25°C; 

− samples of the polymer were withdrawn at different reaction times (10, 20, 30, 40, 60, 

70, 90 minutes) and immediately washed to stop the reaction and to eliminate the 

reagents that could be adsorbed and not covalently bound to the polymer;  

− small amounts of polymer were analysed after every step by Kaiser test, in order to 

follow the proceeding of the reaction; 

− samples were dried with DCM: this solvent eliminates almost all the residual water 

and do not present significant interference in the IR spectrum; 

− blanks were similarly obtained using 3-nitropropionic acid without the addition of 

activators or catalyst; 

− part of samples corresponding to the different reaction times were grinded in a mortar; 

− grinded polymers were analysed with ATR in order to obtain a medium value of the 

functionalisation grade at different reaction times, and so a kinetic profile of the 

reaction; 
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− part of samples corresponding to the different reaction times were embedded in the 

inclusion resin and cut with an ultra microtome; 

− slices of Synbeads were analysed using two different detectors: FPA with 

conventional light source and MCT with synchrotron light. 

3.5.3. Analysis on grinded Synbeads 
 

The analyses  previously described (paragraph 3.5.2) on non functionalised Synbeads and 

functionalised Synbeads at different reaction times were made using the ATR-single bead 

technique. No visible difference in the signal of the nitro group at different reaction times was 

observed (Figure 3.31).  

 

Figure 3.31. ATR-single bead analysis of Synbeads functionalised with 3-nitropropionic acid. Yellow: 0 

min. reaction time; purple: 30 min. reaction time; red: 60 min. reaction time; blue: 120 min. reaction time. 

 

This is due to intrinsic limitations of ATR single bead analysis, that gives information only on 

the surface of the beads. The functional groups are mainly located in the inner part of the 

polymeric matrix, so that this kind of “external” approach is not informative about the 

functionalisation degree. 

To overcome this limitation,  analysis was made on grinded samples of Synbeads, using a 

digital pressure clamp associated to the ATR detector (Figure 3.32).  
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Figure 3.32. Digital pressure clamp for analysis on grinded samples. 

 

A mean value of the functionalisation degree at every specific time of the reaction was 

obtained. 

The obtained profile for the reaction confirms the information previously obtained with the 

Kaiser test (Figure 3.33). 

 

Figure 3.33. Proceeding of the reaction with 3-nitropropionic acid. 

 

Figure 3.34 shows the spectra of samples at different reaction time, and it is clearly visible the 

increasing signal corresponding to the nitro group when the reaction proceeds. The reaction 

was complete after 40 minutes. 
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Figure 3.34. Spectra of Synbeads at different reaction time after functionalisation with 3-nitropropio nic 

acid. Violet: unfunctionalised Synbeads; Blue: 10 minutes; Yellow: 20 minutes; Red: 30 minutes; Black: 

60 minutes. 

 

Data were normalized with respect to the C=O signal, and the ratio between the nitro peak 

area and that of C=O peak were calculated.  

 

3.5.4. Distribution analysis 
 

ATR analysis allowed us to reach information about the kinetic of the reaction, but, on the 

contrary, was not useful to obtain information about the distribution of functional groups 

inside the beads: how reagents diffuse in the polymeric matrix? What happens under the 

surface of the beads?  

With the aim of analyze the internal part of the polymer beads, we firstly verified the 

possibility to prepare Synbeads slices using a microtome after including them in a resin. 

First of all, four different inclusion resins were analysed in order to choose the most useful in 

terms of cut resistance, inclusion resin drug on the slices, and, what is very important, no 

overlapping with the IR typical spectrum of the polymers. 
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The IR spectra of the two acrylic resins (A1 and A2) and two epoxy resins (E1 and E2) were 

compared with the IR spectrum of aminomethyl Synbeads A310 functionalised with 

3-nitropropionic acid. In this way it was possible to evaluate the overlapping effect of the 

inclusion resins (Figure 3.35). 

 

Figure 3.35. Blue: Synbeads functionalised with 3-nitropropionic acid; redo: metacrylic 

resin A1; pink: metacrylic resin A2; green: epoxy resin E1; light blue: epoxy resin E2. 

 

As it can be clearly seen from Figure 3.35, both epoxy resins (light blue and green) presented 

a spectrum without any overlapping with neither the C=O stretching signal - typical of 

Synbead matrix (1680-1760 cm-1) - nor with the stretching signal of the nitro group 

(1550 cm-1). 

Epoxy resin E1 was chosen because it allows the preparation of slices with an unvaried shim, 

ensuring a good resistance to cut forces. 

Looking at Figure 3.36, it can be seen that slices obtained after inclusion in epoxy resin E1 

were intact, without the presence of fragments or breaches, and they were not daubed with the 

inclusion resin. 

On the contrary, the epoxy resin E2 was not so efficient since it permeated the pores of the 

beads, without ensuring a good practicability of the cut with the ultra microtome (Figure 

3.37). 
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Figure 3.36. on the left: optical microscope image: slice detail; on the right: TEM image, detail of a 

slice obtained after inclusion in the epoxy resin E1. 

 

 

Figure 3.37. TEM image of a slice obtained after inclusion in the epoxy resin E2. 

 

All further experiments on Synbeads were hence obtained after inclusion of the beads in the 

epoxy resin E1. 

Next step was the analysis on non-functionalised Synbeads in order to verify both the matrix 

homogeneity and the possibility to use the C=O stretching peak as a reference. 

The analysis was made by means of an ATR detector with FPA imaging elaboration, using a 

conventional light source. 

The study was conducted adopting the following steps: 

− slices where preventively analysed with the microscope of Hyperion 2000 in order to 

verify their integrity; 

− slices presenting a diameter between 160 and 200 µm, corresponding to the equatorial 

section of the bead, were selected to do imaging. In this way information on the core 
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of the beads can be obtained; 

− mapping of slice diameter have been done, reducing the optical window opening to 

improve the spectrum resolution and so the final image; 

− all images obtained with FPA were compared with the snapshots obtained with the 

camera of microscope. In fact, the possible presence of winkles on the slices can 

influence the intensity of the spectrum, since the thickness of the slices results to be 

higher. Thus, if slices were not perfectly flattened on the optical window, it was 

possible to distinguish between an higher functionalisation density and a wrinkle of 

the slice (Figure 3.38). 

 

Figure 3.38. Influence of winkle of slices on intensity signal  

 

FT-IR analysis with conventional light source was made on Synbeads slices. In this way, the 

entire sample area was irradiated and the vibrational spectra were collected from several point 

of the sample, permitting the obtainment of a bi- or tri- dimensional image of the considered 

plot (Figure 3.39). The matrix of the Synbeads was clearly homogeneous: there were not 

clusters or aggregations. This were very important not only as a confirmation of the 

polymerisation process, but also as a basilar feature for the feasibility of this study. In fact, the 

presence of clusters or aggregations could strongly influence the diffusion path of the reagents 

inside the beads.  

Moreover, comparing different samples of non-functionalised Synbeads it was ascertained 

that the integration values of the C=O signal was constant in all the samples. This allowed us 
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to normalize all the different spectra respecting to this peak, obtaining a real-image of the 

slices separate from the background (inclusion resin).  

 

 

Figure 3.39. Imaging of a slice of non-functionalised Synbeads obtained by FPA with integration of 

the C=O peak typical of the polymeric matrix. 

 

It was observed a minor absorbance in the external ring of the beads decreased, due to bead 

bend that causes a dishomogeneity of the sample in this specific area (Figure 3.40, Figure 

3.41). 
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Figure 3.40. Non functionalised amino Synbeads slice. Image was obtained by integration of matrix signal 

(C=O stretching signal). Colorimetric scale is proportional to absorbance and thus to C=O concentration 

in the matrix.  

 

Figure 3.41. Non functionalised amino Synbeads slice. Image was obtained by integration of matrix signal 

(C=O stretching signal). Colorimeric scale is proportional to adsorbance and thus to C=O concentration 

in the matrix. 

 

Slices of functionalised samples at 10, 20, 30, 60 minutes reaction time were analysed using 

FPA technique. 



Results and Discussion 

 122 

From these analyses it resulted that reagents immediately reaches the inner core of the beads. 

The colorimetric scale was obtained calculating the ratio between C=O group absorbance, 

which were constant in every area of the bead, and the absorbance of the nitro group. The 

achieved value grew up at the proceeding of the reaction, so that higher reaction times 

correspond to higher values. 

Comparing the slices relative to 10 and 30 minutes of reaction, it can be clearly seen that the 

nitro group is homogeneously distributed within the beads and the signal in the 10 minutes 

reaction time sample was less intense, indicating a lower functionalisation degree (Figure 

3.42).  

     

Figure 3.42. 3-nitropropionic acid functionalisation distribution and its intensity after 10 and 30 

minutes reaction. 

 

At the very beginning of the reaction (till 30 minutes reaction times) the functionalisation 

took place prevalently in the central part of the bead, thus confirming that the 99% of 

functional group are in the inner part of the polymeric matrix (Figure 3.43). 

10 minuti 30 minuti 
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Figure 3.43. Left: slice of amino Synbeads functionalised with 3-nitropropionic acid, 30 minutes reaction 

time. right: slices of amino Synbeads functionalised with 3-nitropropionic acid, 60 minutes reaction time. 

Colorimetric scale obtained from the ratio between nitro group absorbance and the carboxy group of the 

polymeric matrix.  

 

It has to be underlined that the ratio between the signal intensity of C=O group and nitro 

group was lower on the border of the bead than in the core. This cannot be explained to the 

bead bend, because the ratio should be constant: if the bead is thinner, both the C=O signal 

and the nitro signal becomes lower, and consequently their ratio must remain the same.  

This anomaly can be ascribable to a different functionalisation of the matrix on the surface of 

the beads, due to the specific suspension polymerisation method used to prepare this 

polymers. 

Considering that the amount of functional groups in the polymers, and so of  detectable nitro 

groups, is low if compared with the C=O groups of the matrix, we analysed the samples with 

more sensitive MCT detector. 

With MCT, the optical window can be reduced, and smaller areas of the samples were 

irradiated, collecting the spectra point by point and thus allowing the construction of a map of 

the entire analysed area (Figure 3.44). 
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Figure 3.44. MCT analysis of the slice at its diameter.  

 

The equatorial sections of the slices were analysed, in order to obtain information about 

different distribution of functionalisation in the external regions and in the core of the beads 

(Figure 3.45 a). 
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Figure 3.45. MCT analysis of a slice of  Synbeads at 20 minutes reaction time. 

 

Images obtained in such a way (Figure 3.45 b) showed a little difference of functionalisation 

degree inside the slices, and, differently from what obtained with the FPA analysis, maps 

obtained integrating the C=O peak differs from those obtained with integration of the nitro 

peak, thus indicating a not perfectly homogeneous functionalisation.   

Those differences were small and not clearly distinguishable, hence the study of the slices was 

carried on using the MCT detector with the synchrotron light. 

Synchrotron light is very collimated and is characterised by a high brilliance, that is the ratio 

between the luminous intensity and the irradiated area, and high resolution degree that allows 

to appreciate also little differences in functionalisation distribution. 

In fact, maps obtained with this approach pointed out that, for reaction times shorter than 20 

minutes, the core of the beads presented a lower functionalisation degree respect of the 

external areas, and only after 30 minutes reaction time  the beads were uniformly 

functionalised (Figure 3.46). 
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Figure 3.46. Diametric area of slices of Synbeads at 10, 20, 30 minutes reaction time. 

MCT analysis with synchrotron light. 

 

This study evidenced that Synbeads present a homogeneous polymeric matrix, validating the 

polymerisation process. 

More over, small size reagents can rapidly reach the core of the beads, taking to an 

homogeneous and complete functionalisation of the polymers. 

This study is interesting also considering the employed analytical techniques: a new approach 

for the analysis of spatial resolution and distribution of functional groups on solid non 

transparent supports was developed, that combines two different FT-IR analysis methods, that 

is FPA and MCT. 

The optimal spatial resolution and the short acquisition times of FPA allow to obtain a rapid 

screening of the samples, supplying general information and permitting the choice of the more 

reliable sample for further analysis. 

In addition, the use of more sensitive MCT and highly brilliant synchrotron light allow to 

obtain spectra with an higher resolution that permit to appreciate also little differences. 
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3.6. Understanding functional groups distribution on methacrylic 

polymers 

 

FT-IR, with different detectors and light sources, demonstrated to be the technique of choice 

to obtain an informative description of the inner matrix of the polymer, of the reaction 

kinetics and of the distribution of functional groups within the polymer beads. However, we 

verified that, during the process of optimisation of Synbeads, a faster, cheaper but still 

efficient method for the analysis of different batches was necessary. In this case, no high 

resolution was needed, since we were looking at a method that could give general information 

about matrix homogeneity or dishomogeneity and functional groups distribution. 

The tested method can be summarised as follows:  

- determination of chemical accessibility: this value gives good indications on 

distribution of functional groups, since low values indicate clusters or a non 

homogeneous distribution of functional groups; 

- functionalisation of polymers with fluoresceine;  

- inclusion of the polymers in resin and cutting by ultra-microtome: the behaviour of 

polymers during the cutting process is informative about the mechanical stability, and, 

indirectly, about the structure of the polymeric matrix; 

- analysis of the polymer slices by fluorescence microscopy: the resulting images allow 

to understand the distribution of functional groups within the beads 

The following table reports characteristics of the polymers used for this study and their 

chemical accessibility obtained by functionalisation with FmocCl. 

The different polymers were obtained by polymerisation in the presence of different amount 

or kind of porogenic agent, named “porogenic agent A” and “porogenic agent B”, so that the 

aim of this study was to evaluate the optimal conditions of polymerisation.  

3.6.1. Characteristics of the polymers 

Table 3.27. Polymers produced with different porogenic agent were studied. 

Polimer Porogenic agent 

EB-HA505  A 

EB-HA505  A 

EB-HA405  A 

EB-HA/S  B 
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Samples EB-HA505 (E709A143 e E709A144) and sample EB-HA405 differ for porosity 

(higher amount of porogenic agent in the first two samples). 

 

3.6.1.1. Chemical accessibility and functional groups distribution 

The chemical accessibility was calculated with the Fmoc number method (see paragraph 

4.5.4). 

In this way it was possible to compare the total exchange capacity (TEC) with the chemical 

accessibility (CA). The TEC indicates the amount of functional groups present in the 

polymer, while the CA indicates how many functional groups really participate to the reaction 

processes. 

Table 3.28. Chemical accessibility. 

Polymer Functional groups Chemical accessibility 

 TEC (mmol/gdry) (mmol/gdry) % 

EB-HA505 (E709A143) 1.14 0.14 12 

EB-HA505 (E709A144) 1.80 0.27 15 

EB-HA405  1.84 0.28 15 

EB-HA/S  1.46 0.65 44 

a Conditions: chemical accessibility of the polymers was determined by Fmoc number. Polymers were 

acylated twice (for 3h and 2h respectively) with FmocCl. After each cycle of reaction the ninhydrin test 

was performed. Reagents: FmocCl (3 eq.) and DMAP (3 eq.) in DMF (>99%) with a polymer/solvent 

ratio of 3/10.  

 

What resulted from this data was that the samples EB-HA505 and EB-HA 405 (E709A143, 

E709A144 and E709A147) give similar values of chemical accessibility (12-15 %), indicating 

that the different amount of  ketonic porogenic agent that was used for the preparation of the 

two samples of EB-HA505 and EB-HA405 seems to not influence the chemical accessibility. 

The sample EB-HA/S (E709A148) has a significant higher chemical accessibility: this can be 

related to a different distribution of functional groups within the beads, probably due to the 

different porogenic agents that were used and, consequently, to the different obtained 

porosity. 

The polymers were then functionalised with fluoresceine (Scheme 3.20). 
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Scheme 3.20. Functionalisation of Synbeads with fluorescein. 

 

The experiments were performed in the presence of 1% and 5% of  fluorescein, calculated 

with respect to the accessible chemical groups. The functionalisation with a defect of 

fluorescein was made in order to determine the distribution of functional groups within the 

matrix. Stoichiometric amounts of fluorescein cannot be used, because the fluorescent signal 

would be too intense to appreciate significant differences among samples.  

The polymers, treated with fluorescein, were then cut with an ultra-microtome in slices of 1 

µm and the distribution of functional group was studied inside the beads by fluorescence 

microscopy. 

Photos obtained by fluorescence microscopy were compared with photos obtained with amino 

Synbeads A310 (E606A085), functionalised with fluorescein, in order to have a comparison 

(Figure 3.47). In fact Synbeads A310 are optimised polymers and allows us to compare its 

behaviour with that of analysed polymers. 

  

Figure 3.47. Synbeads A310 slices, analysed with microscope (left) and fluorescence microscope (right) 
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The sections are intact, with an uniform matrix, thus indicating good mechanical stability. 

Fluorescein is distributed mainly in the external part of the beads: this is due to kinetic 

reasons (the reaction of fluorescein with the functional groups is faster than diffusion of 

fluorescein into the polymer) since 1% fluorescein was used. The sections that are more 

fluorescent correspond to the upper segment of the beads and indicate an homogeneous 

distribution of functional groups. 

The slices obtained with EB-HA505 (E709A143) present some fragments (Figure 3.48), more 

evident in the equatorial sections (corresponding to the centre of the beads): this indicates that 

the polymeric matrix is not very resistant to the cut forces (in this case the slices were 

1micron in order to decrease the cut forces). 

This can be ascribed to a very high porosity or to a non homogeneous polymerisation. 

Looking at the fluorescein distribution, it can be seen that the functionalisation is present only 

in the external part of the beads. This can be ascribed to kinetic reasons, but, if compared with 

the Synbeads A310, can also indicate a difference in porosity of the surface of the beads, that 

doesn’t allow a good diffusion of the reagent within the matrix. 
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Figure 3.48. Slices of EB-HA505 (E709A143), analysed with microscope. 

 

  

Figure 3.49. Slices of fluorescein functionalised EB-HA505 (E709A143), analysed with 

fluorescent microscope. 

 

 

Figure 3.50. Slices of EB-HA505 (E709A144), analysed with microscope. 
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Figure 3.51. Slices of fluorescein functionalised EB-HA505 (E709A144), analysed with 

fluorescence microscope 

Also the slices obtained from EB-HA505 (E709A144) present some fragments (Figure 3.50), 

more evident in the equatorial sections (corresponding to the centre of the beads): this 

indicates that the polymeric matrix is not very resistant to the cut forces, even if this sample 

seems to be more resistant than the previous one. This can be ascribed to the different amount 

of porogenic agent used during the polymerisation process. 

Fluorescein (Figure 3.51) seems to diffuse in a way quite similar to the EB-HA505 

(E709A143), as can be better visualized in Figure 3.56. 
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Figure 3.52. Slices of EB-HA 405 (E709A147), analysed with microscope. 

 

  

Figure 3.53. Slices of fluorescein functionalised EB-HA 405 (E709A147), analysed with fluorescence 

microscope 

 

The polymer EB-HA 405 (E709A147) shows less fragments in the inner part of the beads, 

being so more resistant, but the matrix shows different density in the external and in the inner 

part of the beads (Figure 3.52). External surface seems to be less porous than the inner part: 

fluorescein remains only on the external crown (Figure 3.53). The better resistance can be 

ascribed to the different amount of porogenic agent used during the polymerisation, that can 

be also responsible of the difference in the density of the matrix. 

Instead, the polymer EB-HA/S (E709A148) presents intact sections, without the formation of 

fragments during  the cut, thus indicating good mechanical resistance and homogeneity of the 

beads (Figure 3.54). 

However, the functionalisation with fluorescein shows an anomalous intense radiation in the 

external part of the beads, which is ascribable to a probable inhomogeneous distribution of the 

functional groups, or to absence of porosity (Figure 3.55). 
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This behaviour indicates that the different porogenic agent used for these polymer probably 

gives not a good porosity degree, so that beads are more dense, more resistant to cut forces, 

but also more difficult to penetrate by the reagents.  

 

  

Figure 3.54. Slices of EB-HA 405 (E709A148), analysed with microscope. 

 

  

Figure 3.55. Slices of fluorescein functionalised EB-HA 405 (E709A148), analysed with fluorescence 

microscope. 
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EB-HA505 (E709A143)                                                                        EB-HA505 (E709A144)    

 

  

EB-HA/S (E709A147)                                                                            EB-HA/S (E709A148) 

Figure 3.56. Comparison among the different samples. 

 

This study permitted us to compare the use of two porogenic agents. The porogenic agent B 

permits to obtain beads with a good mechanical stability and a quite good chemical 

accessibility (Table 3.28) but with a non homogeneous distribution of the functional groups. 

In fact, using the fluorescein as a marker for the functional groups, an higher density is clearly 

visible on the external surface of the beads, and the functional groups eventually present on 

the inner part of the beads are not reached by the reagents. 

Instead, the porogenic agent A gives more porous beads, that means first of all less 

mechanical resistance. More over, the porosity degree is not related to a better chemical 

accessibility (12-15 %, see Table 3.28), and that means a not homogeneous matrix, with 

differences in porosity from external to internal part of the beads and with a not homogeneous 

functional groups distribution. 
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In conclusion, both the porogenic agent A and the porogenic agent B must be used in different 

amounts or reaction conditions in order to obtain a polymer with a good mechanical stability 

and high chemical accessibility, as that obtained with Synbeads A310. 

In this way, a method to rationally evaluate the polymerisation process, giving useful 

information about the homogeneity of the matrix and the distribution of  the functional 

groups, was prepared. 
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4. Methods and materials  

 

4.1. Materials 

N-hydroxybenzotriazole (HOBt),  4-hydroxymethylphenylacetic acid (HMPA, Wang linker), 

4-(2’,4’-Dimethoxyphenyl-Fmoc-aminomethyl)-phenoxyacetic acid (Rink linker), 

2-Bromo-1-ethoxyethan-1-oxy, are supplied by Fluka. 4-(4-Hydroxymethyl-3-

methoxyphenoxy)-butyric acid (HMPB) were furnished by Novabiochem. 

N,N’-diisopropylcarbodiimide (DIC), 4-dimethylaminopiridine (DMAP), acetic anhydride 

(Ac2O), trifluoroacetic acid (TFA), N,N’-dimethylformamide peptide grade (DMF >99%) and 

dichloromethane (DCM) were furnished by Sigma-Aldrich. 

Methanol (MeOH) was supplied from Labscan. 

All the solvents used for the washing procedures were previously dried by means of 

molecular sieves. 

All the reactions for the manual syntheses were made in reaction syringes of 10, 20, 60 ml 

(Isosolute SPE accessories). 

Reagents for Malachite Green test, Pomonis test, Kaiser Test, and methyl red test were 

furnished by Sigma-Aldrich.  

1,6-diaminohexane (DAE) was kindly furnished by Resindion s.r.l. 

N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) was supplied from IRIS. 

PyBOP, N-methyl pyrrolidone (NMP) and DIPEA were furnished by Sigma-Aldrich. 

All the amino acids used for peptide synthesis were from Novabiochem and Sigma-Aldrich. 

 

4.2. Instruments 

 

4.2.1. Particle size distribution 

 

Particle size distribution was determined using a Malvern Mastersizer 2000 version 4.00. The 

instrument was also used to calculate the uniformity coefficient, the mean diameter and the 

effective size of the beads. 

To guarantee quality parameters, analysis was made on every Synbeads polymer sample. 
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A little amount (about 500 mg) of the chosen batch sample is introduced in the sample vessel 

of the instrument, that determines: 

− effective size: expressed value (mm), above that the 90% of the distribution of the 

measured diameters; 

− uniformity coefficient: a-dimensional value coming from the ratio between the 

expressed value (mm) above that the 40 % of diameter distribution take place and 

the value (mm) above that the 90%  of the diameter distribution take place. 

− mean diameter: expressed value (mm), above that the 50% of measured diameter 

distribution take place. 

4.2.2. B.E.T. analysis and mercury porosimeter 

To the determination of pores distribution mercury porosimeter AutoPore 9229 was utilized. 

To the evaluation of polymers’ superficial area the BET FlowSorb 2300 instrument was used. 

4.2.3. HPLC analysis 

HPLC analyses were performed with a Gilson HPLC (321 pump, 232XL autoinjector, UV 

lamp 170with a Chrompack C18 column. 

The mobile phase was water and acetonitrile (both with 1% TFA) in isocratic conditions 

(MeCN:H2O  40:60), with a 1ml/min flux (λ=290 nm).  

 

4.2.4. Flitration 

The separation of solid phase from liquid phase during the washing procedures and the 

cleavage of the product  were made in reaction syringes with a vacuum camera VacMaster 

using a Vac® V-500 (BÜCHI) coupled with a Vacuum Controller V-800 (BÜCHI). 

 

4.2.5. UV analysis 

Spectrophotometric measurement were performed with a Perkin-Elmer Lambda 20UV/VIS.  

 

4.2.6. IR analysis 

Kinetic studies used a GeATR FT-IR  with a VERTEX® Hyperion 3000 and IFS66/v 

Hyperion 2000. 

 



Methods and Materials 

 139 

4.2.7. Electron microscopy analysis 

Synbeads were analyzed  at CSPA (Trieste) using transmission electron microscopy (TEM) 

with an electronic microscope PHILIPS EM 208 and scanning electron microscopy (SEM) 

with a microscope LEICA STEREOSCAN 430i. 

 

4.2.8. MW assisted peptide synthesis  

Peptide synthesis was performed in a CEM Liberty Automated Microwave Peptide 

Synthesizer. The same instrument was also used for the studies of optimal reaction conditions 

and the development of synthetic protocols. 

  

4.2.9. MASS spectrometry 

Peptides were analyzed with a mass spectrometer API I (Perkin Elmer SCIEX) with 

electron-spray ionization. Spectra were collected by generating positively charged ions that 

plunge in a gap of mass/charge ratio between 400 and 2400 uma. 

Peptide was cleaved with TFA and directly injected into the instrument by means of an 

infusion pump at a constant rate of 100 µl/H, with a capillar voltage between 4500 and 

5500 V.  

4.3. Analytical methods 

4.3.1. Ninhydrin test  

Three solutions were prepared: 

− solution A: 5 g ninhydrin in 100 ml ethanol (EtOH) 

− solution B: 80 g phenol in 20 ml EtOH 

− solution C: 2 ml KCN (0.001 meq) solution in pyridine dilute to 100 ml. 

To a little sample of resin, a drop of each solution was added. Mixture was heated to 200°C to 

evaporate the solvent. A blue color indicates free amino groups, while a pale yellow color 

indicates that all the amino groups reacted. 

4.3.2. Malachite Green test 

Polymer was washed three times in MeOH. Malachite Green oxalate (0.25% in MeOH) and a 

drop of pure Et3N were added to the sample. Solution is maintained at room temperature for 

two minutes. Polymer was washed with MeOH since the green color of the solvent 
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disappeared. The presence of carboxy groups is confirmed by a green coloration of the resin 

that is maintained after one day. 

 

4.3.3. Pomonis test 

Three solutions were prepared: 

− solution A: tosyl chloride (5%) in pyperidine/toluene (1:1)   

− solution B: 4-(4-nitrobenzyl)-piridine 2% in acetone 

− solution C: Na2CO3 1M in H2O 

A little sample of the polymer was washed in MeOH and DCM. To each gram of this washed 

sample 20 mg methyl red, 50 µl DIC and 5 mg DMAP in 500 µl DCM were added. 

Mixture was stirred in blood rotator for 2 h at room temperature. The polymer was then 

washed with H2O 10% in DMF, DCM and chloroform till the washing solvent presented 

colourless. A red coloration of the beads indicates the presence of amino or hydroxy groups. 

4.3.4. Methyl red test 

A sample of polymer was washed with MeOH and DCM. To the washed sample 20 mg 

methyl red, 50 µl DIC, and 5 mg DMAP for every mg of resin was added in about 500 µl of 

DCM. 

Mixture was stirred for 2 hours in blood rotator for 2 hours. At the end of the reaction the 

polymer was washed with water/DMF (10:90), DCM and chloroform till the washing solvent 

presented colourless. The presence of amino or oxy groups is confirmed by a red colour of the 

beads. 

4.3.5. Solvent retention determination 

The polymers change their polarity after chemical modification (for example, after peptide 

synthesis), and so they retains different amount of solvent. Determination of the amount of 

retained solvent is important to correctly calculate the millimoles per dry gram of resin 

(mmol/gdry). 

At the end of every chemical synthesis a sample of the polymer was dried in a oven at 100°C 

and solvent retention was calculated by difference between wet and dry form.  
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4.4. Preparation of Synbeads 

Synbeads were prepared in the Resindion S.r.l Research and Development Laboratory. 

The suspension polymerization method was used. A mixture of the bi-functional monomers, 

the mono-functional monomers - one presenting the electrophilic group - and an inert 

polymerization solvent acting as a porogenic were added to an aqueous phase. 

At the end of the polymerization process the obtained beads were filtered and washed firstly 

with an organic solvent to remove the porogenic agent and then with demineralized water. 

The obtained polymers can be stored for at least six months at 4°C. 

The polymers were then functionalized as reported below. 

4.4.1. Preparation of aminomethyl Synbeads A310 

In a round bottom three neck flask, the starting Synbead polymer was reacted with an excess 

of 1,6-diaminoexane (calculated respect to the electrophilic groups number present on the 

starting polymer) in presence of water. The mixture was stirred using a vertical stirrer (200 

rpm) at controlled temperature. At the end of the functionalisation process, the system was 

cooled to room temperature and the polymer was washed with demineralized water till 

neutrality, and then filtered on a porosity controlled Büchner (G0). 

The polymer was then classified in a column (paragraph 4.5.1). 

4.4.2. Preparation of bromomethyl Synbeads B310 

In a round bottom three neck flask, the starting Synbead polymer was reacted with an excess 

of bromidic acid (calculated respect to the electrophilic groups number present on the starting 

polymer) in presence of water. The mixture was stirred using a vertical stirrer (200 rpm) at 

controlled temperature. At the end of the functionalisation process, the system was cooled to 

room temperature and the polymer was washed with demineralized water till neutrality, and 

then filtered on a porosity controlled Büchner  (G0). 

The polymer was then classified in a column (paragraph 4.5.1). 

4.4.3. Preparation of chloromethyl Synbeads C310 

Synthetic route A (HCl) 

In a round bottom three neck flask, the starting Synbead polymer was reacted with an excess 

of chloride acid (calculated respect to the electrophilic groups number present on the starting 

polymer) in presence of water. The mixture was stirred using a vertical stirrer (200 rpm) at 

controlled temperature. At the end of the functionalisation process, the system was cooled to 
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room temperature and the polymer was washed with demineralized water till neutrality, and 

then filtered on a porosity controlled Büchner (G0). 

The polymer was then classified in a column (paragraph 4.5.1). 

 

Synthetic route B (HCl and catalyst) 

In a round bottom three neck flask, the starting Synbead polymer was reacted with an excess 

of chloride acid (calculated respect to the electrophilic groups number present on the starting 

polymer) in presence of a catalyst in water. The mixture was stirred using a vertical stirrer 

(200 rpm) at controlled temperature. At the end of the functionalisation process, the system 

was cooled to room temperature and the polymer was washed with demineralized water till 

neutrality, and then filtered on a porosity controlled Büchner (G0). 

The polymer was then classified in a column (paragraph 4.5.1). 

 

4.4.4. Preparation of carboxymethyl Synbeads X310 

Synthetic route A: organic solvent 

In a round bottom three neck flask with a vertical stirring system (200 rpm), the amino 

Synbead polymer was reacted with an excess of succinic anhydride (calculated respect to the 

electrophilic groups number present on the starting polymer) in DMF, overnight. Reaction 

was monitored with Malachite Green test (paragraph 4.3.2). At the end of the 

functionalisation process the polymer was washed three times with MeOH/DMF (50:50), 

MeOH, DCM, then dried and washed with demineralized water. To verify the total number of 

carboxy groups per gram of dry resin, the polymer was titrated (paragraph 4.5.3.2). 

 

Synthetic route B: water 

In a round bottom three neck flask with a vertical stirring system (200 rpm), the amino 

Synbead polymer was reacted in water with an excess of succinic anhydride (calculated 

respect to the electrophilic groups number present on the starting polymer), activated with 

EDC and imidazole.  Reaction was monitored with Ninhydrin test  (paragraph MMM) and 

with the Malachite Green test (paragraph VVV). At the end of the functionalisation process 

the polymer was washed three times with MeOH, DCM, and water. To verify the total 

number of carboxy groups per gram of dry resin, the polymer was titrated (paragraph 4.5.3.2). 
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4.4.5. Preparation of hydroxymethyl Synbeads H310 

To prepare these polymers, five different reagents were tested: p-TSA in water, glycerol, 

1,5-pentandiole, ethanolamine, 3-amino-1-propanol.  

The following protocol was used for all the reagents: 

In a round bottom three neck flask the starting polymer was reacted with an excess of reagent 

(calculated respect to the electrophilic groups number present on the starting polymer), in 

water, at controlled temperature. At the end of the functionalisation process, the system was 

cooled to room temperature and the polymer was washed with water till neutrality. The 

polymer was then filtered on a porosity controlled buchner (G0). 

The polymer was then classified in a column (paragraph 4.5.1). 

4.5. Methods 

4.5.1. Column classification 

All Synbeads samples were classified in column to obtain an homogeneous particle size 

distribution. The product sample was introduced in a column presenting a glass or plastic 

filter. A regular flux of distilled water passed through the sample from the bottom to the top, 

separating the lighter particles from the heavier. The lighter particles were eliminated, 

obtaining an homogeneous particle size distribution. 

4.5.2. Washing protocol 

Before and after every chemical step, Synbeads were transferred in reaction syringes and 

washed three times with MeOH/DMF (50:50), MeOH, DCM, and DMF. 

 

4.5.3. Functional groups titration 

4.5.3.1. Aminomethyl Synbeads 

A known amount of polymer transferred in a reaction syringe. A solution of NaOH 0.5 N was 

percolated for about 1 h throughout  the polymer. The resin was then washed with 

demineralized water to reach neutrality. 

A known amount of HCl 0.5 N was percolated drop to drop and collected in a reservoir. 

A known amount of demineralised water was percolated and collected in the same reservoir. 

The collected solution was titrated with NaOH 0.5 N. The total exchange capacity was 

calculated on the basis of the following equation: 
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wetNaOHHClwetNH gNmlmlgmeq /5.0)(/
2

−=  

4.5.3.2. Carboxymethyl Synbeads 

A sample of polymer was weighted and put in a reaction syringe. A solution of HCl 0.5 N was 

percolated for about 1 h throughout  the polymer. The resin was then washed with 

demineralized water to reach neutrality. 

A known amount of NaOH o.5 N was percolated drop to drop and collected in a reservoir. 

A known amount of demineralised water was percolated and collected in the same reservoir. 

The collected solution was titrated with HCl 0.5 N. The total exchange capacity was 

calculated on the basis of the following equation: 

wetHClNaOHwetCOOH gNmlmlgmeq /5.0)(/ −=  

4.5.4. Determination of chemical accessibility  

Chemical accessibility was calculated with the Fmoc number method. 

Synbeads were subjected to three acylation cycles of 3h, 2h, and 2h respectively. 

At the end of every acylation step ninhydrin test was made. The polymer was acylated with 

Fmoc-Cl following the protocol reported in paragraph 4.5.4.1. Fmoc group was then cleaved 

and quantified (paragraph 4.5.4.2). 

4.5.4.1. Fmoc-Cl acylation 

The polymer was weighted, put in a reaction syringe and washed three times with 

MeOH/DMF (50%), MeOH, DCM, and DMF. 

The amino groups of the resin were subjected to three acylation cycles in blood rotator (20 

rpm) with Fmoc-Cl (3 eq), and DMAP (3 eq) in DMF (>99%), using a ratio of wet 

polymer/solvent of 30 gwet polymer/100 ml DMF. At the end of the reaction resin was filtered 

(paragraph 4.2.4) and washed (paragraph 4.5.2). On a little sample ninhydrin test (paragraph 

4.3.1) was made and on an other little sample solvent retention (paragraph 4.3.5) was 

determined. 

4.5.4.2. Cleavage and quantification of Fmoc group 

The Fmoc-protected polymer was weighted and transferred in a reaction syringe and a 

pyperidine/DMF solution (20%) was added. 

The mixture was maintained in blood rotator for 2h in blood rotator at room temperature. The 

sample was then filtered ( paragraph 4.2.4) and the solution containing the pyperidine was 

analysed at UV spectrophotometer at λ=290 nm. 
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The loading was obtained on the basis of the following equation: 

dry
dry g

mlVnmAbs
gmmolLoading

×
×=

4950

)()290(
)/(  

where Abs (290nm) is the absorbance at 290 nm; V (ml) is the volume of pyperidine (20% in 

DMF) used, 4950 is the ε value and gdry is the amount of dry resin of each sample. The value 

is the average of three experiments.  

 

4.5.5. Preparation of Fmoc-Phe-Synbeads  

4.5.5.1. Fmoc-L-PheOH/DIC acylation 

A known amount of polymer was transferred in a reaction syringe and washed (paragraph 

4.5.2). 

The amino groups of the resin were subjected to three acylation cycles in blood rotator (20 

rpm) with Fmoc-L-PheOH (3 eq), DIC (4 eq), and HOBt (6 eq) in DMF (>99%), using a ratio 

of wet polymer/solvent of 30 gwet polymer/100 ml DMF. At the end of the reaction resin was 

filtered (paragraph 4.2.4) and washed (paragraph 4.5.2). On a little sample ninhydrin test 

(paragraph 4.3.1) was made and on an other little sample solvent retention (paragraph 4.3.5) 

was determined. 

4.5.5.2. Fmoc-L-PheOH/EDC acylation 

A known amount of polymer was transferred in a reaction syringe and washed (paragraph 

4.5.2).The amino groups of the resin were subjected to three acylation cycles in blood rotator 

(20 rpm) with Fmoc-L-PheOH (3 eq), EDC(4 eq), and HOBt (6 eq) in DMF (>99%), using a 

ratio of wet polymer/solvent of 30 gwet polymer/100 ml DMF. At the end of the reaction resin 

was filtered (paragraph 4.2.4) and washed three times with MeOF/DMF (50%), MeOH, 

DCM, and DMF. On a little sample ninhydrin test (paragraph 4.3.1) was made and on an 

other little sample solvent retention (paragraph 4.3.5) was determined. 

 

4.5.5.3. Fmoc-L-PheOH/PyBOP/DIPEA acylation 

 

The polymer was weighted, put in a reaction syringe and washed three times with 

MeOH/DMF (50%), MeOH, DCM, and DMF. 
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The amino groups of the resin were subjected to three acylation cycles in blood rotator (20 

rpm) with Fmoc-L-PheOH (3 eq), PyBOP (3 eq), and DIPEA (6 eq) in NMP (>99%), using a 

ratio of wet polymer/solvent of 30 gwet polymer/100 ml NMP.  

The reaction was conducted by protecting the sample from light to guarantee the PyBOP 

stability. At the end of the reaction resin was filtered (paragraph 4.2.4) and washed (paragraph 

4.5.2). On a little sample ninhydrin test (paragraph 4.3.1) was made and on an other little 

sample solvent retention (paragraph 4.3.5)was determined. 

 

4.5.6. PGA-catalysed hydrolysis 

 

Enzymatic hydrolysis of  PhAcOH from Synbeads were performed by washing about 50 mg 

of the wet functionalised Synbeads with Kpi buffer (0.1m, pH 8.0). Synbeads were then 

suspended in the same buffer (6 mL) in the presence of lyophilised PGA (5 mg, 14 Umg-1). 

The reactions were allowed to mix for 24 h at room temperature. 

 

4.5.7. Determination of the loading on chloromethyl and bromomethyl 

Synbeads 

 

In a reaction syringe (20 ml) 450 mg of B310 or C310 were weighed. 900 µl of basic water 

(one drop of NaOH added), and 54 mg of  DAE were added to the polymer, and the mixture 

was maintained at 50°C for 24 h. At the end of the reaction time, the polymer was filtered 

(paragraph 4.2.4) and washed (paragraph 4.5.2). On the obtained amino polymer the loading 

was calculated (paragraph 4.5.4). At the same time the blanches were controlled: in a reaction 

syringe (20 ml) 450 mg of B310 or C310 were weighed. To the polymer 900 µl of basic water 

(one drop of NaOH added) were added, and the mixture was maintained at 50°C for 24 h. At 

the end of the reaction time, the polymer was filtered (paragraph 4.2.4) and washed 

(paragraph 4.5.2). Then the loading was calculated (paragraph 4.5.4). 

 

4.5.8. Determination of the loading on carboxymethyl Synbeads 

 

Synbeads X310 were washed (paragraph 4.5.2.). The polymer was then reacted in a round 

bottom flask with oxalyl chloride (2 eq.), DMF(one drop), in DCM. The reaction was 
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maintained for 3 h. The polymer was then put in a reaction syringe and washed with DCM. 

The chlorinate carboxy groups were reacted with DAE in DMF (10 ml/g) at 50°C for 12 h. At 

the end of the reaction polymer was washed with a HCl solution (5%) to eliminate DAE 

excess, NaOH solution (5%) to activate the amino groups and then with the usual washing 

protocol (paragraph 4.5.2). The loading was then quantified using the Fmoc number method 

(paragraph 4.5.4).  

 

4.5.9. Preparation of  3-nitropropionic Synbeads 

 

Known amount of aminomethyl Synbeads A310 were transferred in a reaction syringe and 

washed (paragraph 4.5.2). 3-nitropropionic acid (3 eq.) and DIC (3 eq.) in DMF were added. 

The mixture was maintained at 25°C under stirring (blood rotator). Samples of the reaction 

mixture were taken at 5, 10, 20, 30, 60 minutes reaction time and immediately washed to stop 

the reaction. On each sample ninhydrin test (paragraph 4.3.1) was made. 

 

4.5.10. Preparation of bromoacetal Synbeads 

 

A known amount of hydrohymethyl Synbeads H310 were transferred in a reaction syringe and 

washed (paragraph 4.5.2). The polymer were then washed three times with 1,2-dichloroethane 

and transferred with pyridine p-toluenesulfonate in a round bottom flask with 

1,2-dichloroethane. 

The mixture was heated to reflux for 4 h, while continuously removing the solvent and traces 

of water. A solution of 2-bromo-1,1-diethoxyethane in 1,2-dichloroethane was added and the 

mixture was held at reflux for 4 h with continuous removal of ethanol/1,2-dichloroethane. 

At the end of the reaction the polymer was washed with DMF, dioxane, and 

1,2-dichloroethane. 

Yield was calculated by elemental analysis of the bromine.  

 

4.5.11. Functionalisation with fluoresceine 

 

A known amount of  aminomethyl Synbeads A310 was transferred is a reaction syringe and 

washed (paragraph 4.5.2). the polymers were conditioned with Kpi buffer (0.1 M, pH=8.00) 
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and reacted with fluorescein (1% or 5% respect to the acylable amino groups). Mixture is 

maintained at room temperature in the dark, under constant stirring for 2 h. At the end 

Synbeads were washed (paragraph 4.5.2) and excess of fluorescein was eliminated with 

CH3CN/TFA. 

 

4.5.12. ATR FT-IR analysis with conventional light source on grinded 

Synbeads 

 

Aminomethyl Synbeads A310 were sieved by means of a 65 mesh  sieve to obtain an uniform 

sample of beads with a particle size of 160-200 µm. 

Sieved Synbeads A310 were functionalised with 3-nitropropionic acid (3 eq) and DIC (3 eq) 

in DMF at 25 °C.  

Samples were dried with DCM and then grinded in a mortar in order to obtain a medium 

value of the functionalisation grade of the beads. The samples were analysed with ATR 

detector with a conventional light source. 

4.5.13. ATR FT-IR analysis with synchrotron light on beads slices 

 

Aminomethyl Synbeads A310 were sieved to obtain a particle size of 160-200 µm and 

functionalised with 3-nitropropionic acid (paragraph 4.5.9). 

The beads of each sample were included in a epoxy resin and cut using a ultra microtome. 

Slices with a diameter of 160-200 µm, corresponding to the equatorial part of the beads, were 

analysed with an ATR FT-IR detector (VERTEX® Hyperion 3000 and IFS66/v Hyperion 

2000) with synchrotron light. 

 

4.5.14. Fluorescein functionalised Synbeads analysis 

 

Aminomethyl Synbeads A310 were sieved by means of a 65 mesh sieve to obtain an uniform 

sample of beads with a particle size of 160-200 µm.. 

The polymers were functionalised with fluorescein. To the polymers washed with water, 

fluoresceine-5-isothiocyanate (1% respect to the functional groups of the polymer) in Kpi 

buffer (0.1 M, pH 8.00) was added and the reaction was stirred in blood rotator (20 rpm) in 

the dark for 2 h. 
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At the end the polymer was washed with the buffer. 

The beads were included in an epoxy resin and cut using a ultra microtome. Slices were 

analysed using a fluorescence microscope. 

 

4.6. Peptide synthesis on Synbeads 

 

4.6.1. Attachment of Wang linker to amino Synbeads 

 

The polymer was weighted, put in a reaction syringe and washed (paragraph 4.5.2). The 

HMPA (3 eq.) was activated with DIC (4 eq.) in order to form the O-acylisourea, which is 

soluble in DMF. The O-acylisourea reacted with HOBt (6 eq.) to form the activated ester that 

reacted with the amino group of the polymer ( 

Scheme 4.1). 
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Scheme 4.1. Preparation of the Wang-resin (7). HMPA (2) is activated with DIC (1) and HOBt (4), 

forming the activated ester (5). This reacts with the amino group of the resin (6). 
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The ratio between the polymer and the solvent (DMF) used for the synthesis was 30gwet 

polymer/100mlDMF. 

Reaction mixture was stirred for 4 h in blood rotator (20 rpm). At the end of the acylation, 

ninhtdrin test (paragraph 4.3.1) was made to control the completion of the acylation.  

Polymer was then washed (paragraph 4.5.2). 

4.6.2. Attachment of HMPB linker to amino Synbeads 

The polymer was weighted, put in a reaction syringe and washed (paragraph 4.5.2). The 

HMPB (3 eq.) was activated with DIC (4 eq.) in order to form the O-acylisourea, which is 

soluble in DMF. The O-acylisourea reacted with HOBt (6 eq.) to form the activated ester that 

reacted with the amino group of the polymer. 

The ratio between the polymer and the solvent (DMF) used for the synthesis was 30gwet 

polymer/100mlDMF. 

Reaction mixture was stirred for 4 h in blood rotator (20 rpm). At the end of the acylation, 

ninhydrin test (paragraph 4.3.1) was made to control the completion of the acylation.  

Polymer was then washed (paragraph 4.5.2). 

4.6.3. Attachment of the first amino acid: Fmoc-L-PheOH 

 

The polymer with the Wang linker or the HMPB linker was reacted with Fmoc-L-Phe-OH 

(6 eq.), DIC (3 eq.), and DMAP (0.1 eq.) in DMF (>99%), using a ratio between the polymer 

and the solvent (DMF) of 30gwet polymer/100ml DMF. 

The amino acid, activated with DIC and DMAP (O-acylisourea), formed the symmetric 

anhydride with the oxy group of the linker (Scheme 4.2). 

At the end of the reaction the polymer was washed (paragraph 4.5.2).   
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Scheme 4.2: Formation of the symmetric anhydride 

4.6.4. Attachment of the second amino acid: Fmoc-L-Phe-OH 

 

The polymer, functionalised with the linker and with the first amino acid, was subjected to the 

following protocols: 

a. Capping of free reacting groups 

Both the non-reacted oxy groups of Wang linker or HMPB linker and the non-reacted amino 

groups of the polymer were capped using acetic anhydride (10 eq.) in DMF for 4 h.  

The polymer was then filtered (paragraph 4.2.4) and washed (paragraph 4.5.2). The ninhydrin 

test (paragraph 4.3.1) was made, and if non-reacted amino groups were still present, the 

capping with acetic anhydride was repeated. 

b. Cleavage of the Fmoc 

The cleavage was made using a solution of piperidine (20 % in DMF) for 2h in blood rotator. 

At the end the polymer was filtered and washed (paragraph 4.5.2). 
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c. Attachment of the second amino acid 

The modified polymer was put in a reaction syringe. Fmoc-AA-OH (3 eq.), DIC (4 eq.), and 

HOBt (6 eq.) in DMF (>99%) were added, using a ratio between the polymer and the solvent 

(DMF) of 30gwet polymer/100mlDMF. 

The polymer was then filtered (paragraph 4.2.4) and washed (paragraph 4.5.2). 

The acylation was repeated and then the loading (paragraph 4.5.4) was determined. 

d. Cleavage of the product 

The polymer was treated with TFA (95% in water) for 1 h. At the end the preparation was 

filtered (paragraph 4.2.4) and washed with acetonitrile/water(50%). The cleavage step was 

repeated three times, then the liquid phases were analysed by HPLC (paragraph 4.2.3). 

 

4.6.5. Attachment of Rink-Amide linker to amino Synbeads 

 

A known amount of  polymer was transferred in a reaction syringe and washed (paragraph 

4.5.2). The Rink linker (5 eq.), DIC (5 eq.) and HOBt were dissolved in dry DMF and added 

to the polymer. The ratio between the polymer and the solvent (DMF) used for the synthesis 

was 30gwet polymer/100mlDMF. 

Reaction mixture was stirred for 6 h in blood rotator (20 rpm). At the end of the acylation, 

ninhydrin test (paragraph 4.3.1) was made to control the completion of the acylation.  

Polymer was then washed (paragraph 4.5.2). 

 

4.6.6. Syntesis of the pentapeptide FWNWL 

4.6.6.1.  Attachment of the first amino acid: Fmoc-L-Phe-OH 

 

The polymer with the Rink Amide linker was reacted with Fmoc-L-PheOH (5 eq.), DIPEA 

(10 eq.), and HCTU (4.9 eq.) in magic mixture (DMF/NMP, 50/50) , using a ratio between the 

polymer and the solvent of 30gwet polymer/100mlsolvent. 

Reaction mixture was maintained at 50°C for 1 h under constant mixing.  

At the end of the reaction the polymer was washed with magic mixture. 

Acylation procedure was repeated a second time. 
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4.6.6.2.   Attachment of the sequence of amino acids 

 

The polymer, functionalised with the linker and with the first amino acid, was subjected to the 

following protocols: 

e. Capping of free reacting groups 

Both the non-reacted groups Rink linker and the non-reacted amino groups of the polymer 

were capped using acetic anhydride (10 eq.) in DMF for 4 h.  

The polymer was then filtered (paragraph 4.2.4) and washed (paragraph 4.5.2). The ninhydrin 

test (paragraph 4.3.1) was made, and if non-reacted amino groups were still present, the 

capping with acetic anhydride was repeated. 

f. Cleavage of the Fmoc 

The cleavage was made using a solution of piperidine (20 % in DMF) for 2h in blood rotator. 

At the end the polymer was filtered and washed (paragraph 4.5.2). 

g. Attachment of the other amino acids 

The modified polymer was put in a reaction flask. Fmoc-Trp(Boc)-OH or Fmoc-Asn(Trt)-OH 

or Fmoc-Trp(Boc)-OH or Fmoc-Leu-OH (respectively the second, third, fourth and fifth 

amino acid, 5 eq.), DIPEA (10 eq.), and HCTU (4.9 eq.) in magic mixture were added, using a 

ratio between the polymer and the solvent of 30gwet polymer/100mlsolvent. 

The polymer was then filtered (paragraph 4.2.4) and washed (paragraph 4.5.2). 

The acylation was repeated and then the loading (paragraph 4.5.4) was determined. 

h. Cleavage of the product 

The polymer was treated with TFA (95% in water) for 1 h. At the end the preparation was 

filtered (paragraph 4.2.4) and washed with acetonitrile/water (50%). The cleavage step was 

repeated three times, then the liquid phases were analysed by HPLC (paragraph 4.2.3) and 

mass spectrometry (paragraph 4.2.9). 

 

4.6.7. Thermolysin-catalysed peptide synthesis 

Aminomeyhl Synbeads A310, functionalised with the linker and Phe-OH amino acid, were 

washed two times with a Kpi buffer (0.1 M, pH=8.00) and reacted with thermolysin (5 mg) 

and Fmoc-Phe-OH (10 eq.) in the same buffer.  

Mixture was leave under constant mixing (200 rpm) at room temperature overnight. 
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4.7. Microwave assisted peptide synthesis 

4.7.1. Stability to microwave-induced thermal stress 

 

The amino Synbeads were washed (paragraph 4.5.2) and sample of washed polymer was put 

in the microwave oven with DMF and maintained at 100°C, 100 W, for 20 minutes. Then the 

complete recovery of the loading (paragraph 4.5.4) was verified. 

4.7.2. Attachment of Fmoc-PheOH on amino Synbeads using 

microwaves 

The amino Synbeads were washed (paragraph 4.5.2), and finally with DMF/DCM (50%), and 

put in the microwave synthesiser Liberty CEM®. 

a. Acylation with PyBOP 

100 mgwet of polymer were reacted with 2.5 ml Fmoc-PheOH (0.2 M), 1 ml PyBOP (0.5 M), 

and 0.5 ml DIPEA (2 M) in DMF (>99%) for 5 or 10 minutes at 75°C and 40W. At the end of 

the reaction the loading (paragraph 4.5.4) was determined. 

b. Acylation with DIC 

Reaction was conducted in the presence of Fmoc-PheOH (3 eq.), DIC (4 eq.), and HOBt (6 

eq.) in DMF (>99%), in order to use a solution with a concentration 0.27 M of amino acid. 

Reaction was maintained at 75°C, 40 W, for 5 minutes. At the end of the reaction the loading 

(paragraph 4.5.4) was determined. 
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5. CONCLUSIONS 

 

In the first part of this study a new class of polymers for solid phase synthesis, called 

Synbeads, was developed. 

• Different synthetic routes were investigated and applied for the production of 

aminomethyl, chloromethyl, bromomethyl, carboxymethyl and hydroxymethyl 

polymers. 

• Chemical and physical parameters were considered, together with technological, 

economical and environmental issues, considering the possibility of large scale 

production and application of these polymers.  

• New analytical methods were developed in order to obtain a complete chemical and 

physical characterisation of the prepared polymers. 

Synbeads presented an high porosity, an high internal superficial area and an homogeneous 

particle size distribution, thus granting a good mass transfer and an easy applicability to 

automatised processes. 

Moreover Synbeads presented optimal chemical accessibility values and allow high synthetic 

yield. 

After obtaining optimised polymers, pre-loaded Synbeads with different linkers were 

prepared. These polymers can thus be applied in solid phase peptide synthesis. 

In fact Wang linker-Synbeads and HMPB linker-Synbeads were applied in peptide Synthesis, 

for the preparation of Fmoc-AA-Wang-Synbeads and for the preparation of a pentapeptide. 

The pentapetide constituted the first five amino acids of the Fuzeon® sequence, a 36-amino 

acids peptide presenting HIV inhibitory activity. 

The possible application of Synbeads in microwave assisted automated peptide synthesis was 

then investigate. Thanks to their homogeneous particle size distribution and their stability to 

high temperatures and microwave irradiation, Synbeads demonstrated easy applicability with 

the automated system Liberty CEM®. 

 Synbeads are rigid polymers and so they do require shorter time and smaller amounts of 

solvents than the swelling polymers. New protocols for the application of Synbeads in 

microwave assisted automated peptide synthesis with Liberty CEM® confirmed the possibility 

to obtain the desired product with high purity grade drastically lowering the time reaction and 

the solvent consumption. 
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In the last part of the study a investigation of diffusion phenomena inside the beads of 

aminomethyl Synbeads A310 was conducted. 

With the help of dr. Lisa Vaccari and using the instruments present in the SISSI beamline of 

Elettra Synchrotron (Trieste), the matrix uniformity and the homogeneous functional groups 

distribution within the beads were verified. 

More over diffusion of small reagents inside the beads was monitored by means of ATR 

FT-IR techniques with synchrotron light on slices of Synbeads at different reaction times. 

In this way a new analytical approach to the investigation of the inner part of non transparent 

polymers were proposed. 

An other analytical method for the study of matrix homogeneity and functional groups 

distribution within the beads were also proposed. Slices of Synbeads functionalised with 

different concentrations of fluorescein were obtained. Images of functionalised and not 

functionalised polymer slices allowed the investigation of inner matrix homogeneity and 

functional groups distribution. 

In conclusion, in this PhD study a new class of polymers for solid phase synthesis, Synbeads, 

was prepared, optimised and produced. Synbeads were then applied in both classical and 

microwave assisted automated solid phase peptide synthesis with good results.  

New analytical approaches for the investigation of diffusion phenomena and matrix 

homogeneity within the beads were developed and applied to verify the Synbeads 

characteristics. 

Thus, Synbeads present a very high potential for large scale automated processes and 

industrial applications. 
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