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ABSTRACT 

Although combinatorial libraries owe their inception to applications in peptide 

and bacteriophage libraries, the breadth of current applications include solution phase 

chemical reaction optimization, material science investigation, natural products 

modifications, and agricultural research. As a conceptual application, combinatorial 

library techniques can enhance a researcher's ability to transcend beyond the examination 

of one or several compounds to that of thousands or millions of these species 

simultaneously. 

The work described here, limited to scaffolded combinatorial chemical libraries, 

focuses primarily on the design and synthesis of these systems and how they have been 

analyzed against biological targets. Of the three scaffolded libraries, two were developed 

from aromatic templates (3,5-diaminobenzoic acid and 1,2,4-benzenetricarboxylic acid) 

while the last was built upon the cyclohexyl, Kemp's triacid platform. Although these 

libraries did not provide compounds with high affinity for the receptors investigated, they 

served to improve the understanding of combinatorial chemistry as a practice. 
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1. INTRODUCTION 

1.1 Definition of Combinatorial Chemical Libraries 

Combinatorial libraries have become one of the scientific communities" "hot 

topics" over the past half decade. The popularity of this technique in scientific 

exploration is evidenced by several current reviews, which also have included entire 

journal issues exclusively devoted to the subjectCombinatorial chemistrv" can best be 

described illustratively as seen in Figure 1. 

Classical Synthesis 

A + B 

A1 + B1 

A2 + B2 

A3 + B3 

A4 + B4 

As + B5 

A6 + B6 

An + Bn 

A - B  

Combinatorial Synthesis 

ail possible 
combinations of 

An -  Bn '  

(n • n' molecules possible) 

Figure 1. Description of'Classical' v. 'Combinatorial' syntheses 

In one of these reviews, Williard, Tartar and co-workers ^ concisely described this 

process with the following statement. "Classically, chemists perform reactions using one 

molecular species of each reagent (A and B) and expect to obtain if not a single, at least a 



11 

major, product (A-B). In the case of combinatorial chemistry, instead of a single 

molecular species, groups of building blocks are reacted together. Using simultaneously 

a group of n building blocks (A, to AJ with another group of building blocks (Bi to 

Bp.) leads to a mixture of all combinations (AjBi to AnBn-)-" If n number of building 

blocks A are used in conjunction with n ' number of building blocks B, then n • 

number of products are possible in a combinatorial chemical library. Before describing 

the historical background of combinatorial chemical libraries, a flmctional definition of 

the subject is in order, as well as a few criteria which have been suggested to describe 

both the scope and utility of combinatorial chemical libraries. Gallop and co-workers, in 

a 1994 review of combinatorial chemistry'"^, defined combinatorial chemistry as "the 

systematic and repetitive, covalent cormection of a set of different 'building blocks' of 

varying structures to each other to yield a large array of diverse molecular entities." 

Although this description invokes discussion of the criteria by which a "large array of 

diverse molecules" or library is classified, the synthetic route in the construction of the 

combinatorial chemical library is quite reasonable. Much discussion of the criteria in the 

classification of a library has surfaced recently. Houghton' described a requisite of 

millions of unique compounds to constitute a library, whereas Deprez and co-workers 

have shown the ability to validate their techniques in isolating a nanomolar ligand of the 

V2 vasopressin receptor using as few as a 15,625 compound library'". Further, 'small' or 

'model' libraries have been described to validate various synthetic schemes, biological 

assay techniques or subsequent methods for individual compound identification""''*. 



Classification of these systems as 'combinatorial chemical libraries' does not fulfill the 

aforementioned criteria. However, I would like to define them as such, if they contain 

sufficient complexity to serve the purpose in which they were designed. In other words, a 

synthesis dedicated to the optimization of a few 'building blocks' or even identical 

'building blocks' with several unique topographical presentations using a 'combinatorial 

synthetic' method can be defined at least as a 'limited library' if it is convincingly of 

sufficient complexity. This claim of 'library status' is further supported if the end result 

is a compound or set of compounds which possess novel properties not described by any 

other technique. Although this line of reasoning appears to be a tautology, the 

classification of this elusive 'library status' is best reserved by the researcher who 

designed and synthesized the system. However, a fhiitless attempt in library synthesis 

and screening could be an indication of insufficient complexity and diversity to yield a 

positive result. In this case, careful review of the size criterion should be applied to 

determine whether the system can truly be called a library. 

This discussion gives rise to a second set of terms which have been used rather 

freely in current literature''*''®. The concepts of'complexity' and 'diversity' have become 

'bu2Z words' in the field and have not been applied consistently. This first term is most 

easily assessed since complexity invokes a definition of the number of chemically unique 

compounds found in a library, which ignores dynamic considerations like conformation. 

Basic functional group representation and covalent linkages are encompassed by the term. 

Hence, a library of 3 building blocks randomized 3 times can have a maximum 
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complexity of 27 unique compounds. On the other hand, diversity, in my opinion, has 

not been ftilly assessed and gives rise to the greatest confusion in describing a library. 

Diversity can be described as a theoretical measure of the number of different 

'pharmacophores' present in a library. Unfortunately, a pharmacophore can be described 

by both the functional groups and topographical presentation inherent to each compound. 

Since dynamic considerations must be included in the assessment of this criterion as well 

as the significance of tmique functionalities, diversity assessments have and will most 

likely continue to elude researchers in an "accurate' description of this term. Although 

several groups, including Eric Martin'"*, and leading manufacturers for molecular 

modeling software (Chemical Design Ltd., Molecular Dynamics Laboratories, etc.)'^. 

have attempted to address this problem mathematically, these attempts appear superficial 

as computer-aided rational drug design has shown that subtle changes in either functional 

groups or topographical presentation are responsible for differences in orders of 

magnitude in biological binding''. As this term invokes a significant amount of 

confusion and justly deserved criticism, I will refrain from using it as a descriptor except 

in significantly disparate cases. 

With the rather cumbersome description of 'combinatorial chemical libraries" 

discussed, F would like to present the body of the introduction in a format following (1) 

the synthesis, (2) screening and (3) subsequent compound structural identification in 

separate sections. However, I would first like to recognize the historical foundation upon 

which large scale combinatorial chemical libraries were developed. 
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Combinatorial chemistry owes its inception to the concurrent efforts of several 

individuals who applied concepts and technologies pioneered by Geysen and Furka in the 

mid 1980s'^'^°. Understanding that a need existed to generate large numbers of unique 

peptides quickly and at a low cost, Geysen and co-workers described a technique in 1984 

by which small peptides could be synthesized in a 'directed' or "parallel' synthesis format 

in 96 well plates (see Figure 2). 

oooooooooooo 
oooooooooooo, 
oooooooooooo/ 
oooooooooooo/ 
oooooooooooo/ 
oooooooooooo/ 
oooooooooooo/ 
oooooooooooo/ 

•Polyacrylic acid-grafted 

Figure 2. Geysen's 96 Well 'Multipin' Technique 
~50 nanomoles of peptide material synthesized on each pin head 

These plates contained a small 'pin' centered in each well which had a polyacrylic acid-

grafted 'head' to which the growing peptide chain was attached. Originally designed to 

synthesize discontinuous epitopes which would be used to map continuous epitopes in 
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biological systems. Geysen's technology became known as the 'Mimitope®"or 'multipin' 

technique. Peptides synthesized with the multipin method were screened using ELISA 

assay techniques. This assay format allowed the typical application of a color reaction 

which would indicate positive binding of the pin bound peptide to the receptor (see 

section entitled 'on bead screening applications'). This multipin technique provided the 

first example of an inexpensive means of synthesizing many unique compounds of about 

50 nanomoles per well in a parallel array synthesis. The term parallel synthesis is applied 

here to indicate the methodology used in the synthesis of the compounds. Parallel 

syntheses can prepare thousands of compounds especially if aided by automation 

equipment where one single compound is prepared in each well. However, pure parallel 

synthesis schemes do not invoke any "randomization" steps. Hence, they are not 

"combinatorial libraries" but can be considered a library of synthetic compounds. Hybrid 

techniques of 'split and mix' and 'parallel' syntheses have been described and will be 

discussed later. Although this technique revolutionized the process of peptide synthesis 

and screening on a solid support, the power of combinatorial applications would not be 

reported for another seven years. 

Concurrently in 1991, Lam et a/.~' and Houghton et alP' reported unique methods 

by which hundreds of thousands to millions of unique peptides could be synthesized on a 

solid support and later used for testing in biological assays. Specifically, the techniques 

have been named by their synthetic methodologies being the "Split and Mix Method" and 

the "Tea Bag Method" respectively. Although these two techniques differ in their 
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synthetic methodologies (construction and subsequent structural determination), the end 

result can provide the same compounds with biological activity. However, this is not 

very likely and will be addressed later during the comparison of these techniques". 

Finally, mention should be made of another technique developed in the late 

1980's before discussing combinatorial chemical techniques further. Bacteriophage 

libraries have been produced where the peptide epitopes produced by "random" 

oligonucleotide nucleotide insertions in the bacteriimi vectors yield a method for 

generating and screening 10^ to >10" recombinants'*^. This technique will not be 

discussed in detail since it is not a combinatorial chemical method of generating libraries 

as it does not use a 'step wise' synthetic means of adding building blocks to complete the 

compound library. Further, this technique harbors the inherent biases which exist in the 

use of biological systems and the translation of genetic code for the synthesis of potential 

drug leads as well as the restriction to the 20 natural amino acids produced by these 

biological systems 

1.2 Combinatorial Chemical Library Synthesis Schemes 

In 1991 Nature journal articles. Lam with his colleagues"' , and Houghton's 

22 
group presented unique combinatorial chemical techniques in back-to-back articles. As 

mentioned previously, these concurrently developed methods have been dubbed by their 

specific handling techniques as the "Split and Mix Method" and the "Tea Bag Method" 

respectively. 
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'Split and Mix Method' 

Figure 3 shows the process by which a combinatorial library is synthesized by the 

'split and mix' method. 

Raw Resin Beads 

Pamtion Sl Couple / I \ 

A-O B-O <•-0 

B 

A-O B-O t-O 

Building Blocks 
(A. B & C) 

Pinttton & Couple 1 

AA-O ba-o CA-O 
AB-O BB-O CB-O 
AC-O 0C-O cc-o 

B 

AA-O BA-O CA-O 
AB-O BB-O CB-O 
AC-O BC-O cc-o 

Panidon £ Couple 

AAA-O ABA-O ACA-O 
AAB-O ABB-Q ACB-Q 
AAC-QABC-O ACC-O 

/ \ 
BAA-O BBA-O BCA-O 
BAB-O BBB-O BCB-O 
BBC-OBBC-O BCt-O 

CAA^ CBA-O CCA-O 
CAB-O CBB-O CCB-O 
CAC-O CBC-O CCC-O 

AAA-O ABA-O ACA-O BAA-Q BBA-Q BCA-Q CAA-O CBA-Q CCA-O 
AAB-O ABB-Q ACB-O BAB-O BBB-Q BtB-O CAB-Q CBB-Q CCB-O 
AAC-0*BC-0 ACC-O BBC-O BBC-O BCC-Q CAC-Q "«^-0 CCC-O 

Result; 27 compounds, one per bead, in a mixture 

Figiire 3. 'The Split and Mix Method' with compound possibilities 
(X= number of building blocks, n= number of synthetic steps) 

This technique takes a sample of the solid support resin beads and divides them into 

equal portions (pools), placing the portions into separate reaction vessels. To the first 

vessel, building block (anaino acid) A is attached, B to the second and so on until all 

pools have a unique building block attached. As shown in the figiire, if three building 

blocks are used, then we have three (3) unique compounds. Now the resin is mixed 

together and after a deprotection step, the 'splitting' and coupling process is repeated to 



each separate pool. Now, nine (3^) unique compounds exist. If the mixing, deprotection. 

split and coupling process is repeated a final time as shown, twenty-seven (3"') unique 

compounds will constitute the complexity of this sample combinatorial chemical library. 

This process was verified for the synthesis of equal amounts of each species in the entire 

library as described in the 1991 Nature article by Lam et al}\ For this paper, two 

libraries were synthesized using two different techniques. The first technique used the 

aforementioned 'split and mix' methodology which should produce the predicted 

equimolar quantities of the twenty-seven compounds in the library. Alternatively, the 

second kinetically driven coupling technique, where all amino acids were coupled in one 

pot with equimolar ratios, generated the second model library. The three amino acids 

chosen for this trial were Glycine (G), Serine (S) and Valine (V). These natural, L-amino 

acids were selected understanding they possess differing rates of coupling to the growing 

peptide chain which is dictated by their individual steric properties. Upon synthesis of 

the model 'split and mix' twenty-seven compound library, HPLC resolved twenty-one 

peaks where four contained two or more compounds. Integration (at A.=215nm) of this 

original chromatogram suggested those peaks which contained two or more compounds 

and this was verified by isolating those previously unresolved compounds by modified 

gradients which were optimized for each unresolved peak (Figure 4). Edman degradation 

'sequencing' each HPLC fraction identified the peptide sequence where all but two of the 

twenty-seven compounds where accounted. In summary, the 'split and mix' method 



19 

produced equal molar amounts of each of the predicted twenty-seven compounds in a 

librairy. Sequencing verified that one compound per resin bead was present. 

—^—I—,—^^—I—^^—,—,—^^—I—,—^—,—I—,—H— 
A.QO S.OQ 6.00 7.00 8.00 

H to* n»nutv« 
Figure 4. HPLC chromatogram of tri-peptide 'split and mix'method library 

In contrast to the 'split and mix' method, a kinetically driven, traditional SPPS, 

coupling trial was performed whereby the resin was not separated into three pools, but all 

three amino acids where coupled in one pool and under equimolar concentrations. This 

kinetic model of library synthesis was performed to serve as a comparison to the 'split 

and mix' method and to verify that equimolar amounts of each of the twenty-seven 

theoretical compounds would not be produced by this kinetically driven library. As 

predicted, upon three rounds of coupling, HPLC exhibited a much different picture than 

previously observed. Further, since we knew the identity of each compound ftom the 

previous sequencing of each HPLC peak, we noticed that some of the more sterically 
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hindered sequences (ie. VW) were produced in very low yields compared to other less 

hindered (i.e., SSS and GGG). This can be seen in the HPLC traces of the kinetic 

coupling method versus 'split and mix' technique in Figure 5. 

13 

Figure 5. HPLC chromatograms of tri-peptide library 
Top: 'split and mix' method; Bottom: 'kinetically driven' method 

This experiment demonstrated that, if we wished to synthesize a library of compounds 

with equal representation, the 'split and mix' methodology must be employed. Further, 

the use of a kinetic coupling system is generally not a viable means of generating 

equimolar mixtures of compounds. Finally, since the original biological assays 

performed on these combinatorial chemical libraries was based upon 'on bead screening' 

(see Figure 10) discussed later, we desired to have one compound per bead. Comparison 

of the 'kinetic' versus the 'split and mix' methods demonstrated that only the 'split and 



mix' method produced the desired one compound per resin bead where the kinetic model 

did not. 

'One compound per bead', 'split and mix' methods strive to produce a 

homogeneous and highly concentrated ligand environment on a single bead, for die 

assay''. That is to say, the solid support retains the individual synthetic compounds and 

"presents' them to the soluble receptor. Further, each bead may be viewed as an 

individual compound assay, as they are isolated from one another. However, since these 

beads may be assayed together in a single assay system where the receptor, buffers and 

subsequent label (colorimetric or fluorescent) are uniform throughout the library, relative 

binding information will produce the compound(s) with the highest level of binding from 

the library. 

'Tea Bag Method' 

As previously mentioned, Houghton and coworkers described, in their 1991 

Nature article, a method of synthetic peptide combinatorial library (SPCL) synthesis 

which can produce active compounds against monoclonal antibodies and various bacterial 

strains^^. This technique has been dubbed the 'tea bag method' as the synthetic protocol 

uses polypropylene mesh bags as reaction vessels during the 'partition and coupling' step 

described in the previous section. Two distinct characteristics differentiate the 

aforementioned 'spHt and mix' process and this method. First, although the SPCL library 

utilizes some 'split and mix' steps in its construction, the final separated pools of cleaved 



compounds are not recombined and the identity of the 'building blocks' are retained. 

This synthetic scheme produces the second difference from "split and mix' methods 

where the identification of 'active' pools from the SPCL yield the identity' of the 

'building blocks' responsible for the activity. Subsequent libraries are generated "fixing" 

the previously 'active' residue obtained from the preceeding library. Hence, Edman 

sequencing is not required although subsequent generations of iterative libraries are 

required to "deconvolute' previously randomized residues. Figure 6 illustrates the 

application of this technique. 

AXX BXX CXX DXX 

I Screen and seleet beit uibiibroiy 
to delermlne 1 st potirion. 

AXX BXX CXX DXX 

Prepore uibKbroriei, fixing lit ond 
2nd potition. 

BAX BBX BOC BDX 

Screen and lefeet besi tuUlbrory I 
10 determine 2nd position. I 

BAX BBX BCX BOX 

Prepon 

posiKoi 

BCA 

BCA BCB BCC BCD 

Screen and jeiect best sublibrary 

to determine 3rd posiKon. 

X • Rondomised potition conying 

a mixture of A,B,C,D. 

Figure 6. 'synthetic peptide combinatorial library' (SPCL) scheme 

Although the process does not require the costly application of a peptide/protein 

sequencer, subsequent generation libraries are required to determine each residue 
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responsible for binding which was previously randomized. Houghton stated that a four-

step iterative screening process takes approximately four weeks to complete. An 

additional advantage to this 'tea bag method' is that a limited 'structure activity 

relationship' (SAR) study is simultaneously being conducted. 

In a 1995, during the "Proceedings of the 23rd. European Peptide Symposium'', Pinilla 

and Houghton described a 'positional scanning' interpretation of the data obtained from 

24 the SPCLs . Since the pools which contain the preponderance of active compounds (a 

consensus) have fixed residues and the building block (here amino acids) identities are 

known, comparative analysis is made of these residues. Histograms, like those shown in 

Figure 7 , clearly indicate the amino acids and relative positions which are responsible for 

the greatest level of biological activity. 

- -

As-OIOOC—NH, 

A C O e F G H  1 ICLMNPORSTVWY 

Ae—OXXXX—NH, 

ACOeraH1KCMNPQASTVWV 

AC—OXXXJOC— 

-

•••••••••••••illlall 

-

••••••••IIIHIIHIII 
ACOEraH 1 KL.M NPO R STVWV 

Ac—oxxxjaoc—NVl 

ACOEFQM f KL.MNPORSTVwy 

Ac—OXXXXJOCX-*Nl^ 

-

llllllllllllll uiIL 

-

lllllllllllllilillll Acoeran i KCMNPORSTVWV AcoeroK i KUMMPORsrvwy 

Figure 7. Optimal peptide length and sequence as determined by positional scanning 
deconvolution 
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Various subtle modifications to the SPCL 'tea bag' method have been utilized which 

attempt to reduce the amount of labor involved in the deconvolution process or to 

improve the rate at which active compounds are identified (see Figures 8 and 9) as 

explored by Erb, Janda and Pinilla's groups^"^"*. 

AXX 

8XX CXX OXX 

1Scr««n and b*ftl tublibrory 
lo d«termmtt 1 st poftttion. 

ftXX CXX OXX 
Rttlriwe intermediole dipepfide 

subltbran«s. 

AX BX cx DX 
Coupl* ft 
to •och 

B sublibrory. 

BAX BBX BCX 
ScfMn and Mi«cf b*sr sublibrory I 
lo dttt«rmtn* 2nd posirion. | 

BAX JIBX BCX 

R«tri«v« intermediote monofn«r 
(ublibrori^s. 

BOX 

Couple BC 
ro eoch 

D subltbrary 

I BC 

BCB BCC BCD 
Ser««n and •«!•<:? b«ft» sublibrory 
to d«««rmin* 3rd pesiKon. 

BCA 
X « Rondomited postlfon cofrying 
a mixlur* of A«B»C»0. 

Figure 8. Recursive deconvolution introduced by Erb and Janda 
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However, the end result is the same requisite number of iterative libraries required to 

obtain the structural identity of the active compound(s). 

Comparison of 'iterative or deconvolution' libraries versus those of 'single 

compound per bead' 

This discussion does not serve to exhaustively compare the aforementioned 

methods but to stimulate thought on the subject. Hence, I will describe a few advantages 

of each technique. 

Since the compounds tethered to the resin do not theoretically interact or compete 

with other compounds on adjacent beads, synergistic effects should be minimized. 

Alternatively, 'Iterative' libraries released into solution and screened as pools can possess 

competing conditions which influence binding data. First, augmentation of fixed residue 

concentration can serve to 'artificially' enhance the activity of the pool. In other words, 

although a consensus is presented in one pool and that pool possesses the highest level of 

biological activity, the multitude of 'like' species may give rise to a deconvolved single 

compound with less than expected activity^. Further, since a high affinity compound is 

believed to possess both desired functional groups and presentation in an appropriate 

conformation, a single compound or a relatively low population of similar high affinity 

compounds in neighboring pools will never be realized^. Being obscured, the desired 

needle in the hay stack is missed for the preponderance of other less potent compounds. 

'Iterative' libraries do, however, provide an immediate level of SAR information as 



described earlier. Although this type of consensus sequence information can be obtain 

from "split and mix' libraries, the 'negative' information, residues which are not tolerated 

a t  var ious  pos i t ions ,  i s  los t  as  only  the  most  ac t ive  compounds  are  ident i f iedHence ,  i f  

a 'split and mix' library, in which all positions are randomized, does not produce a 

positive binding compound, little to nothing can be explicitly claimed about the librar\' 

compounds and activity against the receptor under investigation. On the other hand, 

'positional scanning' or 'Iterative' libraries can provide information about those 

functional groups and relative positions, that provide the highest level of binding. 

Further, 'positional scaiming' can show which residue substitutions provide deleterious 

affects in binding which can be extremely valuable in future SAR studies. 

The time it takes to proceed from original library synthesis to 'hit' identification 

differs slightly between the two methods as well. 'Iterative' libraries require subsequent 

sublibraries to 'deconvolute' the structure of the lead compound. As Houghton remarked, 

this process of four iterations requires about four weeks. Single compound libraries can 

provide this information after one library synthesis and subsequent scale up 'resynthesis' 

of the specific 'hit' in about two to three weeks 

Finally, as combinatorial chemistry has served to meet, and in many cases exceed, 

the capabilities of 'high throughput screening' (HTS), a comparison of the two library 

formats is in order. On bead assays are very high throughput as each bead serves to 

isolate the ligands in high concentration as mentioned above. Further, the 'plates' in 

which the assays are performed are low-cost Petri dishes which can be screened under a 



low magnification microscope. Alternatively, 'iterative' libraries require both the 

separate handing of the "fixed residue pools' and the resynthesis of the subsequent 

"deconvolution' libraries to identify hits. This process, even if automated and 

'miniaturized' into 96 well microtitre plates, still possess significant challenges to the 

efficiency of HTS techniques. Further, the cost of such automated equipment can easily 

exceed millions of dollars. 

1.3 Library Screening Teciiniques 

On Bead Screening Techniques 

On bead screening techniques originated as monoclonal antibody or polyclonal 

sera direct binding assays using enzyme-linked inununosorbent assay (ELISA) 

techniques^Later, radioactive or fluorescence labeled soluble receptors, and whole 

cell assays have been applied to the immobilized library to 'sort' those beads containing 

the compounds with high affinity for the receptor. 

'On bead screening', using ELISA techniques (shown in Figure 10), was tested 

using a Streptavidin-alkaline phosphatase (Strep-AP) complex 
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Incubate with Soluble 
Labeled Receptor 
(eg. Streptavidin-

Alkaline Phosphatase) 

Beads with Compound 
Attached 

Activate "Label" 
in Colorimetric Assay 

(addition of BQP) 

Remove the positive 
Bead (s) 

Figure 10. 'On bead screening' technique 

Avidin obtained from chicken egg whites binds it's natural ligand, biotin The 

homotetramer of Avidin, Streptavidin, is obtained from the bacterium Streptomyces 

avidinii which retains this nearly irreversible noncovalent interaction with biotin. 

Alkaline phophatase, an enzyme which cleaves the phosphate groups from 

phosphopeptides or phosphoproteins provides a means by which a colored 'dye' can be 

used to indicate a binding event. When the streptavidin-alkaline phosphatase (Strep-AP) 

binds to either biotin or another ligand on the bead, the addition of colorless 5-bromo-4-



chloro-3-indoIe phosphate (BCIP) yields the cleavage of the phosphate group from BCIP 

in every bead where Strep-AP is bound. The insoluble 5-bromo-4-chIoro-3-indole. which 

is is blue in color, precipitates and those beads which 'stain' blue are then collected by a 

micropipette from those which remain colorless"'. This process can also be adapted to 

soluble receptor assays. If biotin is covalently bound outside the receptor binding site, 

incubation with Strep-AP and BCIP will yield the same color indication as above. 

Edman sequencing can be performed to determine the structure of the bead-bound 

compound"'. 

Figure 11 shows a radiolabeled binding assay borrowed from techniques applied 

in determining bacteria colonies which contained active epitopes against a receptor 

Figure 11. Radiolabeled binding assay with X-ray film 



Upon incubation with a radiolabeled receptor, the beads were gently washed to remove 

any unbound receptor. Next the beads were 'plated' in an agarose gel to yield an even 

distribution of beads some of which retained the labeled receptor. After exposing X-ray 

film to the plate for a specific length of time, the developed film would show 'spots' of 

variable intensity firom radioactive exposure by "active' beads. Those beads which 

produced the greatest film intensity and highest level of receptor binding could be traced 

back to the agarose plate. Upon retracing the bead(s) responsible for the x-ray film 

spot(s), Edman sequencing can be performed to determine the peptide structure. 

Similarly, a fluorescent label can be attached to the receptor and the beads may be 

sorted by their fluorescent intensityThis sorting process can be automated with the use 

of a Fluorescence Activated Cell Sorter (FACS) where beads with binding activity above 

a predetermined level can be isolated fi-oui ihe library ". Approximately one million 

beads per day can be sorted in this fashion which introduces the next topic of discussion, 

'high throughput screening' (HTS) techniques. 

Release Assays 

Understanding that some receptors are not soluble or that whole cell assays cannot 

accommodate library compounds permanently attached to the resin, 'releasable linkers' 

have been developed to marry the two systems. Salmon and colleagues described a two 

stage release method of screening compounds firom a library in solution based assays 

Using a 'linker' developed by Kocis adapting a diketopiperazine (DKP) formation as the 
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first stage of release and an ester bond alkaline hydrolysis for the second (see Figure 

12A), quantitative cleavage of the library compounds was accomplished under conditions 

which were tolerated in biological assays (Figure 12B). 

Figure 12A. Structure and release of DKP linker 

stage I 
• 500 beads/we( 
• Peptide-felease 
• Bioassay 

Stage I 

• 1 baad/wel 
• Peptide-teiease 
• Bioassay 

Stage 11 
' • Microseqiiencing of 

singte p^de-baad 

Kinetics of the first (A) and second (B) release of 
peptide Trp-GIy-NH-(CHJ|-OH 

Figure 12B. Double releasable solution assay 
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Kocis's diketopiperazine formation extended the work of Maeji, Geysen and co

workers'"', where the DKP group remained attached to the released compounds. 

However, in the modified system, the diketopiperazine group was left attached to the 

resin as the library compound was released as a C-terminal hydroxypropyl amide. 

This two stage releasable linker provided a mechanism where a million compound 

library could be screened to isolate one single peptide-bead responsible for biological 

activity. Figure 12B shows the scheme described by Salmon where 96 well microliter 

plates originally contain --500 library beads per well. The first release and subsequent 

assay identifies the well that contains the active compound. The second stage requires 

the distribution of those -500 beads into new 96 well microliter plates where each well 

contains one bead. The second release identifies the well and individual bead responsible 

for the activity. Finally, a third, noncleavable copy of the compound attached to the bead, 

is sequenced (Edman degradation) providing the structural identity of the active library 

compound. 

1.4 Individual Compound Identification from Combinatorial Chemical Libraries 

Edman Degradation Sequencing 

Edman Degradation 'sequencing' of peptides or proteins was introduced in 1950 

as a process for the stepwise removal of an N-terminal amino acid and subsequent 

structural determination of that residue. The process is repeated on the truncated peptide 
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until all amino acids have been sequenced. Figure 13 illustrates the chemistry involved in 

the "Edman Degradation Process". 

o r' r' r' 
H-C-NH-CH-CONH-CH-CONH-CH-CO 

6 
i 
I Ph-i<J=C=0 

R' R' 
H,N-CH-CONH-CH-CONH-CH-CO 

Pri-N=0=S 

H-C-NH-CH-CONH-CH-CONH-CH-CO— 

I I 2 *• H,N-CH-CONH-CH-CO-

I H,0(H*) 

S R' 
IH-C-NH-CH-COQH 4 

-HjO 

Figure 13. Structural determination by Edman Degradation 

At alkaline pH, the process is initiated when phenyl isothiocyanate reacting with the 

NHi-terminus of the peptide forming 1, a phenylthiocarbarayl peptide. Under acidic 

conditions, spontaneous cyclization results in a firee thiazolinone derivative of amino acid 

2 and a single residue shortened peptide 3. Isomerization in the presence of water to die 

more stable phenylthiohydantoin (PTH) amino acid 5 provides the compound which is 
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easily resolved by HPLC to determine the identity of the original amino acid. This 

process can be repeated on the truncated peptide until all residues are 'sequenced'. 

Finally, this technique can provide valuable information about the purity of a library as 

well as the identity of the amino acid which was used at this step. A technique called 

"preview analysis" can yield iirformation about the quality of the acylation step in the 

addition of the amino acid to the peptide library. If 'sequencing' a library bead shows 5% 

'preview' of the next amino acid in the sequence of the peptide, then that particular amino 

acid was coupled with 95% completion. Therefore, quality control of the library can be 

evaluated prior to or during the structural determination of various library compounds. 

Encoded Libraries 

With the evolution in combinatorial chemistry toward non-natural, non-alpha 

amino acid libraries to current 'combinatorial organic synthesis' (COS) libraries where 

condensations do not contain amide bonds, the use of Edman degradation to directly 

determine the structure of an isolated compound is not appropriate. Several techniques 

have been applied in either full, large scale libraries or validated on small model systems 

which include 'encoding' with amino acids (Nikolaiev 1993) 'small molecular tags' 

(Still 1993) or oligonucleotides (Brenner 1992) Each of these techniques can 

adapt a 'binary encoding' scheme where fewer encoding groups are required than the 

number of building blocks used to generate the library. As shown in Figure 14, the 

encoding chain can either be branched from the nonsequencable library compound 
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(Figure 14A) or directly attached to the resin bead and potentially not involved in the 

biological assay through synergy (Figure 14B). 

A (NONSEQHNONSEQHNONSEQk > —(Cam'er) 

A-B-C vly 

B 
[NONSEQ>[NONSEQHNONSEQ1— 

jCam'er) 

A-B-C-^ 

Figure I4A & B. Sequencing unnatural amino acid or 
non-peptidic combinatorial chemical libraries 

with binary coding using sequenceable amino acids 
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Figure 15. Sequencing unnatural amino acid or non-peptidic combinatorial 
chemical libraries with binary coding with molecular tags 

The amino acid encoded libraries, described by Nikolaiev and co-workers at Selectide 

can be sequenced by Edman degradation to identify the original building blocks 

contained therein. Still's method of 'molecular tagging', shown in Figure 15, utilizes a 
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photolytically cleavable linker which uses electron capture gas chromatography (EC-GC) 

to resolve the unique halophenol binary encoding groups. 

[NONSEQ R3)—[NONSEQ R2]—[NONSEQ R, 

[Coding Pair A]—[Coding Pair BJ—(Coding Pair C 

X 

H2N AAi AA3 "s, AAg 

HjN—AA3 —/ AAz —/ AAz 
[Coding Pair A] [Coding Pair B] [Coding Pair C] 

Resin 

Decoding Result 

Amino Acid Sequence: (1-3), (2-3), (2-6) 

Decocded Structure: R3 = BBb. R2 = BBf. R, = BBj 
(for building block assignments, refer to table below) 

Figure 16. Schematic of Amino Acid Encoded Library 
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Figure 17. Decoding Table for Nonsequencable Building Blocks 
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Figures 16 and 17 exhibit the methodology used in an encoded librar}*. The algorithm in 

Figure 17 expresses the concept that only a few amino acids are required to encode 

•'nonsequencable' building block library. As binary numbers are generated with strings 

of "ones ' and "zeros ', here pairs of only 6 coding amino acids can encode 15 

"nonsequencable" building blocks. 

Both of these techmques followed the use of oligonucleotide encoded libraries 

described by Brenner and Lemer in 1992 (Figure 18). 
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Figure 18. Encoding libraries with oligonucleotides 
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Although the first use of this encoding scheme used amino acids for the 'building blocks" 

in the librar\', encoding nucleotides were attached to the resin. Upon completion of the 

library, a polymerase chain reaction (PGR) primer was attached to the terminal 

nucleotide. Beads which were isolated during biological assays were subjected to PGR 

amplification where the nucleotide 'code' was "read' yielding the original amino acid 

sequence. Each of these techniques describe the ability to decode using only a small 

fraction of the "tag" relative to the original library compound. 

Additional Direct Identiflcation Methods 

The direct 'sequencing' technique, Edman degradation, was discussed earlier 

since it has been used in the encoded methods described above. Other techniques that 

have been applied in eidier large scale library analysis or on limited model systems 

including mass spectroscopy (MS) and nuclear magnetic resonance (NMR) 

Successful MS applications of compound identification have been described by 

Chu and Karger in 1995. Although other researchers have described compound 

identification by MS techniques, Chu and Karger couple Affinity Gapillary 

Electrophoresis with Mass Spectroscopy (ACE/MS) to perform biological binding 

studies, to isolate compounds that bind to vancomycin, and to perform structure 

elucidation by MS. In their model system, 100 peptides were loaded with the 

vancomycin receptor to a capillary electrophoresis instrument. The receptor has a long 

retention time relative to each peptide, therefore, compounds that bind the receptor will 
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migrate more slowly than those which do not bind at all. Figure 19 shows the ACE 

electropherograms of the loaded peptides with and without the receptor. Note that the 

'background' peptide retention to the column is very low in the absence of the receptor. 

In-line MS analysis of the peptides, as they migrate from the column, provides their 

structural identification. 

Without Receptor With Receptor 

C 
m/x 734.7 

A 

D 

RIE 
E 

3 S 7 *  3 S 7 9  

Migration tinw (min.) 

Figure 19. Simultaneous screening and sequencing via affinity 
capillary electrophoresis/mass spectroscopy (ACE/MS) 



The following is a final note on the use of MS as a tool for structural elucidation. 

Although it is possible to perform liquid chromatography/mass spectroscopy (LC/MS) on 

a single bead where MS/MS fragmentation patterns of the compound can identify the 

'building blocks' contained therein, limitations of the technique do exist. First, 'building 

block' selections must be carefully planned so that redundant masses are not included (for 

example isoleucine and leucine amino acids). This forces careful decisions with respect 

to choices of functional groups to maintain the highest level of diversity in the librar\-. 

Secondly, only libraries of compounds that have distinct fragmentation patterns can be 

resolved with this technique. The fragmentation patterns must be consistently predictable 

for all of the building blocks. Finally, although the technique utilizes HPLC for 

compound isolation and purity analysis, it can not perform the 'preview analysis' which 

is inherent in Edman degradation. Further, LC/MS is not as sensitive as Edman 

degradation sequencing which has a detection limit of approximately 5 pmoles. 

Nuclear magnetic resonance (NMR), although not currently useful as a technique 

that can identify individual compounds firom a library, has been applied in monitoring the 

progress of reactions during solid phase synthesis Both 'H and '^C 'magic-angle 

spinning' (MAS) NMR have been reported in limited model systems and promise to 

provide some utility the development of chemistries applied to a solid support. However, 

given the low sensitivity inherent in NMR relative to the techniques described above, it is 

unlikely that it will be applied to single library bead analysis in the near ftiture. 
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2. INDIVIDUAL LIBRARY RESULTS AND DISCUSSION 

2.1 3,5-Diaminoben2oic acid scaffolded library development 

In an effort to synthesize a scaffolded library that would require little 

developmental work (protection and subsequent structural determination after 

completion), 3,5-diaminoben2oic acid (DAB), Figure 20, was pursued as a potential 

39 startmg pomt 

Figure 20. 3,5-Diaminobenzoic acid 

The choice of this scaffold was made in part by the inherent Cj symmetry where 

the resulting library compounds would not require deconvolution of regioisomers as 

encoimtered in other scaffold libraries (Kemp's triacid, etc.). Further, the Kemp's triacid 

presentation of functional building blocks (R groups) axial to the cyclohexane scaffold 

ring have been shown, by molecular modeling studies, to be rather flexible tethers 

The original solution phase acylation trials of aniline and acetic anhydride 

indicated the desired products could be obtained quantitatively. Later the symmetric 

anhydride of Fmoc-Glycine proved that amino acids (potential R groups) could be used in 

solution phase couplings to aniline. These initial trials, augmented by the desire to have 

a scaffold that is planar in nature and a logical alternative to the Kemp's scaffold. 



suggested the DAB scaffold is a likely library candidate and worthy of developmental 

exploration. 

The first task in the development of this potential scaffold was the orthogonal 

protection of the two amino fractional groups. Since most of the synthetic systems 

utilized at Selectide revolved around Fmoc chemistry, this protecting group was the first 

logical choice. Fmoc protection of the DAB scaffold followed the general protocol used 

for standard amino acid protection with a few adaptations. Understanding that there was 

a high likelihood that two Fmoc groups might add, techniques borrowed firom peptide 

intramolecular disulfide bond formation were applied. The premise was that an excess of 

scaffold stirred under high dilution with the slow addition of the activated Fmoc-

chloroformate, under Shotten-Baumann conditions, would produce the highest yield of 

desired mono-protected product. The reaction was monitored by TLC where co-spots of 

the reactants were followed simultaneously. Further, the use of a UV lamp for the 

identification of those TLC spots that exhibited the presence of chromophores (Fmoc-

Chloroformate, DAB, Fmoc-DAB (1) and bis-Fmoc-DAB (2)) followed by ninhydrin 

spray, as described in the methods section, provided the necessary information to 

positively identify each species. 

1 2 



Samples from the reaction mixture were analyzed at regular time intervals. After 

reacting eight hours, the relative quantity of product began to diminish. The mono-Fmoc 

protected scaffold appeared to be loosing the protecting group and was reverting back to 

the di-amino starting material, which may have been caused by one or both of the 

following conditions. First, as the reaction proceeded under Schotten-Baiunann 

conditions at room temperature, this basic condition may have promoted the hydrolysis of 

the base labile protecting group. Alternatively, this situation may have been influenced 

by the presence of the DAB basic amines themselves. The second, unprotected basic 

amine could have further complicated the preservation of the mono-protected product for 

extended periods of time in solution. Since all of the unprotected DAB starting material 

was removed by the aqueous washes during the extraction process, the resulting mixture 

contained two compounds, 1 and 2. An HPLC trace with integration shows that the mono 

to bis-protected scaffold existed in approximately 5:1 ratios respectively. Understanding 

that the scaffold may be sensitive to attempts of further purification, where the Fmoc 

protecting group could be released by the remaining basic amine, this crude product was 

subjected to the second orthogonal protection. 

Complete orthogonality in the protection of the second amine could be achieved 

by utilizing the acid labile tert-butoxycarbonyl (r-Boc) protecting group. To the crude 

mixture of 1 and 2, the standard Boc protection protocol used for amino acids was 

applied. Ninhydrin tests of the TLC plates, which monitored the reaction throughout the 

duration, indicated that no r-Boc protection was evident. Attempts to force the reaction 



with the hindered base N-methylimidizoie (NMI) introduced at 5% of the total volume 

did not prove useful after an additional 3 hours. Since reasons for the failed t-Boc 

protection attempt include steric hindrance of the Fmoc group coupled to that of the {t-

Boc)20 and/or poor condensation reactions inherent to aniline type compounds, the 

experiment was repeated with an attempt to r-Boc protect the original 3,5-diaminobenzoic 

acid itself. Using the same conditions above with fresh solvents, 0.9 equivalents of {[-

Boc)20 was added slowly to a dilute solution of DAB while stirring at 0°C under 

Schotten-Baumaim conditions. Again the reaction was followed by TLC and ninhydrin. 

After 3 hours of stirring at room temperature, no f-Boc protected product was observed. 

Further, overnight stirring wath NMI (5% by volimie) did not afford any of the mono or 

bis-protected scaffold. Alternative methods of r-Boc protection (the use of t-

butylcarbazate or r-Boc-S-2-mercapto-4,6-dimethylpyrimidine) were not explored, as 

time did not permit fiirther development of the protecting group believed to have 

excessive steric hindrance in this application. 

Nearly total orthogonality to the Fmoc protection can be achieved by the 

allyloxycarbonyl (Alloc) protecting group. Believing Alloc to be less hindered than the 

previous Boc group, attachment of this protecting group to the crude mono-Fmoc DAB 

was initiated. 

Allyloxycarbonyl (Alloc) Protection of mono-Fmoc-3,5-diammobenzoic acid 

Allylchloroformate (1.2 equivalents) was added drop wise to a suspension of the 
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crude tnono-Fmoc protected DAB 1 while stirring at 0°C at pH 8. maintained with 4N 

NaHC03. Following the reaction at room temperature with TLC. formation of the Alloc 

protected amine was observed and the reaction terminated by the addition of water after 4 

hours. Upon acidification with H2SO4 to pH 4 and subsequent concentration, extraction 

with ethylacetate and drying over MgS04. 4.7 g of dry crude bis protected product was 

obtained corresponding to ~96% compound recoverv*. RP-HPLC on a C-I8 column 

showed about 30% of crude mixture to be the adduct 1. Since a balance was to be struck 

with the preservation of the Fmoc group under these mild basic conditions and the 

addition of the Alloc protection, the choice to "prematurely" terminate the reaction was 

made. This decision was supported by observing the desired Fmoc Alloc protected DAB 

(3) product decomposition (as determined by the TLC product spot reduction with respect 

to the starting materials). The remaining 30% of mono-Fmoc DAB starting material was 

removed by flash column chromatography using chloroform/ methanol/ water/ acetic acid 

(45/30/9/1) as the mobile phase solvent with the crude compound loaded to the column in 

ethylacetate. Upon colunm purification, 2.1 g (45% yield) of the title compound was 

ver i f ied  by  HPLC and NMR for  pur i ty  and  ident i ty  ( see  Tables  I  and  I I ) .  

3 
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Fmoc, Alloc protected DAB Scaffold coupling trials 

Following the procedure described by Carpino's group using cyanuricfluoride. 

the acid fluoride of the Fmoc. Alloc-3,5-diaminobenzoic acid was prepared for 

attachment to a solid support. The first attempt to form the acid fluoride of the protected 

DAB was unsuccessfiil. The exact protocol described by the previous source was 

followed, where HPLC analysis of this crystalline product showed very little acid fluoride 

had been either formed or survived the aqueous termination/extraction. Further, the 

melting point had not changed appreciably. Therefore, we adapted an in situ method to 

form the activated acid fluoride of the aforementioned compound. 

N°-Fmoc-Glycine was coupled to the acid labile RAM-TG resin using BOP 

esters. Upon piperidine deprotection of the Fmoc group from glycine, the in situ method 

of acid fluoride activation of the protected DAB was allowed to couple for 2 hours with 

intermittent sampling of the resin for quality control. Each of these samples was washed 

with DCM and treated with neat TFA for 15 minutes. Upon removal of the TFA by 

evaporation, the samples were redissolved and injected to HPLC. The reaction was 

terminated after 2 hours of room temperature coupling as the mixture began to exhibit 

additional impurities apart from the desired product. Integration of the HPLC 

chromatograms indicated the major peak representing -75% of the total integration as 

the correct product. The minor products included nonacylated starting material and 

various unidentified products which could not be easily isolated as they constituted less 

than 10% or ~2 lamoles of the total material combined. 



Additional coupling trials of the protected scaffold to the resin, including 

symmetric anhydrides, proved unsatisfactory as well. However, the use of TBTU has 

been described as a useful coupling reagent for aromatic acids This reagent was 

successfully applied for the bis-protected DAB scaffold coupling to Glycine-RAM-TG 

amide resin. TBTU esters provided both complete coupling, as determined by ninhydrin. 

and of high purity according to HPLC analysis. 

Synthesis of model compounds were attempted on this Fmoc Alloc-protected-

DAB-Gly-RAM-TG resin construct. Initially, the Fmoc protecting group was removed 

and acylation of the amine with isobutyric acid and cyclohexylacetic acid was performed 

by symmetric anhydrides (DCC). Various coupling trials were performed that varied 

time, anhydride reagent excess, temperature and tertiary amine catalysts to produce the 

final reaction conditions which provided highest product yield and purity. Optimal 

conditions for acylating the amine of 3,5-diaminobenzoic acid were found to be 3 

equivalents of preformed symmetric anhydride in DCM, catalyzed with 0.5 equivalents of 

4-dimethylaminopyridine (DMAP) at 50°C for 2 hours. 

Deprotection of the Alloc group by hydrolysis using the method outline in the 

"methods section" proved to be ineffective. The mixture of resin and cleavage cocktail 

was suspended with argon at room temperature for an additional 9 hours. HPLC analysis 

of samples removed at 3, 6, 8, and 12 hours indicated that multiple side products were 

formed and that most of the product was Alloc protected compound. Additional methods 

of Alloc deprotection include techniques described by Kimtz using N,N-



dimethylbarbituric acid as a nucieophile trap for the 7r-allylpalladium intermediate, or by 

Sakaitani using Pd", Et3SiH conversion to a silyl carbamate followed by hydrolysis. 

These methods were not attempted for the following reasons. First, we desired to have 

complete deprotection of this amine from the scaffold, while prior attempts to remove 

the Alloc group were unsuccessful, indicating the other methods may improve the 

process, it is unlikely that we would achieve our goal without side products. Finally, the 

Alloc protecting group cannot be easily quantitated by methods used for the chromophore 

Fmoc. 

3-Nitro-2-pyridinesulfenyI (Npys) protection of mono-Fmoc protected DAB 

Tests performed earlier indicated that the 3-Nitro-2-pyridinesulfenyl (Npys) 

protecting group is not only orthogonal to Fmoc chemistry, but can also be quantitated 

via UV-Vis optical density readings of the deprotection releasate. Investigation of this 

protecting group began with the protection of crude compound 1. Using a modified 

protocol similar to that outlined in the 'methods' section, Npys-Cl was introduced to the 

mono-Fmoc protected scaffold, however, the pH was not allowed to rise above 8 and was 

maintained by 4N Na2C03. Monitoring the reaction by TLC indicated complete 

protection had been accomplished after 30 minutes. HPLC and NMR analysis indicated 

that the reaction proceeded as plaimed providing Fmoc, Npys-3,5-diaminobenzoic acid 

(4) in ~80% purity by HPLC integration (major side product, (Fmoc)2-DAB, was formed 

in the prior Fmoc protection step). 
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Before Npys was accepted as a protecting group for the scaffold, the final 

criterion of complete deprotection needed to be fulfilled. After attaching the bis-

protected scaffold to Gly-Hydroxy-TG, deprotection of the Fmoc group verified the 

complete coupling of the scaffold by UV-Vis analysis of the piperidine deprotection 

cocktail. Treatment with 0.3N HCl in dioxane once for 5 minutes and a second time for 

30 minutes removed the Npys group quantitatively (-98%) as determined by UV-Vis 

spectroscopic analysis. It also should be noted that the Npys protected scaffold is a 

strong orange-red to orange-brown colored compound and the resin to which it is 

attached v\(ill change firom a traditional pale yellow color to red. Deprotection of this 

group firom the scaffold bound to the resin, followed by washes with DMF and DCM 

show the yellow-orange releasate serving a strong indicator for complete washing. 

The process was scaled up fi-om the original 2 mmoles to 20 mmoles in a second 

batch. Again the results were -80% purity and the resulting 9.32g of crude bis-protected 

scaffold gave a 93% yield for this protection step. This first 'preparative' scale batch of 

bis-protected scaffold was purified by flash chromatography using CHCI3/ MeOH/ H2O/ 

AcOH (45/30/9/1) as the solvent system where the protected scafifold was dissolved in 



5ml warm EtOAc and loaded to the column. Pure compound 4 was obtained in poor 

yield as resolution by flash chromatography was not optimized. Using the previously 

mentioned solvent system. Rf values of 0.90' and 0.85 were observed for the bis-Fmoc 

protected and the desired Npys. Fmoc protected product respectively. Therefore, 

purification with this system was not likely. Other solvent systems were investigated, 

however, the demand for this scaffold was very high. Ultimately, project deadlines 

forced the use of the non-optimized purification system, where 2.97g of the purified 

product were recovered by flash chromatography from the original 9.32g. The later 

eluting firactions containing greater than 3% bis-Fmoc protected scaffold were saved for 

future purification. With more time after the completion of this scaffolded library, 

improved purification conditions were developed. Using gel filtration on a column 

loaded with Cig media, an additional 3.8g of pure product was obtained (6.77g total, 64% 

purified product yield). 

3,5-Diaminobeiizoic acid Library Syntliesis 

Using the optimized acylation procedures described above, 4 was coupled to 

Glycine-RAM-TG resin. Model compounds were synthesized to validate the scaffold 

application to a library. These models were verified for purity and structural identity by 

HPLC and MS where the correct compoimds were obtained at >80% purity. DAB model 

compound 5 is shown below where the analytical data can be found in Table I. 
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The complete library was synthesized on TG-S-NH, using the binary coding 

scheme identified in the 'Introduction' section. Figure 21 shows the structural scheme of 

the library that can be 'decoded' by a single cycle of Edman degradation sequencing. 

Code, 
\ 

NH 

Code 

Code,— 

H 

TG Resin 

Figure 21. Structure of 3,5-Diaminobenzoic Acid (DAB) Library 



Maximum complexity of this library (maximum number of compounds that can be 

theoretically generated) was 68,150 ignoring contributions from the coding arms. The 

complexity was defined by the amino acids and acids identified in Table IIL where R,=29 

amino acids. R2=47 acids and amino acids, and R3= 50 acid and amino acid building 

blocks (29*47*50 = 68,150). The synthesis scale of the library was 5g of resin which 

represents approximately 5 million beads. At nearly 75 fold excess resin beads over the 

maximum complexity of the library, there is a high statistical probability that the library 

was synthesized vdth the complexity intended. However, it is understood that some if not 

many of the compounds were not generated, as unique combinations of building blocks 

may prohibit product formation under this 'standard' library synthetic scheme. This 

prediction is drawn upon observations of competing reaction rates in the tri-peptide 

experiment described earlier. Regarding library quality assessment, since the library was 

designed for 'on bead screening' and cannot be cleaved from the resin for analysis of 

compound purity and identity, quality control could only be assessed indirectly. These 

indirect methods of analysis include; substitution determinations obtained by the optical 

density readings of Fmoc and Npys deprotection, ninhydrin test during the synthesis, and 

from the Edman sequencing of the coding arms. Figure 22 portrays the 'synthetic flow 

chart' describing the synthetic steps used in the generation of this library. The resulting, 

deprotected library was stored in 0.5% HOBt/DMF (w/v) at 4°C. 
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Figure 22. Flow Chart for 3,5-Diaminobenzoic Acid Library 
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Streptavidin-alkaline phosphatase (Strep-AP) model assay of the DAB library' 

On bead screening against Step-AP was performed with 0.5ml (~ 100.000 beads) 

of the library. This primary screen produced approximately 20 medium-blue colored 

beads. Unfortunately, prior attempts to assign binding constants to "on bead screening" 

relative color intensities have not proven reliable Therefore, only relative binding 

information for compounds contained in die library can be described. These medium 

colored beads were stripped of prior Strep-AP/BCIP with 8M guanidine hydrochloride 

and "destained' with DMF. A competition assay with biotin would indicate non-specific 

binding for any beads that stained blue with the addition of BCIP. However, the 

competition assay performed on those prior beads did not exhibit non-specific binding. 

After a repeat 'strip and destain,' a third assay using the initial screening conditions 

provided beads with very light-blue color indicating weak binding. This condition of 

poor reproducibility could have been caused by factors including; decomposition or 

modification of the compound on the beads during the assay/stripping process, repeated 

gelatin coating (0.1% w/v) throughout the subsequent assay preparations could have 

blocked an original non-specific binding or the compound may have been removed from 

the bead. Only the second option of gelatin blocking appears to be reasonable as both the 

linker and the product are believed to quite stable to the assay conditions. Ultimately, 

these beads were not sequenced and the library was utilized in assays for therapeutic 

targets of interest at Selectide. 



2.2 Kemp's Triacid Scaffolded Library Development 

The research presented for this scaffolded library is a cooperative effort between 

Dr. Petr Kocis (now at Zenica Corp.) and myself The use' of commercially available 

1.3.5-trimethyl-l,3,5-cyclohe.xanetricarboxylic acid (Kemp's triacid, Aldrich Chemical) 

was explored due to previously reported uses of this compound in synthetic receptors 

Our desire to reverse the previous role of this compound and investigate Kemp's 

triacid as a ligand has been described last year"*^. 

As mentioned previously, the Kemp's triacid presentation of functional building 

blocks (R groups) axial to the cyclohexane scaffold ring have been shown, by molecular 

modeling smdies, to be rather flexible tethers. The result is a set of library compounds 

that have the attached randomized building blocks presented in a "discontinuous" fashion. 

The goal, utilizing this approach of a "discontinuous" functional group presentation, was 

to isolate those functional groups responsible for binding to the receptor of interest 

irrespective of their conformational presentation. Later, after the "optimal' functional 

groups have been determined, the identity of favored conformational properties would be 

investigated. Figure 23A shows a general schematic of this approach where the first goal 

of functional group identification is addressed 'irrespective' of conformational 

consideration. The second level of investigation. Figure 23B, is retention of the 

functional groups with the determination of favored conformation(s). Naturally, 

ttaditional rational drug design and medicinal chemistry would play a significant role in 

this level of lead optimization. Particular attention would need to be made of the 
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contributing effects of a 'rigid' scaffold and entropic properties that would influence 

binding. 

Finally, as the development of the scaffold produced two regioisomers, resolution of 

these species would also be necessary to determine the structure of the compound 

responsible for binding activity. 

The first task in the development of this potential scaffold was the attachment of 

two ethylenediamine groups with orthogonal protection. Figure 24 shows the scheme 

followed in the preparation of the Kemp's triacid scaffold. Forming a cis,cis anhydride B 

Figure 23A. Functional group identification 

Figure 23B. Determination of favored conformation 
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of the acid A using a standard Dean-Stark dehydration procedure"*^, the anhydride was 

opened by nucleophilic attack by mono tert-butyloxycarbonylethylenediamine (Boc-

EDA)"^'. To the resulting Boc protected amide, diacid C. a second anhydride D was 

formed using dicyclohexylcarbodiimide (DCCI) as described in the methods section. 

This anhydride was opened by nucleophilic attack by mono Fmoc-EDA resulting in the 

two regioisomer scaffold structures E. 

BocMI 

HO OH 
DCCI 

OH 
OH 

HO 

CHj 

A B C  

Fmoc^M 

OH HO. 

H-

HiC 

D E 

Figure 24. Kemp's triacid scaffold synthesis scheme 

Preparation of mono Boc-EDA was accomplished following a procedure 

described by Askew where an excess of ethylenediamine generated little of the di Boc-

EDA side product. The excess EDA was easily removed by extraction following 

standard Boc-amino acid protection procedures^". A portion of this Boc-ethylenediamine 
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was used in a subsequent Fmoc protection of the remaining free amine. Following TEA 

deprotection of the Boc group, the mono Fmoc-ethylenediamine was used for scaffold 

construction. 

Model compounds constructed with this scaffold indicated that best results were 

obtained when the R, building block, (amino acid) to which the remaining scaffold free 

acid is attached, is a primary amine. Further, preactivation of this free acid by traditional 

peptide synthetic techniques, BOP or HOBt esters, resulted in significant cyclic imide 

formation. Therefore, the scaffold was introduced to the swollen resin prior to activation 

of the acid. HPLC and MS indicated that the desired products were obtained in greater 

than 70% purity. Further, LC/MS/MS results indicated that the various R groups could 

be identified eliminating the need for coding and subsequent Edman sequencing. 

Compound 6 is one of the Kemp's triacid model where the repective analytical data is 

foimd in Table I. 

\ 
N 

6 
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The resulting library synthesis was to be on a single releasable linker that required amino 

acid coding. Further, the complexity of 9.261 compounds was determined by the R|. Ri. 

and R3 groups each composed of 21 building blocks (21^). Since we desired building 

blocks other than the available natural and unnatural amino acids for the R, position, 

orthogonally protected Fmoc-(Boc)diaminopropionic acid was attached to the cleavable 

linker. Upon removal of the Boc protecting group, a variety of acids were attached to the 

free amine. The resulting library can be seen in Figure 25 which shows the ester linkage 

cleaved by base hydrolysis prior to biological screening. Figure 26 shows the synthetic 

flow chart for the synthesis of this dedicated Kemp's triacid scaffolded library. 

.Rj.Rj 

O HN P 

TG Resin 

Code, 

Figure 25. Complete Kemp's Triacid Scaffolded Library 



Figure 26. Flow Chart for Kemp's Triacid Scaffold Library 
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Biological screening of the Kemp's triacid scaffolded library' against Strep-AP 

The Kemp's triacid library described above was analyzed for quality control using 

the Steptavidin-Alkaline phosphotase assay discussed in the introduction section. This 

assay was performed to determine first if the library "behaved" as expected where the 

compounds could be identified by Edman sequencing. Further, a consensus of building 

blocks that give strong relative binding to Step-AP would serve as an indicator that the 

library synthesis was completed as expected. LC/MS/MS also served as an indication 

that the library was synthesized as described. Of those beads that exhibited high relative 

binding to Strep-AP, four were analyzed by Edman sequencing. Two of the four beads 

contained identical R3 groups. Further, two of these four beads contained substituted 

indoline groups for the Ri position and a third containing a hydroxybenzoic acid group. 

The R2 position contained one tryptophan amino acid and the other a p-alanine. The 

remaining coding amino acids could not be determined with absolute certainty as the 

amino acids found at some randomization points and apparent deletions in coding amino 

acids complicated the analysis. LC/MS/MS indicated that in most cases, one major 

compoimd was obtained. Fragmentation studies indicated that the compounds were of 

molecular masses expected in the library and that the building blocks were present as 

intended. However, since the library is in a single releasable format, LC/MS/MS would 

be a viable tool for the identification of hits found in assays of targets with therapeutic 

interest. It should be noted that the Strep-AP assays were performed on bead, where both 

the coding arm and the scaffolded structures were present. Further, the synergistic effects 



of one or both of these structures could give rise to the binding event observed in the 

colorometric assay. The result is the identification of compounds contained on beads that 

either the scaffolded compound, the coding arm or both structures together are 

responsible for the observed binding. To determine which of these scenarios is n-ue. all 

three species would need to be synthesized. Since Strep-AP was not a biological target of 

primary interest, this question was not addressed. However, consolation could be taken 

in the fact that as a releasable library, synergistic effects from the coding arm would not 

be observed in the final library assays. 

2.3 1,2,4-Benzenetricarboxylic Acid (BTA) Library 

The research with this scaffolded library is a continuation of the theme addressed 

in the diaminobenzoic acid library. Here again, the randomized building blocks are 

attached to a benzene ring and would occupy conformational space directed away from 

the aromatic scaffold in contrast to the Kemp's triacid axial presentation'^®'*^. This 

scaffold differs fundamentally from the DAB library discussed earlier. First, the scaffold 

has attachment points at the 1, 2, and 4 position of the aromatic ring where the DAB 

library contained all meta substitutions. Hence, this library does not possess C2 

symmetry and will yield two regioisomers. Secondly, the scaffold requires no orthogonal 

protection, discussed later, which simplifies development and generates a final library 

more rapidly^'. 
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Commercially available 1-benzenecarboxylic acid chloride-3,4-dicarboxylic 

anhydride (trimellitic anhydride chloride. Aldrich) was used in model compound studies. 

This scaffold, delivered in a "preactivated" form with the carboxylic acid chloride and 

anhydride, was attached by way of the aromatic acid chloride and a primary or secondary' 

amine on the resin. Later, nucleophilic attack by a secondary amine opens the anhydride, 

generating the two regioisomers. The final acylation was accomplished by traditional 

active esters using BOP chemistry. Verification of this chronology in acylation steps was 

accomplished by applying information gained earlier with a variant of this scaffold. 1.2-

benzenedicarboxylic anhydride-4-carboxylic acid methyl ester (Figure 27) was generated 

from commercially available 1.2,4-benzenetricarboxylic anhydride (trimellitic anhydride. 

Aldrich). 

OH OMe 

H-Phe-RamTG 

RamTG 

RamTG RamTG 

BOP.HOBU DIEA 

8 7 
( - 1 : 1 )  

Figure 27. Cyclic Imide Formation on Benzenetricarboxylic Acid Scaffold 
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First, the free carboxyiic acid was protected by a methyl ester preserving the anhydride. 

Later, acylation with a primary amine, phenylalanine attached to resin in this example, 

forms a cyclic imide when the second carboxyiic acid is activated. NMR and MS 

analysis verified the conversion from free acid to cyclic imide product . Alternatively, 

this situation is not observed in the case of the trimellitic anhydride chloride coupling 

where no cyclic imide is formed and the two remaining carboxyiic acids remain free for 

further coupling steps (Figure 28). Therefore, preferential reactivity has afforded this 

scaffold selective acylation points providing relatively facile library development. 

OH 

+ R, 
R,-RAMTG 

(Rl = amino acid) 
OH 

Rl—RAMTC 

R,-RAMTC BOP esters 

(R3=Io or 2P amine) 

O 
(2) TFA cleavage 

R,-NH2 

Figure 28. General Synthetic Scheme for the 1,2,4-Ben2enetricarboxylic Acid Library 

Optimization of the synthetic acylation steps was achieved with the generation of 

more than two dozen model compounds. Figure 28 shows the optimized, general 

synthetic procedure. Upon completion of the model compounds, general applicability of 
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this procedure was tested on a model library of 125 compounds (5^) composed of 

building possessing various functional groups (aromatic, heterocyclic, thiols, and various 

charged groups). At the final randomization step. R3. the five pools of 25 compounds 

each were not recombined to facilitate LC/MS analysis. LC/MS analysis of this model 

library indicated that the chemistr\' was generally applicable and approval to generate a 

full library was given. BTA model compound 9, shown below, is an example of those 

compounds contained in the model librar>' described above. Analytical data, HPLC and 

MS, for 9 are provided in Table I. 

9 

The full 34,560 compound library (30«24»48 R groups for R,, R2, R3 respectively) 

was synthesized on RAM-TentaGel resin possessing a TFA labile linker. The library 

synthesis format was in 96 deep well plates where the last two building blocks (Ri and 

R3) were not recombined. Hence, each well (pool) contained a mixture of 30 compounds 

fi-om the randomization of Ri building blocks. This library required one round of 

"deconvolution" synthesis to determine specific compounds responsible for biological 

activity found in an original library well. 



Prior biological assays indicated that scavengers present during the acid 

deprotection and cleavage of compounds from the resin have an influence upon binding 

results. Therefore, the decision to include groups which required minimal scavenging 

(only water) were incorporated into this library. Understanding that some functional 

groups that require greater levels of side chain protection, guanidino groups for example, 

would not be present, we modified the synthetic procedure to include an additional step to 

include guanidino functional groups. Prior to the deprotection and cleavage step from the 

resin, Fmoc protection was removed from attached ethylenediamine and 1.4-

butylenediamine exposing the primary amino groups. These terminal amino groups were 

converted to guanidino functional groups using IH-pyrazole-l-carboxamidine 

hydrochloride (PCA*HC1) as discussed in the methods section. 

The library was synthesized using 30 syringes for the attachment of each R, 

building block to the RAM-TentaGel resin. After recombining these pools followed by 

removal of the temporary Fmoc protection group, the trimellitic anhydride chloride 

scaffold was attached to the Rj groups. The scaffold attachment was immediately 

followed by several quick washes with dry DMF and introduction of the 24, Rj secondary 

amines. Specific details of the library synthetic steps using 96 deep well plates is 

discussed in the methods section. 

The completed library, contained in 12 deep well plates, was copied 24 times into 

96 microtiter plates for biological testing. Since this library is released into solution, 

assay against Strep-AP is not practical. Further, the question of compound solubility in 



aqueous assay buffers was raised since this library posses a high level of intrinsic 

lipophilicity. To study solvents that would be most suitable for dissolving the librar\' 

pools prior to screening, portions of the 125 compound model library described above 

were analyzed. 

The goal of determining solvents best suited for both dissolving the library 

compounds and subsequent addition of the assay buffers was approached with the 

following technique. Standard protocols describe dissolving the compounds in an 

organic solvent followed by the addition of the aqueous assay buffer"^. Here we desired 

to determine organic solvents most suitable for the BTA library solubility, thereby 

providing solubility data which could guide a biologist's decision in co-solvent choices. 

Since standard amino acid analysis (AAA) is well suited for determination of 

concentration of amino acids found in peptides and proteins, this tool appeared applicable 

in the determination of relative amino acid concentrations found in an array of solvent 

systems. Seven solvent systems which have various levels of tolerance in biological 

assays were tested [10%DMSO, 10%DMF, 10% MeOH, 10% acetonitrile, 10% 

acetonitrile/MeOH (1:1), 100% acetonitrile/MeOH (1:1), 100% Buffer]. Portions of the 

125 compound model library were first dissolved in the solvents listed above, where the 

final solvent system, that is, 10% organic solvent, was achieved by the addition of 

aqueous phosphate buffer solution. Each sample was centrifuged to settle any 

precipitated compound followed by sampling from the supernatant. Traditional amino 

acid analysis was applied to each of the samples to determine relative library compound 



concentration. The results obtained from this analysis indicated no significant difference 

is observed if any of the tested organic solvents were used when compared to the neat 

acetonitrile/MeOH (1:1) sample. Only the neat buffer solvent system shows a marked 

decrease in AAA concentration levels. The conclusion from this analysis is that the flill 

library should be screened with one of the previously mentioned organic co-solvents, 

where the choice of organic solvent can be governed by assay tolerance. 

Upon completion of biological screening, 16 wells contained compounds which 

possess activity against 8 biological targets. With 30 compounds in each library well. 16 

wells required the synthesis of 480 individual compounds for deconvolution. Again. 96 

deep well plate synthetic techniques were applied where the R] amino acids were retained 

in individual wells. From this array of 480 wells and compounds, only three wells all 

belonging to one biological target retained the original activity. LC/MS of these wells 

indicated that the intended compounds were present in greater than 75% purity. Upon 

subsequent purification of the compoimds by HPLC, the activity of these pure 

compounds was absent. The next step in the attempt to determine the identity of the 

compound(s) responsible for the prior activity would be to resynthsize all three 

compounds on a larger scale (5-1 Omg). This step was taken as the biological target was 

dropped from further investigation. Thoughts on reasons for the lost in activity include; 

the purified compound was of significantly lower yield than expected post HPLC 

isolation, the activity was due to an impurity not isolated during the HPLC step, the 

activity was due to the synergistic effects of more than one compound which were not 
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present in the pure sample, and finally, the activity could have been due to conditions 

other than those related to specific activity of the compound prepared in the library. This 

last rationale is explained by precipitation, organic solvent effects leading to receptor 

denaturation or by a pH range which yields the same effect. However, knowing that these 

"environment" issues are monitored during biological screening, and the fact that the 

assay was exhibiting higher levels of binding relative to neighboring wells, I believe that 

this reason for activity loss is less viable. Nonetheless, the project was not pursued 

further. 



3. CONCLUSIONS AND FUTURE PERSPECTIVES 

The research described in the preceding sections can be viewed as a small 

reflection of the evolution process in combinatorial chemistry. Although natural and 

unnatural amino acid peptide libraries were not discussed, the scaffolded libraries 

presented with their acyl bonds are the next generation of combinatorial libraries. 

Experience gained from the first, diaminobenzoic acid library conveyed a need for the 

option of a releasable linker. 

The second, single releasable encoded Kemp's triacid, library was an effort to 

fulfill the needs of biology. This library, although dedicated to the Interleukin project, 

incorporated many features that would enhance the likelihood of finding a lead 

compound. The randomized R groups were chosen from a set of building blocks that 

were believed to incorporate functional groups required for biological activity. Further, 

the releasable linker was applied which would allow the library compounds facile release 

from the resin under non-denaturing conditions. Unfortunately, this library did not 

produce any active compounds against the Interleukin target. Later analysis indicated 

that the library compounds were most likely released into solution prior to the biological 

screening, which could explain the lack of activity observed while screening the library. 

Storage of this library was in an aqueous 0.01 N HCl solution which maintained pH 4. 

Unfortunately, the ester bond was not sufficiently robust to survive this storage system. 

The storage techniques, developed later, of drying the library from methanol for 3 to 6 

hours, appears to have solved this problem while retaining the ability to resuspend the 



library in assay buffers without resin coagulation. The final library described in this 

document, 1.2.4-benzenetricarboxylic acid, exhibits the current approach in library, 

synthesis, cleavage and distribution for biological studies. Although the option of 

retaining the compound on beads is retained with this library format, cleaved compounds 

in 96 well plates, where each library pool contains a number of compounds (7 -30). is the 

current practice. Further, by retaining the identity of the last two building blocks (Ri and 

R3) added to the scaffold, a single step of deconvolution will provide the identity of the 

R, building block(s) responsible for biological activity. 

Although 96 well plate synthesis provides challenges in the adaptation of 

synthetic protocols, solvent choices and specific handling techniques, this format appeairs 

to be very suitable as it provides direct translation into the 96 well microtiter plates used 

by biologists in high throughput screening. During the biological screening process, 

attention to various conditions like pH, precipitation or initial solubility, is possible. 

Previously, this was not an option with on bead or releasable assays. This information is 

extremely valuable, as it serves to either question or eliminate "'hits" from a library if 

certain "environmental" conditions are the cause of the alleged activity. Therefore, a 

deconvolution, or repeat synthesis step has a higher likelihood of producing "real" lead 

compounds. A final advantage of the 96 well "deconvolution" library format is that a 

limited SAR study is performed for each biological target. As with Houghten's 

"Positional Scanning" techniques described earlier, knowledge of the ftmctional groups 

which are both active and inactive against the receptor is retained. Therefore, a relative 



activity profile of functional groups, for each library synthesized and screened in this 

format, can serve as a database for future reference and interpretation. This was not 

possible in either the 'on bead' or Teleasable' libraries as compounds that did not have 

high relative affinity for the receptor were not identified. 

Already, one can see the introduction of 'rational drug design* in this process 

whether intentionally applied in the design of the library and selection of the building 

blocks, or in the use of the resulting data. This data can be instrumental in the generation 

of second generation libraries using a 'rational' approach. The process has evolved from 

a search for a needle in a hay stack to one of separating the large hay stack into small 

piles. These small piles are more easily handled where there is an improved chance of 

finding the needle. Nonetheless, the information obtained by investigating one pile, may 

provide the location of another small pile that contains the needle. Conversely, this 

information can be used to eliminate a search of other, less probable piles. 

The future of combinatorial chemistry appears to be converging upon a rather 

centralized approach with deviations in technical synthesis and handling practices. 

Integration of 'rational drug design' appears imperative to the survival of the technology. 

The raw, brute force approach, where millions of random compounds were generated 

with little regard for the biological target, appears to be lost in the mythical past of 

"CombiChem". The application of 'deconvolution' schemes also have a strong 

likelihood of survival. Deconvolution lend itself to facile data tracking as well as the 

logical assembly of building blocks in each well, which can reduce the synergistic effects 
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of "like* species. The development of "solid supports" in this technology will 

undoubtedly change. Currently, the PEG (polyethyleneglycol) grafted resin (Rapp TG) 

used in all of the work present here, is plagued with intrinsically low substitution, with 

impacts upon "on bead* screening which have not been fully characterized. Although this 

resin has the desired swelling properties in both organic synthesis and aqueous buffers 

used in the assays, the solid support is not applicable to many organic reactions under 

investigation for solid phase synthesis. Other supports not discussed in this document 

include Janda's polyethylene glycol monomethyl ether support which emulates solution 

chemistry in many organic solvents as well as water, but precipitates in ether to facilitate 

washing. Combinatorial approaches have found utility in the field of material science 

where Phillips and co-workers have investigated libraries of unique ternary compounds 

for various surperconducting and magnetoresistive (for "magnetic storage media) 

properties. The arrays of individual compounds were deposited on thin films in a 

combinatorial fashion. This example suggests that the combinatorial approach has 

applications well beyond drug design to those which have yet to be realized. 

Reemphasizing that combinatorial libraries are more broadly characterized as a 

conceptual application of exploratory research in any physical science that is primarily 

limited by a researcher's creativity. Transcending beyond these self imposed limitations 

as well as some of the physical challenges inherent to combinatorial techniques, a 

researcher can explore significantly more problems in far less time. 



If a researcher wishes to explore a literal universe of compounds or reaction 

conditions which can provide the 'best* species or set of conditions to yield the desired 

result, application of this conceptual process can help insure that liiuch of this universe 

has been statistically explored. Careful planning, construction, and screening of the 

combinatorial library can enhance a researchers confidence in the belief that for the 

"universe" which was explored, the 'best' compound or set of conditions was produced 

and investigated. 

As a product found solely from a library, which has either found market value or 

general application in science, has not yet been reported, one should bare in mind that the 

application of combinatorial libraries in drug discovery is less than a decade old and it 

may be unfair to judge the technique for autonomy. Nonetheless, the technique is 

powerful and promises to retain significant attention, and probably enhanced application 

to additional fields of science. 



4. EXPERIMENTAL METHODS 

4.1 General Synthetic Methods 

Solid phase synthesis of model compounds and libraries was performed on resins 

from the following sources: acid labile (TFA) Rink amide resin. 100-200 mesh. 

(Advanced Chemtech. Louisville KY) with a substitution of 0.45-0.65mmol/g; acid labile 

(TFA) Wang acid resin, 100-200 mesh, (Advanced Chemtech) with a substitution of 0.6-

1.1 mmol/g; acid labile (TFA) TentaGel-S-RAM amide resin 90 ^m substitution 0.15-

0.24 mmol/g (Rapp Polymere, Germany); TentaGel-S-OH 90 or 130 nm substitution 

0.18-0.28 mmol/g (Rapp Polymer); TentaGel S-NH2 ^0 or 130 |im 0.18-0.28 mmol/g 

(Rapp Polymere). Fmoc protected amino acids were purchased from Propeptide of 

France, Orpegen, Advanced Chemtech as well as Calbiochem-Novabiochem (San Diego. 

CA). Unusual amino acids or uniquely protected amino acids where purchased from 

Calbiochem-Novabiochem. 

Model compound and library syntheses were performed in polypropylene 

disposable syringes (2.5, 10, 20 or 50 mL, Baxter/VWR) fitted with a polyethylene frit 

(70 fim pore, 1/8" thick, Bel-Art Products, NJ). Syntheses performed in "96 deep well' 

polypropylene plates (~1 mL/well) or '96 well microliter' polypropylene plates (~250 

|iL/well) were obtained from Beckman(CA). The manual 8-charmel washing station was 

composed of a "Micromatic Precision Liquid Pipetter (self-refilling)" (Popper & Sons) 

fitted with an 8-position stainless steel manifold (Wheaton) all purchased from 

Baxter/VWR. The self-refilling pipetter was later fitted with a 10 mL polypropylene 



syringe, described above, and a 0.25 inch inner diameter Teflon tube which drew solvents 

(DMF, MeOH, DCM. DCE, H2O, TFA, ACN or mixtures thereof) for washing. Vacuum 

aspiration of the solvents from the "96 deep well' plates was accomplished by a second 8-

channel manifold attached to a 2 liter filtration flask that collected the solvents. .Agitation 

of the 96 well plates (deep well or microliter) was accomplished on "MTS 4" (IKA-

Works) variable speed, horizontal plate shakers purchased from BaxterA'^WR. Delivery 

of coupling reagents or building blocks utilized 'adjustable multichannel micropipetters" 

(5-50 and 50-200 |iL Wheaton) obtained from BaxterA'WR. 

Later, the self-refilling pipetter was replaced by a 'wide-mouth polyethylene wash 

bottle' that was fitted with a regulated N2(g) source and 'relief hole' to act as a dispensing 

'valve'. Solvent forced by the N2(g) from the mouth polyethylene wash bottle, through 

the 8-charmel manifold, define the delivery system for 96 well plate washing. 

Automated dispensing of resin into 96 deep well plates was performed on a 

Zymark "8-channel Zypetter Station" (Zymark Corp, Mass). Automated solvent washes 

were conducted on the Zymark 8-charmel RAS/RAM station. Both of these automated 

modules were interfaced to a DOS compatible PC running the "Zymate" software 

package. 

4.2 Structure Analysis aad Purification Methods 

Analytical reverse phase high pressure liquid chromatography (RP-HPLC) was 



the primary tool in the determination of product purity. All analytical RP-HPLC analyses 

were performed on a Waters Maxima 820 HPLC System that was composed of a 712 

WISP 48 sample autosampler. two 510 solvent pumps and a 490E 4-channel UV-Vis 

detector. All data from the Maxima 820 station was collected and processed (integrated) 

by a DOS compatible PC. Semi-preparative RP-HPLC purification was performed on a 

Waters 600 station coupled to a 484 single channel UV-Vis detector and a 2-channel 

chart recorder (chaimel 1; detector output, channel 2: gradient). Preparative scale RP-

HPLC purification was performed on a Gilson Preparative LC system which included 

two 306 pumps (100 mL/min. pump heads), a 23 mL dynamic mixer and manometric 

module, a model 119 2-channel UV-Vis detector, a 231XL auto sampler and a FC 204 

fraction collector. The Gilson preparative HPLC system was controlled by a DOS-

compatible PC nmning the Gilson 715 software package. 

All RP-HPLC utilized C|g columns from Vydac of the following sizes and flow 

rates for the respective systems; 4.6 x 250 mm (5 |i particle size) 1 mL/min flow rate, 9.4 

X 250 mm (5 |i particle size) 4 mL/min flow rate and 22.1 x 250 mm 10 mL/min flow 

rate or 5.0 X 25 cm (5 n particle size) 50 mL/min flow rate. Burdick and Jackson (B & J) 

brand solvents were used exclusively in all HPLC systems. The mobile phase was 

composed of a neat acetonitrile organic solvent while the aqueous biiffer was 0.1% TFA 

in B & J water. 

Thin layer chromatography (TLC) using "Whatman®" aluminum, silica gel 

coated plates (Baxter/VWR) and solvent systems outlined in each specific protocol. 
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Gel filtration chromatography was performed on Bio-Rad "Econo-System" using 

a gradient of 0.1% TFA in H20/acetonitrile (from 85/15 v/v to 10/90 v/v in 40 min.). A 

flow rate of 2 mL/min., through a 25x700 mm column packed with Cig, was maintained 

throughout the gradient. Flash chromatography was performed on a 50x300 mm column 

packed with silica gel, 200-400 mesh and 60 A, (Aldrich 28,859-4) isocratically using the 

solvent system indicated for each application. 

'H-NMR spectra were obtained on a General Electric (GS-300) spectrometer 

using DMSO-c/g or chloroform-^/ (CDCI3) as a solvent at room temperature. Occasionally 

~50 (iL of neat TFA was added to the NMR sample tube to protonate amines and acids to 

enhance the respective signal. 

Mass spectroscopy was performed on a Perkin Elmer, Sciex API III Biomolecular 

Mass Analyzer. Standard conditions include; an orifice size of 65, a 10 uL/min flowrate. 

using a 1:1 mixture of acetonitrile/water containing 0.1% acetic acid. Dwell time is 

usually 3 with a mass defect of 55. 

UV-Vis data of resin substitution was obtained on a Hewlett-Packard HP 8452A 

spectrometer. Fmoc or Npys deprotection solution concentrations were calculated using 

8=8100 Lmor'cm"' at >.302 for Fmoc, and 8=8300 Lmof'cm"' at X24g, e=7500 Lmof'cm"' 

at X268,8=7300 Lmof'cm"' at X,272, s=3700 Lmor'cm"' at for Npys. 

4.3 General Functional Group Protection Protocols 

In most cases, standard protection methods, as those described by Bodanszky^', 
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were utilized. Modifications to these protocols are described and referenced below. 

tert-Butoxycarbonyl (t-Boc) Protection of Amines 

The unprotected amino acid (lOmmol) was dissolved in 30 mL of dioxane/HiO 

(2/1 v/v) and stirred at 0°C adjusting to pH 10 with 4 N NaOH. Di-r-butyl-dicarbonate. 

(/-Boc),©. (Calbiochem-Novabiochem) (11 mmol, 2.4g) was added slowly maintaining 

pH 10 with additional 4 N NaOH. The reaction mixture was allowed to stir at room 

temperature for 6 hours maintaining same pH. Dioxane was then removed {under vacuo) 

and sufficient water was added to dissolve any precipitate. The solution was again 

adjusted to pH 10 v^dth 4 N NaOH. After extraction with ethyl ether (2x) to remove the 

excess (/-Hoc),©, the aqueous solution was cooled to 0"C and adjusted to pH 3 with 10% 

citric acid. Upon extraction with ethyl acetate (3x), the combined organic fractions were 

washed with brine (2x) and water (2x). Drying the ethyl acetate over MgS04, the filtered 

solvent was removed (under vacuo) producing the desired Boc-protected amino acid. 

Recrystallization from ethyl acetate/petroleum ether or ethyl acetate/hexanes yields pure 

Boc-protected product^®. 

9-FIuorenylniethyloxycarbonyl (Fmoc) Protection of Amines 

The unprotected amino acid (lOmmoi) was dissolved in 30 mL of dioxane/HiO 

(2:1 v/v) and strirred at 0°C adjusting to pH 8 with 1 N NaOH. Next, 0.9 equivalents of 

9-fluorenylmethylchloroformate (Fmoc-Cl) (Calbiochem-Novabiochem) was added 



slowly while maintaining the pH 7-8 with the 1 N Na2C03. The reaction mixture was 

allowed to stir at room temperature for 8 hours while maintaining pH 7-8. The use of a 

UV lamp (^=254nm) for the identification of those TLC spots which exhibited the 

presence of chromophores (Fmoc-Chloroformate, Fmoc-protected amino acid) followed 

by ninhydrin spray (0.2% ninhydrin in ethanol. heating the TLC plate for 1 minute in a 

drying oven at 100°C) provided the necessary information to positively identify each 

species. Upon completion of the reaction (absence of Fmoc-Cl TLC spot), the dioxane 

was removed {under vacuo) and additional water was added. The aqueous solution was 

cooled to 0°C and adjusted to pH 3 with 10% citric acid. After extraction with ethyl 

acetate (3x), the combined organic fractions were washed with brine (2x) and water (2x). 

Drying the ethyl acetate over MgS04 the filtered solvent was removed {under vacuo) 

producing the desired Fmoc-protected amino acid. Recrystallization from ethyl 

acetate/petroleum ether or hexanes yields pure Fmoc-protected product^'. 

Aliyloxycarbonyl (Alloc) protection of amines 

The unprotected amine or amino acid (10 mmol) was dissolved in 30 mL of 

dioxane/H20 (2:1 v/v) and stirred at 0°C adjusting to pH 10 with 4 N NaOH. 

Commercially available allyl chloroformate (Aldrich 24,230-6) (1.27 mL, 12 mmol) in 5 

mL of dioxane was added dropwise over 10 minutes while maintaining pH 10. The 

reaction mixture was allowed to stir at room temperature for 6 hours maintaining same 

pH. Dioxane was then removed {under vacuo). After adding 20 mL of water, the 



solution was again adjusted to pHlO with 4N NaOH and extracted with ethyl ether (2x) to 

remove the excess Alloc-Cl. The aqueous solution was cooled to 0°C and adjusted to pH 

3 with 10% citric acid. Upon extraction with ethyl acetate (3x), the combined organic 

fractions were washed with brine (2x) and water (2x). Drying the ethyl acetate over 

MgS04, the filtered solvent was removed {under vacuo) producing the desired Alloc-

pro tected amine^^'^"*. 

3-Nitro-2-pyridinesulfenyI (Npys) protection of amines 

Amines (0.02 mol) to be protected were dissolved in solvent system comprised of 

10 mL 2 N NaOH and 25 mL of dioxane. While vigorously stirring at 0°C and within 10 

minutes, (4.2 g, 0.022 mol) 3-nitro-2-pyridinesulfenyl chloride (Npys-Cl) was added in 

four equal portions while 12 mL of 2 N NaOH was added dropwise. Monitoring the 

protection of the amine with TLC and ninhydrin spray, the reaction was deemed complete 

in 30 minutes. After diluting the reaction mixture with 200 mL of water, excess Npys-Cl 

was removed by extraction with ethyl ether (I x 100 mL). Upon adjusting the pH 3-4 

with 1 N H2SO4 and extraction with ethyl acetate (2 x 200 mL), the organic fractions 

were washed once with water and dried over Na2S04. If after removing the solvent 

{under vacuo) the product is present as an oil, the Npys-protected amino acid DCHA 

(dicyclohexylamine) salt could be prepared by the following: 

After adding 200 mL of ethyl acetate to the previously prepared oil and stirring at 

O^C, 4 mL (0.024mol) of dicyclohexylamine (Aldrich 18,584-1) was added. After 15 



minutes of additional stirring, the system was brought to room temperature where it was 

acidified with 5% citric acid and washed with water (2x). The mixture was dried over 

Na2S04 where the solvent was removed {under vacuo). Recrystallization from ethyl 

acetate and petroleum ether gave the crystalline compound 4 (see Tables I and II for 

analytical data). 

Preparation of 3-nitro-2-pyridinesulfenyI chloride (Npys-Cl) 

Preparation of 3,3'-dinitro-2,2"-dipyridyl disulfide, the precursor to Npys-Cl. was 

accomplished using a procedure described by Matsueda^^. Commercially available 2-

chloro-3-nitropyridine (Aldrich C6,160-7) (76 g, 0.48 mol) was added to a wzirm solution 

of thiourea (Aldrich 24,025-7) (38 g, 0.5 mol) dissolved in 760 mL of ethanol. After 

refluxing this mixture for 7 hours and cooling, the precipitated 3-nitro-2-pyridyl 

pseudothiourea hydrochloride salt was filtered and washed once with EtOH. The 

precipitate was disolved in 950 mL water containing Na2C03 (32 g, 0.3 mol) and stirred 

at O^C. A second 950 mL solution containing 48.5 g (1.2 mol) of NaOH was added to 

dissolve the previously formed salt. After filtering to remove the small amount of 

insoluble material, the filtrate was acidified to pH 3 with conc. HCl where the preciphate, 

3-nitro-2-pyridinethiol, was filtered and washed once with water. The 3-nitro-2-

pyridinethiol was dissolved in 950 mL of cold water containing 48.5 g (1.2 mol) of 

NaOH. After filtering, a 1 liter solution of (157.6 g, 0.48 moles) K3Fe(CN)6 in water 

was added while vigorously stirring the 3-nitro-2-pyridinethiol solution at room 



temperature. Overnight mixing yielded a yellow precipitate that was filtered and washed 

once with water. The product, 3,3'-dinitro-2,2'-dipyridyI disulfide, was filtered and dried 

18 hours in vacuo over P2O5. The resulting 51 g (69% yield from 2-chloro-3-

nitropyridine) of the stable disulfide product was stored at -4°C. 

Preparation of 3-nitro-2-pyridinesulfenyl chloride (Npys-Cl) was accomplished by 

dissolving (15 g, 0.048 mol) of 3,3'-dimtro-2,2'-dipyridyl disulfide in 300 mL of DCM. 

In a 1 liter 2-neck round bottom flask fitted with a CaCU drying tube, the disulfide 

solution was vigorously stirred at 0°C while chlorine gas was bubbled through the 

mixture for 15 minutes. Continuing the chlorine gas introduction, the solution was 

allowed to warm to room temperature for an additional hour. The reaction was known to 

be complete when the solvent mixture became nearly clear whereby the solvent was 

removed in vacuo at a temperature below 30°C. Filtration to remove a trace amount of 

dark oil produced 17.5 g (0.092 mol, 96% yield) of the product as yellow needles which 

was stored at 4°C until use^^. 

Methyl Ester Protection of 1^,4-benzenetricarboxylic anhydride 

A solution of diazomethane was prepared by slowly adding l-methyl-3-nitro-l-

nitrosoguanidine (MNNG) (Aldrich 12,994-1), 2.6g (17.7mmoI), to a stirred solution of 

50 mL 20% NaOH (aq.) and 200 mL of ethyl ether. After 15 minutes, the 

diazomethane/ethyl ether was removed in a separatory furmel and used inmiediately. 
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To (2.3 g, 12 mmol) of 1.2,4 benzenetricarboxylic anhydride (Aldrich B460-0) 

disolved in 50 mL of ethyl ether (THF if insoluble in ethyl ether) with vigorous stirring, 

the solution of diazomethane prepared above, was added slowly. Rapid evolution of gas 

was observed throughout the addition of diazomethane. The mi.xture was allowed to stir 

an additional 30 minutes after which it was quenched with AcOH (sufficient to adjust the 

pH=5). Removing the solvent under vacuo produced a yellow oil which was 

recrystallized from ethyl acetate/petroleum ether at 4°C. NMR. MS and HPLC confirmed 

the methyl ester protection of the carboxylic acid. 

4.4 General Carboxylic Acid Activation Procedures 

Acid Fluoride Activation (isolated acid fluoride)'*' 

To a stirred solution of N° - protected amino acid (2 mmol) in 5 mL of dry 

CH2CI2 (DCM) at -10°C, cyanuric fluoride (900 ^L, 10 mmol) and pyridine (162 )aL, 2 

mmol) were added. After 45 minutes of reaction time, the reaction was quenched with 

ice and an additional 10 mL of DCM was added for extraction of the product. Upon 

extracting the aqueous layer once with 5 mL of DCM and drying all organic phase 

fractions over MgS04, solvent was removed. The authors had utilized this method in 

the activation of -Boc protected amino acids where both mehing point and HPLC data 

indicated nearly complete conversion to the acid fluoride. 
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in situ method of acid fluoride formation (scale: Immoi of resin) 

To a stirred solution of (3 nimol) N° - protected amino acid in 5 mL of dr>' 

CHiCU at -lO^C, cyanuric fluoride (1.3 mL, 15 mmol) and pyridine (242 |aL, 3 mmol) 

were added. .A.fter 45 minutes of reaction time, this mixture was added to resin which 

contained a free amino terminal group as well as N.N-diisopropylethylamine (DIEA) 

(Aldrich D 12.580-6) (I mL, 6 mmol), to scavenge any HF generated during the reaction. 

The HF could ultimately remove the construct from the acid labile resin linker (Rink. 

RAM, etc.). 

Symmetric Anhydride Activation 

Dicyclohexylcarbodiimide (DCCI) activation (to 1.0 mmol scale of resin) 

To 6 mmoles of acid (N-protected amino acid) stirred in 10 mL DCM (minimum 

volume to dissolve), 1,3-dicycIohexylcarbodiimide (DCCI) (Aldrich D8,000-2) (0.56 g, 

2.7 mmol) was added. If the amine is found to be insoluble in neat DCM, a minimum 

volume of dry N,N-dimethyIformamide (DMF) required to dissolve the acid may be 

added. After stirring for 30 minutes, the formation of a white precipitate 

(dicyclohexylurea, DCU) was observed which was filtered off through glass wool capped 

with celite. If the white precipitate appears exceptionally volumous, the DCU was 

washed with a minimum amount of dry DMF. The combined filtrates were immediately 

introduced to the resin which contained the previously deprotected amine and (0.5 mL, 3 

mmol) of DIEA. 
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Diisopropylcarbodiimide (DIC) activation (to 1.0 mmole scale of resin) 

To 6 mmol (6 fold excess) of acid (N-protected amino acid) stirred in 10 mL 

DCM (minimum volume to dissolve). 0.34 g. 2.7 mmbles of 1,3-diisopropylcarbodiimide 

(DIC) (Aldrich D 12.540-7) was added. If the amine is found to be insoluble in neat 

DCM. a minimum volume of dry N.N-dimethylformamide (DMF) required to dissolve 

the acid may be added. After stirring for 30 minutes, the preactivated symmetric 

anhydride and soluble DIU (diisopropylurea) solution was immediately introduced to the 

resin which contained the previously deprotected amine and 0.5 mL, 3 mmoles of DIEA. 

Active Esters Activation (BOP, PyBroP, TBTU) 

Three equivalents of one of the following commercially available (Calbiochem-

Novabiochem, San Diego, CA) coupling reagents: Benzotriazole-lyl-oxy-tris-

(dimethylamino)-phosphoniumhexafluorophosphate "Castro's Reagent" (BOP), bromo-

tris-pyrrolidino-phosphonium hexafluorophosphate (PyBroP), or 2-(lH-benzotriazole-l-

yl)-1.1.3,3-tetramethyluronium tetrafluoroborate (TBTU), along with 3 equivalents of N-

hydroxybenzotriazole (HOBt), 3 equivalents of the acid (or N-protectected amino acid), 

and 6 equivalents of DIEA are dissolved in a minimum amount of DMF. The prepared 

mixture is immediately added to the resin containing the previously deprotected amino 

group. 
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HOBt Ester Activation 

Three equivalents of each; N-hydroxybenzotriazole (HOBt) (Calbiochem-

Novabiochem, San Diego. CA). 1.3-diisopropyIcarbodiimide (DIC) (Aldrich D 12,540-7) 

and the acid (or N-protectected amino acid), were dissolved together in a minimum 

amount of dry DMF. The prepared solution of reagents is immediately added to the resin 

containing the previously deprotected amino group. Often the reaction rate was enhanced 

with the addition of 3 equivalents of DIEA. 

4.5 General Deprotection Procedures 

Alloc Deprotection 

Following the protocol described by Barany et to washed resin (DMF 6X), a 

mixture of DMF/AcOH/NMM (5 mL, 1 mL, 0.5 mL) is added with suspension by argon 

for 10 to 15 minutes. Upon adding 150 mg of tetrakis(triphenylphosphine) palladium 

(Aldrich 21,666-6), the mixture is bubbled an additional 3 hours. Washing DMF 6x. 

DCM 6x, DMF 6x, produces the unprotected amine. 

Boc Deprotection 

To washed resin (DCM 6x), a solution of TFA/DCM (1:1 v/v) was added and 

mixed (1x5 minutes and 1 x 30 minutes). Following deprotection, the resin was washed 

DCM 6x, 10% DIEA in DCM (v/v) 3x and DCM 6x. 



Dde (l-(4,4-dimethyI-2,6-dioxcyclohex-l-ylidine)eth\i) Deprotection' 

Treating the washed resin (DMF 6X). with a 3% solution of hydrazine in DMF 

mixed (1x5 minutes and I x 10 minutes), followed by'washing DMF produces the 

unprotected amine 

Ddz Deprotection^* 

Wash peptide resin with DMF 6x, DCM 6x. Pretreat twice with 3% TF.VDCM 

(v/v) for 1 minute. A third treatment with 3% TFA/DCM is done for 30 minutes. Wash 

with DCM 6x. neutralize with 5% DIEA in DCM (v/v) 2x. DCM 6x, and DMF 6x. 

Fmoc Deprotection 

To washed resin (DMF, 6x), a solution of piperidine/DMF (1:1 v/v) was added 

and mixed (1x5 minutes and 1x15 minutes). Following deprotection, the resin was 

washed with DMF, 6x. 

Methyl Ester Deprotection 

Hydrolysis of the methyl ester proceeded by washing the resin (DMF 6x, DCM 

3x, MeOH 3x, H20/Me0H (80:20) 3x. Hydrolysis was accomplished by treatment with a 

solution of 0.5% NaOH in H20/Me0H (80:20) for 2 hours with an exchange for fresh 

NaOH solution after the first hour. Hydrolysis was followed by washes of HiO/MeOH 

(80:20) 3x, H.O 3x, 1 N HCl 2x, HjO 3x, MeOH 3x, and DMF 6x. 
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Npys Deprotection^^ 

To washed resin (DMF, 6x; dioxane, 6x), a 0.4 N HCI in dioxane solution was 

added and mixed (1x5 minutes and 1 x 30 minutes). Following deprotection. the resin 

was washed with dioxane 3x, DMF 3x, 10% DIEA in DMF (v/v) 3x followed by DMF 

6x. 

4.6 General Cleavage Protocols 

Mixture K cleavage of compounds from TFA acid labile resin linkers^' 

(Rink, Wang, RAM-TG) 

To resin washed with DMF 5x, MeOH 3x, DCM 6x, mixture K treatment was 

performed once for 5 minutes followed by a second treatment for 2 hours if Pmc or Mtr 

protecting groups are present. 

If no Pmc or Mtr protecting groups are present, a treatment with mixture K for 5 

minutes and again for 30 minutes is sufficient. 

Mixture K: (82.5% TFA, 5% p-cresol, 5% thioanisol, 5% water, and 2.5% ethanedithiol) 

Cleavage of compounds from TFA acid labile resin linkers in the absence of organic 

scavengers (Rink, Wang, RAM-TG) 

To libraries or compounds that do not possess side chain protecting groups, a 

mixture of 90% TFA and 10% water, was used once for 5 minutes followed by a second 

treatment for 30 minutes. 



4.7 Guanylation of amines using IH-Pyrazole-l-caroxamidine hydrochloride 

(PCAHCI) 

Adapting a protocol described by Bematovvicz and Matsueda ei guanylation 

of a pr imary amine was  accomplished on amines  a t tached to  a  sol id  suppor t .  To Immol  

of unprotected 1° amine on a compound attached to resin (e.g. free N-terminal amino 

acid) washed with DMF 6x, DCM 6x and resuspended in 5 mL of DCM, 1.47 g (10 

mmol) of PCA'HCI was added along with 1.67 mL (10 mmol) of DIEA. The suspension 

was agitated for 3 hours where a negative ninhydrin test indicates completion of the 

guanylation. Washing again with DCM 6x and DMF 6x completed the process. The 

aforementioned process was applied to the N-terminus of N^-aminocaproic acid attached 

to Rink resin (acid labile handle). Fmoc-N^-aminocaproic acid was attached to the Rink 

resin via BOP esters described above. After removing the Fmoc protecting group from 

the N-terminal amino acid. PCA'HCI and DIEA were introduced as described above. 

Upon completion of the guanylation process, the guanylated amino acid amid was 

cleaved from the resin support with 9:1 TFA/H2O for 15 minutes and dried under a Nt 

gas stream. The product was extracted from the beads with 1:1 MeOH/CH3CN and a 

sample of this solution was foimd to be pure by RP-HPLC analysis. Electrospray MS 

confirmed the identity of the product as guanylated aminocaproic acid amid. 

Preparation of IH-Pyrazole-l-caroxamidine hydrochloride (PCA'HCI) 

Following the procedure, originally described by Brenereck et al.^^ in 1965, and 



more recently outlined by Bematowicz and Matsueda et the title guanylation 

reagent (PCA'HCl) was synthesized as described below. In a two neck 500 mL round 

bottom flask fitted with a condenser, pyrazole (8.17 g, 0.12 mol) and cyanamid (5.05 g. 

0.12 mol) were dissolved in 120 mL of dry dioxane. With stirring, 30 mL of 4.1 N HCl 

in dioxane was added slowly. Gently refluxing, the mixture was stirred for 6 hours under 

nitrogen gas. During the course of the reaction, white crystals were formed. The system 

was cooled to room temperature and 50 mL of ethyl ether was added. Upon filtration, the 

product was washed twice with an additional 25 mL of ethyl ether. Drying the product 

for 18 hours in vacuo produced 17.1 g (97% yield) of the PCA'HCl: mp 167-169°C (lit. 

mp 167-168°C). 
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Table I 
Compound 

Number 

Abbreviated 

Name 

Rf Value' k' Value" 

(Purity % 

integration'*) 

Calc. MW 

(g/mole) 

Experimental MW 

M+1 

(g/'mole) 

1 Fmoc-DAB 0.80 NA NA NA 

2 Bis-Fmoc-DAB 0.90 11.6 (99%) 596.7 597.4 

3 Fmoc-Alloc-DAB 0.85 8.6 (97%) 458.5 459.2 

4 Fmoc-Npys-DAB 0.85 10.3 (98%) 528.6 529.2 

5 DAB Mode! NA 8.9 (86%) 548.6 549.3 

6 Kemp Model NA 10.7 (72%)' 1035.2 1036.6 

7 BTA-Phe 

(2 regioisomers) 

NA 6.2 (42%) 

6.3 (55%) 

NA NA 

8 BTA cyclic imide NA 7.3 (98%) 352.4 353.2 

9 BTA Model NA 2.9 (91%) 534.6 535.3 

NA: Not Available 

a: TLC solvent system CHCl 3 / MeOH / H,0 / AcOH (45/30/9/1) 

b: Analytical HPLC gradient of 2%/min. 

(0.1%TFA in H^O / acetonitrile from 100/0 to 0/100 v/v in 50 min.) 

c: Analytical HPLC gradient of 1%/min. 

(0.1%TFA in HiO / acetonitrile from lOO/O to 0/100 v/v in 100 min.) 

d: Reported purity of protected scaffolds is post preparative purification. Reported purity of model 

compounds is of crude material. 

Table II 
Compound 

Number 

Abbreviated 

Name 

Melting 

Point 

(deg.C) 

'H-NMRData 

(DMS0-<4) 

1 Fmoc-DAB 204-206 NA 

2 Bis-Fmoc-DAB 186-188 NA 

3 Fmoc-Alloc-DAB 96-99 5 = 12.9 (s, IH, COOH 1), 7.9 (m, 7H, Ar H 2*), 7.8 (d, 

2H, At H 3), 7.4 (m, 4H, Ar H 4), 6.0 (m, IH, CH 5), 

5.35 (q, 2H, =CH,6), 4.85 (m, IH, CH 7), 4.55 (d of d, 

2H, CH, 8), 4.2 (m, 2H, CH, 9) 

4 Fmoc-Npys-DAB 218-221 5 = 12.8 (s, IH, COOH 1), 8.7 (d of d, 2H, Ar H 2^»), 

82 (s, IH, Ar H 4), 7.85 (d of d, 4H, Ar H 5), 7.4 (m, 

7H, Ar H 6*), 4.5 (m, IH, CH 7), 4.2 (m, 2H, CH, 8) 

•; unambiguous assignments in the absence of decoupling experiments 

NA: Not Available 
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Table III 

Building Blocks and Coding Amino Acids 
for 3,5-Diaminobenzoic Acid Library 

Adds Used for R| 

R| • 29 Amino acids 

lUadomnalioB Binary Coding Amino Adds 
(Code'l I 

1 Gty Ala Phe 
2 AU Ala He 
3 Dap Aib \'al 
4 Pro Aib Phe 
S Val Alb lie 
6 Pec VaJ Phe 
7 Leu Val He 
S Asn Phe tie 
9 Asp Asn Gin 
10 Om Asn Glv 
li Gin .Asn Ala 
12 GIu .Asn Alb 
13 2>Pyridyl«>Alt Asn Val 
14 Chg Asn Phe 
15 Phe .Asn lie 
16 Ou Gin Gly 
17 Arg Gin AU 
18 Ct Gin Alb 
19 Tic Gin Val 
20 homoPhe Gin Phe 
2! N-N(e<JIy Gin lie 
22 Phe(p.F) Gly Ala 
23 Phe(p<l) Giy Alb 
24 Trp Gly Val 
25 Phe(p.NO:) Gly Phe 
26 Alad'Naph) Gly lie 
27 3.4-dichloro'Phe Ala Aib 
28 LysfTFA) Ala Val 
29 Phc(p-Bz) Ala Phe 

Coding Amino Acid Legend 
1/2 H-Dab-0,Me 
1/3 H-Orn-OMe 
3/1 H-Dap-OtBu 
3/4 H-Lys-OtBu 
15/4 H-Lys-l-adamantyl ester 

Acids Used for tnd R.« 

Rj • 47 Adds (This jet leu AI6. A2S AAT) 

• All 50 Actds lilted 

lUadocnizaiioa 
Same 

Binary CodiaK Amino Adds 

\ Acetic Acid \n i;3 
2 Propionic Add \n 3/1 
3 Hecanoic Aad i/z ;.'3 
4 Isobutenc Actd l.'Z }/4 

5 Trimeihylacetic Actd 1/2 NVal 
6 Cyclopentane cartMxylic Acid 1/2 Leu 
7 Cyclohexanoic carboxvlic Acid 1/2 NIeu 
8 Cyclohexylacetic Aad 1/2 PheO 
9 1 •Adamanianeaceitc Acid 1/2 15/4 
10 Gly 1/2 rsai 
II Aia 1/3 3/1 
12 Aca 1/3 5/3 
13 Guanidinobutenc add 1/3 3/4 
14 Ser 1/3 NVal 
15 Thr in Leu 
16 Ac-Cys(SMe) 1/3 NIeu 
17 Succinic Add in pClPhe 
18 GlutaricAcid 1/3 15/4 
19 ds.l.2-cyclohecanedicarbaxyiicacid 1/3 2^al 
20 Succinamic aad 3/1 J/3 
21 Benzoic acid 3/1 j/4 
22 l«Nspthyiaceticadd 3/1 NVal 
23 Biphenylaceiic add 3/1 Leu 
24 Diphenylaceuc acid 3/1 NIeu 
25 4«Afninobenzyiaceiic add 3/1 pCIPhe 
26 4>Difne(hylaminoben2Dic add 3/1 15/4 
27 4«Guanidin0ben20ic add 3/1 274al 
28 Ac>N*>3.4^ichlorophenylalanine 3/3 3/4 
29 4-Nitrophenyiacetic add 3/3 NVal 
30 4.5'dimethoxy>2-nitroben2oic add 3/3 Leu 
31 4<hl0r0ben20ic acid 3/3 NIeu 
32 a.a.a.-ainuofD-p^(uic acid 3/3 pCIPhe 
33 4-hydroxybcn2oic add 3/3 15/4 
34 4^ydroxypheAylacetic add 3/3 2T<al 
35 3-{3.4.5^'methoxyphenyl)propionic 3/4 NVal 
36 M3*<neihyM-ox(>-2>pyruoiin-I*yi)ben2Dicadd 3/4 Leu 
37 Pro 3/4 NIeu 
38 3-carbQxyM.4-dimethyi-2>pyro(eaceuc3/4 pCtPhe 
39 2'methyl->4wiitrD>l-imtdazolepropionic 3/4 15/4 
40 2-amino>l-imidazoleacetieadd 3/4 2T^al 
41 3-afflino-l.2,4-criazoie>5<afboxylic NVal Leu 
42 4.imidazoIeacetic add NViJ NIeu 
43 Isonicotinic add NVal pOPhe 
44 ZJ-pyridinedicarboxylic add NVil lS/4 
45 2«pyrazineca(boxyticadd NVal 2^a! 
46 2«3-Pyrazinedicarf)Oxylicadd Leu NIeu 
47 Ac«pipeeolie add Leu pCIPhe 
48 i*methylindole>2<afboxylicadd Leu 15/4 
49 2MnethyM«indo(eacettc add Leu 2T^al 
SO Indole 1 caffaoxylic add NIeu pCiPhe 
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Compounds Identified in Analytical Data Tables I and II 

o. nh 

6 6 

OyOHl 

6 

HN' ^ "NH 
i 6 

no. 
T 0 0 

3 

'.d. 
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Compounds Identified in Analytical Data Tables I and II 

o 

o 

o 

OH 

CH7N. ° H-Phe-RamTG 

OMe 

RamTG 

NH 
OH 

OMe 

RamTG RamTG 

OH 
NH 

BOP.HOBt, DIEA 

OMe OMe 

8 

OMe 

7 
( -1 :1 )  

NH. 
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