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ApplicationApplication of Cyclization/Cleavage 
StrategyStrategy in Solid Phase Synthesis 

Abstract t 

Overr the last decade, introduction of combinatorial techniques to the field of 

medicinall  chemistry led to a new way of approaching lead finding and lead optimization. 

Parallell  synthesis, both in solution phase an on the solid phase, has been introduced to 

efficientlyy produce diverse libraries of pharmacologically interesting compounds for 

screeningg purposes. Since parallel purification of compound libraries can be an elaborative 

andd costly process, development of methodologies to ease this operation or prevent the need 

forr it has been a topic of intensive investigation. For the solid phase preparation of various 

heterocycles,, the concept of cyclization/cleavage has proven to be highly beneficial to the 

purityy of the detached final products. 
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1.11 Introduction 

1.1.11 Revolutions in medicinal chemistry research 

Inn view of the high costs of developing new and safe drugs, with respect to the 
relativelyy short time patents exist to compensate for the investments after the whole process of 
researchh and marketing, the pharmaceutical industry is eager to make this process more 
efficient.. To increase the chance of success in the costly later stages of clinical trials, it is 
believedd to be beneficial to achieve improvement early in the line, by coming up with better 
candidatess as a result of more competent lead finding and lead optimization. Where 
previouslyy a rate-limiting step in drug discovery had always been the evaluation of 
compoundss for biological activity, at the end of the 1980's the synthesis of new compounds 
becamee a constraint in drug development. As a result of the recent progress in the fields of 
biotechnologyy and pharmacology, miniaturization and automation of biological assays came 
withinn reach, thus dramatically speeding up the process of screening compounds for 
biologicall  activity. Nowadays, these so-called high throughput screening (HTS) facilities are 
thee fundaments of medicinal chemistry in the modern pharmaceutical industry. Together with 
numerouss potential new drug targets emerging from molecular biology research and the 
continuingg drive to minimize the costs of health care, this has created the need for efficient 
synthesiss of novel and diverse compound collections.*11 Since for initial screening only limited 
amountss of compound are required, miniaturized and (semi-)automated parallel synthesis in a 
timee and resource effective manner became the new aim for medicinal chemists. Hence, they 
expectt to be able to cope with the speed of HTS and, even more important, generate a larger 
amountt of compounds and thus a higher degree of diversity, all with the hope of finding more 
promisingg lead structures. 

1.1.22 Combinatorial chemistry 

Inn the early 1990's, the thoughts about how to fil l the newly created gap between 
speedd of synthesis and screening capacity got their practical genesis[:itu:41 with the rapid 
evolutionn of combinatorial chemistry.151 For a long time, chemists had been synthesizing 
specificc products using solution phase techniques, working on single reactions in one vessel at 
aa time. Inspired by the way nature constructs its highly diverse molecules of life by generating 
forr instance RNA, DNA and peptides from combining distinct sets of building blocks, 
chemistss started thinking of doing the same for the class of relatively small heterocyclic 
organicc structures most drug-like molecules belong to. The power of applying this strategy 
liess in the exponentially increasing chemical diversity that can be created with the number of 
reactionn steps and variation of the synthons. The way nature, using the 20 proteinogenic 
aminoo acids, is capable of producing 202 = 400 different dipeptides and 20' = 8000 different 
tripeptides,, organic chemists should be able to generate molecules composed of different 
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classess of synthons with a wide variety of side chain functionality, which are often 
commerciallyy available. Combining two types of building blocks, one with 8 varieties in side 
chainss and the other with 12, already creates a potential array of 96 molecules. Incorporation 
off  6 variances of a third building block increases this number to a library of 576 possible 
compounds. . 

1.1.33 Solid phase versus solution phase 

Developingg the chemistries of introducing the synthons into a common procedure 
thatt is relatively independent of the side chains opens the way to make many compounds 
simultaneouslyy in mixtures, or carry out synthesis of single compounds in a parallel fashion. 
Thiss can be realized either in solution phase or on solid phase. Synthesis on solid supports has 
thee advantage that reactions can be driven to completion by using excesses of reagents, that 
cann be easily removed together with soluble side products formed during the reaction by 
filtrationn and washing of the resin beads. These are simple actions than can easily be 
automated.. A disadvantage of this technique is its incompatibility with heterogeneous 
reagents,, or solid side products formed during the reaction. Dependent on the type of solid 
support,, constraints to the solvents that can be used may interfere with known reaction 
procedures:: to achieve proper accessibility of all reaction sites (most of them which are on the 
insidee of the resin beads rather than at the surface), the solid support has to swell sufficiently 
inn the reaction medium16' to create a gel-type structure. Though several types of polymeric 
supportss have been developed,'71 the most widely used solid supports are still the so-called 
microporouss resins of the classical Merrifield type: spherical resin beads commonly of 100-
2000 mesh (150-75 Jim) or 200-400 mesh (75-37 p.m) size, consisting of polystyrene chains of 
whichh typically 1 to 2 % is cross-linked with divinylbenzene (DVB).'81 A higher degree of 
cross-linkingg generally improves mechanical stability of the solid support, but this more 
constrainedd morphology leads to a decrease in swelling properties, with implications on 
accessibilityy and reaction dynamics. To achieve proper accessibility, the polymerization 
processs of these so-called macroporous resins has to be conducted in the presence of an inert 
solvent.'811 Depending on the loading capacity, a certain amount of the polystyrene residues is 
functionalizedd in order to be able to attach compounds. The functionality can be introduced 
eitherr prior to polymerization by using modified styrene-derived monomers, or by chemical 
introductionn to the polystyrene/DVB copolymer via lithiations or electrophilic aromatic 
substitutionss (Figure 1.1). 

Nowadays,, a wide variety of solid supports in functionalized form,'9' with or without 
chemicall  linkers of various types for different applications, is commercially available. The 
naturee of the functional groups, and the type of linker or spacer that is possibly placed 
betweenn the solid support and the first building block, highly determine the swelling 
characteristicss of the resin: the more a solvent molecule mimics the inside of the polymer 
matrixx in terms of polarity, the better the swelling. Well-known examples are for instance the 
lesss hydrophobic TentaGel® type resins,"01 in which the polystyrene/DVB-crosslinked matrix 
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Figuree 1.1: Two routes towards classical, Merrifield-type functionalized polystyrene resin. 

iss covalently coated with long polyethyleneglycol (PEG) spacers. The PEG-chains, 
comprisingg up to 60-80% of the resin weight, provide better swelling properties in protic 
solventss such as water and methanol and are compatible with the more polar organic solvents. 
However,, these generally more expensive resins have a lower loading capacity and are 
mechanicallyy less stable than the Merrifield-type solid supports. Though the high flexibilit y of 
thee PEG chains is believed to facilitate the access to the reactive centers located at their end, 
chancess of intermolecular side reactions may increase as well. Sometimes, a compromise 
betweenn Merrifield- and TentaGels-type resins is found in introducing small PEG spacers1"1 

betweenn the polystyrene solid support and the attached molecules. 

Forr known procedures in solution phase using conditions that cannot be directly 
translatedd to the solid support, the restricted compatibility sometimes requires extensive 
researchh in order to find optimal conditions for carrying out a reaction on solid support. A 
demandingg requirement is that the reaction should be clean, fast and quantitatively, preferably 
att ambient temperature. Fortunately, more chemistries are being adapted to use in solid phase 
reactionss every year,1'21'1"1 including many C-C bond forming reactions."41 Also, the 
equipmentt for parallel synthesis becomes more sophisticated, allowing a wider range of 
reactionn temperatures. Another obligation to using solid phase techniques is the presence of 
ann anchoring site to connect the developing target structure to the solid support during 
synthesis.. This functionality, often a polar group, remains part of the target structure after 
detachmentt from the solid support, and might be disadvantageous from a pharmacological 
pointt of view. 

Besidess the majority of combinatorial chemistry research that focussed on solid 
phasee synthesis in the early years, more and more emphasis is shifted towards the use of 
solutionn phase techniques."51 Generally, development time is shorter since known literature 
proceduress can be applied more directly. Usually, a wider range of solvents and more drastic 
reactionn conditions can be used. However, purification after the reaction steps now becomes 
moree problematic. Techniques of high throughput purification, like parallel 
chromatography"611 or solid phase extraction (SPE) using disposable short columns of various 
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packing1'711 become more common but are still quite elaborative and costly. More practical 
solutionss to deal with this issue involve the use of polymer-supported reagents and 
catalysts,'""81"911 or scavenger resins'301"12'1 to trap excesses of reagents and/or formed side 
products.. This allows solution phase chemistry to be carried out with all the benefits of solid 
supportss such as simple workup procedures by filtration and washing. Other strategies try to 
findd a compromise between solid and solution phase by using hybrid approaches. One 
examplee is attachment of the growing core to a polymer support soluble in a variety of 
aqueouss and organic solvents, which can be crystallized or precipitated for purification 
purposes.'2211 Conceptually similar is the so-called 'fluorous synthesis':'231 by derivatizing the 
startingg material with polyfluorinated tags, the organic target structures are made soluble in 
fluorocarbonn solvents, allowing selective extraction after solution phase synthesis has been 
carriedd out. 

1.1.44 Mixtures versus single compounds 

Off  course, it should be too optimistic to think that a new technique such as 
combinatoriall  chemistry would provide the ultimate solutions to widen all bottle necks 
medicinall  chemistry is facing today. At the beginning of the combinatorial era, the euphoria 
thatt resulted from thoughts of the almost endless diversity of compounds that could be 
generatedd using combinatorial techniques stimulated a lot of research groups to synthesize 
enormouss compound libraries. All these libraries together would be so diverse that extensive 
screeningg should nearly always result in finding a lead. Obviously, for handling reasons, this 
hadd to result in ending up with libraries of compound mixtures, each sometimes consisting of 
thousandss of different structures. Preparation of these compound mixtures was generally 
achievedd applying the split/mix strategy (Figure 1.2) using solid supports, first described by 
Furkaa and co-workers in 1991.'25 Though cleavage after the last synthetic step leaves a 
mixturee of compounds, this strategy ensures that each individual bead in the batch of resin 
carriess only a single member of the library:'"11 each bead can be considered a micro-reaction 
vessel.. This can be advantageous to the evaluation process in the case the biological target is 
solublee and allows screening of compounds still attached to the solid support. Furthermore, 
withh split/mix technology, the problem of non-equimolar distribution of the products in 
compoundd mixtures due to different reaction rates of all reaction partners can be elegantly 
avoided. . 

Despitee the many compounds present in such 'cocktails', the hope existed that real 
hitss would show up by significantly enhancing the activity of the tested mixture. In the course 
off  time however, several serious drawbacks to this approach emerged. First of all, the larger 
thee number of compounds in a mixture, the more difficult it is to contribute any activity to a 
singlee molecule. High activity of a mixture can as well be a cumulative effect of a series of 
loww to moderately active compounds as it can be the result of the one highly active compound 
thatt is being looked for. On the other hand, one could overlook a potent hit when being the 
onlyy really active component in a large compound mixture with medium overall activity. 
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Figuree 1.2: The concept of split-mixed synthesis. 

Secondly,, compound analysis is already a difficult issue when making a large number of 
structures,, and especially with making compound mixtures, identification of individual 
memberss becomes a severe problem. Synergistic and antagonistic effects between compounds 
inn a cocktail may as well be misleading; especially mixtures above 20 compounds are prone 
too a lot of false positive results.i:4' Because there is also less certainty about the purity of the 
compoundss made, any activity found can as well be as a result of side products rather than of 
onee of the target structures. However, compared to screening of natural product extracts, 
assayingg combinatorial libraries can have the advantage that, in having been synthetically 
assembled,, there is information about the likely contents of the test mixtures. 
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Anotherr issue is the need of developing techniques for identification of the most 
activee constituent(s) in a mixture, the so-called deconvolution process. Several approaches 
havee been followed. One is simple and pragmatic resynthesis in sub-libraries of smaller 
mixtures,, in which before the introduction of the last undefined building block the aliquots are 
nott recombined but kept as separate pools. Screening reveals the most active building block, 
andd less complex sublibraries with the identified building block(s) incorporated are then 
synthesized.. With this process of 'iterative decon volution',[41 stepwise identification of the 
mostt favorable building blocks used during the course of construction takes place, eventually 
endingg up with a single compound. 

Moree sophisticated strategies involve tagging:1251 in 'one-bead-one-compound' solid 
phasee synthesis, code compounds, that can readily be interpreted to reveal the precise 
structuree of an active library component, can be synthesized simultaneously at an orthogonal 
linkerr position on the resin beads with introduction of specific building blocks. Examples of 
tagss involve sequenceable structures like oligonucleotides'261'27*  and peptides,'281'291 and 
chemicallyy more inert small molecule tags that produce a unique 'molecular barcode' that can 
bee read out for instance by GC'301, MS13'1 or HPLC'321 techniques. Even more sophisticated is 
thee use of radiofrequency encodable microchips'331'341 with encapsulated beads, recording the 
syntheticc history of the library members. 

Alll  the factors of uncertainty associated with synthesis of large compound mixtures 
havee made this approach rather impopular. In the early years, this resulted in a view from 
partss of the chemical community that combinatorial chemistry is nothing more than "shooting 
inn the air with loads of hail in the hope a bird flies over that might be hit." 

1.1.55 Molecular diversity 

Thee doubtful effectiveness of the generation of mixtures requiring elaborative though 
unpredictablee deconvolution, together with the enormous increase in data handling inherent to 
makingg very large libraries, rose concerns about how to make combinatorial chemistry 
"smarter".. Without sacrificing too much in terms of diversity, a reduction in the number of 
compoundss was required, together with more certainty about the identity of the compounds in 
vieww of data handling and storage for later use. Thus, in the development of combinatorial 
chemistryy during the I990's, one can clearly see a shift in attention from generating large 
mixturess of compounds to parallel synthesis of a more distinct set of single compounds or 
smalll  compound mixtures.1241 Rational design, based on known structure activity relationships 
(SAR)) and with an increasing use of in silico tools like molecular modeling in the last 
decades,, has been a key objective within the pharmaceutical industry for a long time.'151 This 
approachh was integrated into the random elements of combinatorial chemistry, making the 
compositionn of a library to become more like an "educated guess". For instance, structural 
knowledgee from conformationally constrained small peptide or peptidomimetic ligands, or 
biologicallyy active natural products,'36' can be very helpful for this purpose. Secondly, 
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informationn about the target, such as x-ray structures or key residues identified by site-
directedd mutagenesis studies, may help in selecting privileged structural motives. 

Whilee in lead follow-up building block selections for focused libraries containing 
designedd elements of diversity, or for lead optimization libraries of small tailor-made 
compoundd collections, are mainly based on the SAR found in known ligands or in the primary 
library,, for the more random type compounds used for lead finding "molecular diversity" 
playss an increasingly important role. In this field, a set of parameters that is believed to be 
importantt for the target is defined, each parameter being a dimension in virtual diversity 
space.. By combining all available building blocks in silico, the properties of each member of 
thiss virtual library are predicted. Based on the results of these clustering techniques,1*1 a 
selectionn of building blocks is made that assembles the best distribution over the multi-
dimensionall  diversity space, whose borders are defined by the range considered optimal for 
eachh individual parameter. Hence it is tried to generate maximal diversity with a restricted set 
off  structures, resulting in the advantage of having an as widespread as possible array of 
compoundss around a new or existing core, and a highly divergent set of candidates for 
screeningg on new or explored targets. Of course, the success rate of this technique is highly 
dependentt on the relevance of the chosen parameters for biological activity, something that is 
alwayss difficult to predict. 

1.22 Development of solid phase synthesis 

1.2.11 Solid phase oligomer synthesis 

Constructionn of linear oligomers using building blocks of the same class but with 
differentt side chains (linear assembly) reaches back to the pioneering work of solid phase 
peptidee synthesis by Merrifield in 1963.[17] Two years later, Letsinger'381 and Khorana[39] 

appliedd solid phase techniques in the preparation of oligonucleotide sequences. Some further 
investigationss were initiated, for instance leading to the introduction of solid supports in 
carbohydratee chemistry1*1 with the synthesis of oligosaccharides.'4" It is not surprising that 
polymer-supportedd synthesis found its first applications in these fields, as oligomer synthesis 
consistss of linear repetitive cycles of deprotection, washing, coupling and washing steps. 
Thesee could ultimately be fully automated and carried out on robotic systems. The first 
buildingg block, with protected functionality for further elongation and -if necessary-
orthogonally[4:ii protected functional groups in the side chains, is attached to the solid support. 
Afterr deblocking the elongation site and washing, the next suitably protected building block is 
coupled,, followed again by washing of the growing polymer-bound chain. This sequence is 
repeatedd for each building block, followed by removal of all protective groups and finally 
cleavagee of the biopolymer from the resin. Since all building blocks are of identical origin, 
diversityy is not only generated by the individual sidechains of the used monomers, but also 
furtherr extended by their permutability. 
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Figuree 1.3: Linear assembly of oligomers. 

AA prerequisite for ending up with products of sufficient purity is of course a highly reliable 
sequencee of deprotection and coupling. When these reactions do not go to completion within 
thee given time span, certain building blocks will fail to incorporate and side products lacking 
onee or more monomeric units wil l contaminate the anticipated product after detachment from 
thee solid support. Especially since the fully deprotected biopolymers released from the resin 
aree generally highly polar compounds, one would rather prevent the need for end product 
purification. . 

Unfortunatelyy however, in many cases problems occur during oligomer synthesis. 
Especiallyy in the widely explored field of peptide chemistry, a range of obstacles have shown 
upp that could not be overcome by using standard conditions, but required special 
circumstances.. A known problem is the phenomenon of so-called difficult sequences: several 
specificc arrangements of amino acids are known to require more reactive or less sterically 
hinderedd activated building blocks than generated using standard methodology. This is also 
oftenn the case when modified building blocks are used, like unnatural amino acids or a,a-
disubstitutedd amino acids. An advantage of this is that, over the years, many highly efficient 
couplingg reagents and procedures have been developed that now also have found their 
applicationn outside the field of linear polypeptide synthesis. A second problematic aspect of 
solidd phase polypeptide synthesis is the tendency of backfolding of the growing amino acid 
chain,, which may lead to a decreased accessibility of the elongation site. As this backfolding 
probablyy results from more favorable interactions between the amino acid residues mutually 
thann between the chain and its surroundings, the choice of solvent or type of solid support is 
sometimess critical to success of a coupling reaction. A third and major problem in solid phase 
peptidee synthesis has always been premature cleavage of the growing chain due to 
intramolecularr cyclization reactions. Especially upon deprotection of the second amino acid 
residue,, the system is prone to cyclization since a relatively favorable 6-membered 
diketopiperazinee ring structure is formed,14'1 with the resin acting as a leaving group. Though 
thee rate of cyclization is dependent on the nature of the substituent, the stereochemistry of the 
buildingg blocks and the reaction conditions,144' the more activated the link to the solid support 
iss towards nucleophilic attack, the higher the chance of this unanticipated cleavage process. 
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Figuree 1.4: Premature cleavage of diketopiperazines during peptide synthesis. 

1.2.22 Solid phase organic synthesis 

Alreadyy in the early 1970's several research groups, like those of Leznoff,14" 
Camps,14611 Patchornik'471 and Rapoport,1481 started working on solid phase organic synthesis. It 
howeverr took almost 20 years until this technique received broader attention in the organic 
field.. Due to the lack of industrial applications, the interest in solid phase chemistry remained 
essentiallyy restricted to polypeptide and oligonucleotide synthesis. Meanwhile, organic 
chemistss mainly focussed on construction of complex low molecular weight molecules with 
thee aid of many newly developed synthetic methodologies, often initiated by interesting 
biologicall  activities of natural compounds with intriguing structures.1361 The progress that has 
beenn made in solution phase organic synthesis over the last decades now provides the 
pharmaceuticall  industry with valuable tools for lead optimization and production. However, 
whenn with the rise of HTS the need for a large number of novel low molecular weight 
compoundss emerged, 'classical' organic chemists who were not used to incorporate solid 
supportss in their synthetic concepts were not able to cope with the speed of HTS. In this 
respect,, it is not surprising that the first ideas for parallel preparation of compound libraries 
camee from scientists working in the field of solid phase oligomer synthesis: Geysen came up 
withh the idea of synthesizing peptides on functionalized polypropylene pins dipped into 
microtiterplatess of the typical 96 well format, containing appropriate activated amino acids.[49' 
Houghtenn started to synthesize peptides in so-called 'tea-bags' - polypropylene mesh 
compartmentss encapsulating classical polystyrene-based functionalized resins.1501 Different 
teaa bags can be reacted with the same building block and washed in parallel. The 
compartmentt separation guarantees only one type of well-specified molecule in each bag. 
Frankk developed a procedure for the synthesis of nucleotides on the circles of cellulose 
paper.15111 Once the synthetic organic community was convinced of the potential power of 
combinatoriall  techniques, this new area of research sparked a renaissance in solid phase 
synthesis. . 

Inn the early 1990's, both in academia and in industry, research groups started to 
transferr solution phase organic chemistry to solid supports,I521I5J1,t541 based on the experience 
fromm the pioneers in the field of linear oligomer synthesis. Partly as a result of conditional 
restrictionss imposed by the classical polystyrene resins, novel polymer supports with 
modifiedd properties were developed. Since the scope of the anticipated molecules was now 
muchh broader than feasible with the existing methodologies, a rapid evolution of synthetic 
protocols,, cleavage procedures and novel linker systems took place.15511561 Especially the 
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linkerss play a crucial role in planning a synthetic strategy. The connection to the solid support 
cann be considered as a protection of the first building block that remains attached until the 
finall  step, and in that respect it is of logical consequence that many linkers are derived from 
knownn protective groups used in solution phase chemistry. Efficiency in anchoring and 
detachingg relies on the correct choice of the linker system. Those coming from the area of 
polypeptidee and oligonucleotide synthesis were mainly designed to release one specific type 
off  functional group (monofunctional cleavage). For the synthesis of carbocyclic and 
heterocyclicc compounds, new protocols were developed which for instance allow 
multidirectionall  cleavage1"1 and thus have the potential of introducing extra elements of 
diversityy upon release from the resin. 

Inn parallel automated synthesis, miniaturization raised the need for resins with high 
loadingg capacity, in order to work on a small scale and still end up with sufficient amounts of 
material.. Though due to the hyperentropic efficacy'481 of solid phase synthesis -the effect of 
pseudoo dilution since the molecules are anchored and due to this intraresin site separation are 
moree or less prevented from getting in contact with neighboring compounds- the chance of 
intermolecularr side reactions is lowered,1581 high loading may partly annul this advantage. 
Especiallyy during anticipated intramolecular cyclizations, any neighbor in too close proximity 
iss a source of potential intermolecular reaction.1591 This does not only directly lower the yield 
off  the product, but also creates extra cross-links in the resin, thereby changing the properties 
suchh as swelling characteristics. 

Withh solid phase strategies becoming more convergent and sophisticated, the 
complexityy of the target molecules increased to the level of drug-like heterocyclic 
compounds.16011 Though, developing a suitable solid phase route of general applicability to a 
specificc class of compounds is known to require a considerable time investment. Especially in 
thee beginning, analyzing the outcome of a solid phase reaction was a considerable problem. 
Consequently,, monitoring and optimizing the reaction in solution phase, with a protective 
groupp on the anchoring site that closely resembles the link to the solid support, was and still is 
ann important tool. Fortunately, besides qualitative IR analysis of resin beads,1611 quantitative 
determinationn of UV-active byproducts from cleavage of Fmoc1621 and other'631 protective 
groupss and dye tests for the presence of certain functional groups,t64] more sophisticated 
techniquess like gel-phase ,3C NMR'651 or magic angle spinning 'H and/or UC NMR1661 and 
elementall  analysis of resin beads'671 have started to play a role in solid phase chemistry. Also 
LC-MS,'6811 often equipped with electronspray ionization (ESI),[69) has acquired an important 
position,, both in end product analysis and investigation of single reaction steps (the latter 
requiringg product detachment of a small sample of resin beads). 

Withh the growing need for confirmed structure and defined purity of the products, a 
decisivee move towards parallel synthesis of single compounds was made. The shift in 
paradigmm was then completed by the development of robotic workstations for parallel 
synthesis,, and the growing commercial availability of solid supports, linkers, reagents and 
setss of building blocks. With respect to the latter, a trend that can be observed is the use of 
buildingg blocks derived from natural products, or unnatural building blocks with sidechains 
(closely)) resembling those of nature. With a relatively limited set of building blocks, nature is 
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capablee of creating an almost indefinite diversity. Using an identical set of side chain 
variancess might provide good chances of finding interactions with the molecules of life. 

1.33 Cyclization/cleavage strategy 

1.3.11 Linkers and cleavage strategies 

Inn order to take profit from solid phase techniques, the core structure has to be linked 
too the solid support via a functional group. Detachment from the resin hence leaves an often 
polarr functionality at the anchoring position, which might be unfavorable for the biological 
profilee of the compound. Though sometimes this functionality is desired, or can be used to 
attachh an extra site of diversity during detachment (multidirectional cleavage), in many cases 
thee trace of the link to the solid support is a drawback that comes with the advantages of solid 
phasee synthesis. To overcome this phenomenon, several so-called 'traceless linkers''70' have 
beenn developed, which only leave a proton behind upon cleavage. Though sometimes 
successfullyy used, these silyl linker systems have found limited application. This is mainly 
duee to the impossibility to couple the first building block to the support-bound linker. Instead, 
forr every starting material the linker conjugate has to be synthesized in solution prior to 
immobilization,, which becomes very laborious using larger sets of the first building block. 

Duringg target construction, the linker has to be resistant to all reaction conditions 
applied.. To overcome problems, several solutions have been found such as the use of 
chemicallyy stable, photocleavable linkers1711. In addition, so-called 'safety catch' linkers, first 
describedd by Kenner and co-workers,t72J have been designed. These contain a chemically inert 
entityy that is to be converted into a reactive species in the very last step before release, often 
allowingg multidirectional cleavage.1"11741'751'761 A drawback of this cunning principle is that the 
linkagee between resin and molecule has to be specifically designed and planned in view of the 
structuree and stability of the final products. 

1.3.22 Benefits of the cyclization/cleavage principle 

Inn strategies to create small molecule libraries around a specific core structure, a 
cruciall  role is assigned to reactive building blocks which are essentially constituted of a 
reactivee group to which masked or orthogonally protected functional groups ready for 
subsequentt transformations are attached. In a stepwise, convergent assembly process the basic 
skeletonn -often a known pharmacophore- is assembled, preferably in simple and high 
yieldingg one-step transformations. With every building block, a new element of diversity can 
bee introduced. An exciting aspect of this convergent strategy lies in the fact that distinct types 
off  building blocks can potentially be assembled in different ways, leading to different 
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compoundd classes. More than the linear strategies, convergent approaches are likely to 
generatee small, drug-like molecules. 

x x 
\\ / — convergent assembly ^ ~7~ 7 

RR ^ V- R 3 R , J " V & R 3 

ForFor a given assembly route, a building blocks of type 1, b of type ~ - R3 
22 and c of type 3 gives axbxc distinct possible compounds. \ Z V 
Theoretically,Theoretically, dependent on the order of assembly, different R \ \ \ 
corecore structures can be synthesized. 5 

Figuree 1.5: Convergent assembly. 

Besidess multistep solid phase syntheses with distinct intermediates that are isolated, 
multicomponentt one-pot reactions in which one of the (at least three) reaction partners may be 
immobilizedd have started to play a valuable role in convergent combinatorial approaches. In 
thiss strategy, the components react to a product without giving rise to isolable intermediates. 
Thiss allows parallel product generation with a minimum amount of operations. As typical, the 
componentss have potentially many possibilities to react in one way or another, resulting in 
manyy co-existing reversible equilibria. Product formation is dictated by thermodynamic 
stabilityy or irreversible trapping of a specific intermediate. Numerous multicomponent 
reactionss have emerged in literature,1'1,1771 and by far the most prominent examples are the Ugi 
multicomponentt reactions,'78' of which many variations have been explored leading to diverse 
compoundd classes. 

AA second concept that also found wide application is the so-called 'scaffold 
decoration'.. This strategy involves attachment of the complete core to the solid support, 
followedd by subsequent substitutions to introduce the side chains that count for the diversity. 
Itt is especially this approach that has found early practice in the upcoming trend of 
performingg parallel chemistry in solution phase. 

i
Q—[^SCAFFOLD D 

J J 
R11 -PG 

-.SCAFFOLD D 

^^ \ PG G 

k k 

Figuree 1.6: Scaffold decoration. 
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AA refined convergent strategy, which has been highly prevailing in the field of 
medicinall  chemistry, is the concept of cyclization/cleavage.1791 The majority of drug-like 
moleculess comprise at least one (hetero)cyclic element. These ring structures are often part of 
aa pharmacophore, and serve as scaffolds for the correct spational positioning of 
pharmacophoricc substituents. If in the ring-closing reaction a leaving group is involved, an 
additionall  benefit of solid phase synthesis can be utilized: incorporation of the leaving group 
inn the linking fragment to the solid support wil l lead to cyclization with concomitant cleavage 
fromm the resin. During intramolecular cyclization of the resin-bound precursor, the anchoring 
sitee is encapsulated as a structural element of the target compound in the ring system formed 
inn the final step. This makes cyclorelease a technique that may be considered as traceless. The 
majorr advantage of this approach, making cyclization/cleavage one of the most elegant 
strategiess in solid phase synthesis, however lies in the optional intrinsic product purification: 
uponn introduction of the functionality required for cyclization with the last building block, 
cleavagee is essentially restricted to the anticipated product, whereas side products (i.e. 
resultingg from incomplete conversions) remain attached to the solid support. The generally 
observedd high purity of the final products often prevents the need for time-consuming and 
expensivee parallel purification of compound libraries. This is especially advantageous for the 
pharmaceuticall  industry, as compounds from cyclorelease-based libraries can often directly 
bee screened for biological activity. 

R.1 1 

Q—Q—X-Y X-Y 

R2 2 V V 

R3 3 

Cyclorelease e 

0-x x 

Rr^C22 R r^ R 2 

Q-X-YQ-X-Y J + Q-X-Y * 

R4 4 

V V 
A A 

IncompleteIncomplete conversion 
preventsprevents incorporation 
ofof last building block 
containingcontaining Z; side product 
cannotcannot cyclize and 
remainsremains polymer-bound 

Figuree 1.7: Cyclization/cleavage strategy. 

Thee most prominent example of cyclization/cleavage saliently is an unwelcome side 
reaction:: the previously described intramolecular aminolysis of ester-bound dipeptides 
yieldingg diketopiperazines.'411 Nevertheless, the potential of this strategy as a desired process 
wass already recognized in the very beginning of solid phase peptide synthesis by Patchornik 
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andd co-workers with their synthesis of head-to-tail cyclopeptides.'801 The fact that the first 
examplee of solid phase organic synthesis of drug-like molecules, i.e. benzodiazepines, in the 
midd 1970's by Camps and co-workersf46c' was cyclorelease-based as well illustrates the power 
off  this methodology. With the rise of combinatorial chemistry in the beginning of the 1990's, 
cyclativee release strategies towards various pharmacologically important heterocycles were 
developed.. Though most of the existing intracyclative cleavage methods are based on carbon-
nitrogenn bond (i.e. lactam) or carbon-oxygen bond (i.e. lactone) formation, other elegant 
exampless of this approach involve carbon-carbon bond formation via Ru-catalyzed ring-
closingg metathesis (RCM)[8I] and Wittig-Horner olefination,tC] tracing only a non-polar 
doublee bond. A slightly deviant though very promising traceless cyclorelease strategy 
involvess a thermal cycloreversion reaction of immobolized bicyclic cycloadducts, which 
releasee cyclic structures into solution.[83i 

1.44 Concluding Remarks 

Sincee the rise of combinatorial chemistry in the beginning of the 1990's, a clear shift 
cann be observed from the generation of large libraries of compound mixtures made by linear 
assemblyy towards parallel synthesis of limited but diverse sets of single compounds prepared 
viavia convergent strategies. This nowadays provides the pharmaceutical industry with better 
characterizable,, more drug-like molecules for high throughput screening on biological targets. 
Inn this respect, the importance of end product purity has initiated both the development of 
severall  techniques for parallel purification in solution phase chemistry, and more 
sophisticatedd solid phase strategies. Of the latter, cyclization/cleave is one of the most elegant, 
sincee it is a traceless concept that generally provides compounds of Jiigh purity. 
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