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ReViews

Comprehensive Survey of Combinatorial Library Synthesis: 1998

Roland E. Dolle* and Kingsley H. Nelson, Jr.
Department of Chemistry, Pharmacopeia, Inc., CN 5350, Princeton, New Jersey 08543-5350

ReceiVed April 29, 1999

The art of solid-phase and solution-phase organic synthesis
as applied to the assembly of chemical libraries is widely
practiced in many academic and industrial laboratories
throughout the world. Introduced in this decade, combina-
torial chemistry, in its various formats, is now regarded as
an important component of the drug discovery process. It is
avidly employed by the biotechnology and pharmaceutical
industry for this purpose. A previous comprehensive review
provided a historical account of chemical libraries from
which biologically active agents were obtained.1 A total of
86 citations were compiled covering the years 1992 through
1997. In this 1998 annual update, there are 74 new
citations,2-63 nearly equivalent to the cumulative total of
published biologically active libraries for the preceding six
years. This past year, more so than any other, was marked
by the coapplication of library design and synthesis with
molecular modeling and structure-based design. The first
example of a compound, coming directly from an optimiza-
tion library (solid-phase parallel synthesis), exhibiting bio-
chemical efficacy and oral bioavailability was described.58

Traditionally carried out on solid support, the use of solution-
phase techniques for library generation is gaining momentum
as ca. 30-40% of the 1998 libraries utilized solution-phase
protocols. Because many more libraries are published an-
nually without associated biological data and are of equal
interest to the combinatorial and medicinal chemical com-
munities, a compilation of these types of constructs is
included in this review. In 1998, there were 247 libraries of
this genus.64-257

Library Descriptions

In keeping with the format of the previous review,1 the
biologically active libraries are segregated into five principal
categories. Tables 1 and 2 list those libraries active against
proteolytic and nonproteolytic enzymes, respectively. Table
3 lists libraries yielding agonists and antagonists of G-protein
coupled receptors (GPCRs). Tables 4 and 5 delineate libraries
active against non-GPCR targets (e.g., integrins, ion channels,
domain interactions, nuclear receptors, and transcription
factors) and whole-cell oncology and antiinfective targets.
The name, generic structure, and affiliation is given for each
library. The affiliation indicates whether the library was
prepared in industry (company name), academia or another
institution (senior author). The size of each library is also
indicated, although it should be noted that the reported library
size does not necessarily reflect confirmed library size. Each
library is accompanied by the name of the molecular target
against which it was evaluated and by the structure and
potency of the most active library member. Each library is
referenced with an entry code, e.g., library 4.11 refers to
library entry 11 in Table 4.

In addition to the tabulations of biologically active
libraries, an effort has been made to compile a list of libraries
with undisclosed biological activity. These libraries, loosely
defined as a multistep reaction sequence typically exempli-
fied by >5 examples or members, are divided into five
categories composing Tables 6-10. Table 6 entitled “Scaf-
fold Derivatization” lists library constructs in which an
existing scaffold or template is derivatized to provide a
library. The addition of three nucleophiles to cyanuric
chloride or Suzuki coupling of an aryl boronic acid to a resin-
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bound aryl iodide yielding a biaryl are examples of these
types of constructs. Table 7 delineates the preparation of
acyclic libraries, perhaps via a multicomponent condensation
reaction (e.g., Ugi or Passerini reaction). Tables 8-10 include
library constructs defined by monocyclic ring synthesis (e.g.,
Hantzsch thiazole synthesis), bicyclic and spirocyclic ring
synthesis (e.g., indole synthesis, Knoevenagel condensation

yielding coumarins), and polycyclic (tetrahydro-â-carboline
synthesis) and macrocyclic ring synthesis. Each table in turn
is further subdivided into solid-phase and solution-phase
synthesis. The affiliation, size (given by number of examples
and corresponding yield or number of members if yield data
was unavailable), and a brief descriptive note are indicated
for each library. Single synthetic transformations, polypep-

Figure 1. Affymax 3-thiomethyl-2,5-diketopiperazine libraries 1.1 and 1.2 as inhibitors of MMPs.47
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tide-, polysaccharide-, and oligonucleotide libraries, and
libraries for nondrug discovery applications (e.g., catalysts)
are generally not included in the tables.

Libraries Yielding Proteolytic Enzyme Inhibitors
Libraries directed toward the inhibition of proteolytic

enzymes are listed in Table 1 (libraries 1.1-1.19). A
common design strategy centers upon a mechanism-based
approach to protease inhibition, i.e., the incorporation of a
well-known pharmacophore into a suitable scaffold as a
means to elicit potency and selectivity against a particular
mechanistic class of protease. Pharmacophores utilized in
library design include the following: thiols and hydroxamic
acids for the metalloproteases (libraries 1.1-1.3); hydroxy-
ethylamine- and statine-based transition-state isosteres for
the aspartic acid proteases (libraries 1.4-1.6); arginine-,
lysine-, and amidine-containing ligands and aminimides for
the trypsin superfamily of serine proteases (libraries 1.8-
1.17); and acyloxymethyl ketones and acyliodides (irrevers-
ible inactivators) for cysteine proteases (libraries 1.18 and
1.19).

Affymax described two novel series of 3-thiomethyl-2,5-
diketopiperazines (DKP) as inhibitors of the matrix metal-
loproteases (MMPs, libraries 1.1 and 1.2; Figure 1).47 The
selection of this heterocyclic scaffold was arrived at by
comparative overlap of a number of heterocycles with a
pharmacophore model derived from crystal structures of
succinyl hydroxamate inhibitor-MMP complexes. The DKP
scaffold was hypothesized to orient its thiomethyl group
toward the catalytic zinc atom and direct the R1 and R2

appendages into the S1′ and S2′ binding subsites. There also
existed the potential for hydrogen bond formation between
the scaffold’s heteroatoms and the active site of the enzyme,
an essential feature of the tight-binding succinyl hydroxamate

inhibitors. Split-pool synthesis of the DKP inhibitor libraries
(36 pools, 19 DKP inhibitors per pool) was straightforward,
except that a rather unique coupling reagent, 1,3-dimethyl-
2-fluoropyridinium 4-toluenesulfonate (DMFP), was used to
minimize epimerization of the optically active cysteine amino
acid synthons during the coupling steps.

Inhibition of collagenase-1 was observed in library 1.1 in
only a few pools where R1 ) n-heptyl andn-pentyl, e.g.,
DKP 7 (IC50 ) 2 µM). A follow-up library was prepared
(details not given) based on the limited structure-activity
relationship (SAR) data obtained from the initial screening
of the library; however, no further improvement in activity
for this series of DKPs was obtained.

In contrast to library 1.1, the regioisomeric DKP library
1.2 displayed broad activity against collagenase-1 and
gelatinase-B. The library was essentially devoid of inhibitory
activity against stromelysin-1 or matrilysin. Deconvolution
of one of the more active pools (library 1.2, R2 ) CH2-(4-
OMe-phenyl) and resynthesis of individual library members
provided novel MMP inhibitors,13-15. Nascent SAR
obtained from library screening results and resynthesized
compounds indicated a very strict dependence of activity on
the thiomethyl and R1 stereochemistries, limited tolerance
for variations at R1, and rather broad tolerance for function-
ality at R2.

Hydroxamic acid library 1.3 was designed and synthesized
at Rhone-Poulenc Rorer following in-house observations that
N-sulfonylamino hydroxamatesi and dihydroisoxozole hy-
droxamatesii are inhibitors of MMPs and phosphodi-
esterase-4 (PDE4), respectively (Figure 2).10 The apparent
SAR data suggested that the two mechanistically distinct
enzymes may share common pharmacophore elements as
depicted iniii . Library synthesis of single compounds (>300

Figure 2. MMP and PDE4 selective inhibitors from the hydroxamate library 1.3.10
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compounds) was conducted using both solution- and solid-
phase methods. Potent and selective inhibitors of each
enzyme class were obtained upon in vitro evaluation of the
library. Remarkably, there was a striking dependence of
target selectivity on the arylsulfonyl moiety; nanomolar
potency for either the MMPs or PDE4 could be modulated
by a singlem-methoxy substituent (17 and 18 versus19;
hydrophobic R2R3 not withstanding). The MMP enzymes
were of human origin, while the PDE4 enzyme was obtained
from guinea pig. It would be of interest to determine whether
a similar SAR trend would be observed among enzymes of
the same species.

Ellman published a full paper on the design and synthesis
of hydroxyethylamine-based aspartyl protease transition-state
isosteres, concluding a multiyear research endeavor.26 An
elegant 12-step synthetic sequence was developed on solid
phase which provided full access to diversity at the P1 side
chain (R1), the terminal amino appendages, and chirality at
the secondary hydroxyl and amino groups (Figure 3). This
was achieved without the use of amino acids as a source of
chirality. The generality of the sequence was demonstrated
by the construction of a 230-member library (library 1.4).
The library synthesis began with a four-step solution
synthesis of Weinreb amide21 derived from commercially
available, optically active isopropylidene glyceric acid methyl
ester20. The selection of the monomethoxytrityl group for
primary hydroxyl group protection in21 was based upon
the ability to remove this protecting group under mild acidic
conditions that would not cleave material from the acid-

sensitive linker, and its strong UV chromophoric property
which made it convenient to monitor spectrophotometrically.
Attachment of21 to the resin was carried out by the reaction
of a resin bromide (prepared from Wang resin, Ph3P, CBr4
in DCM) with the sodium anion of21 in THF (21 f 22).
Resin22 was reacted with one of 17 Grignard reagents to
provide the corresponding ketones23. The alkyl Grignard
reagents were prepared in the standard way, while the more
reactive benzylic-type Grignard reagents were prepared via
the addition of the benzylic halide to a solution of magnesium-
anthracene-THF complex in THF. A byproduct obtained
during the Grignard addition was theN-methyl amide24
(up to 18%), formed by competitive N-O bond cleavage.
Chelation-controlled reduction employing Zn(BH4)2 con-
verted ketone23 to the alcohol25with diastereoselectivities
ranging from 90:10 to 80:20, with the ratio apparently
independent of the P1 group but rather dependent upon the
batch of freshly prepared Zn(BH4)2 used for the reduction.
Considerable solid-phase reaction optimization was required
to convert alcohol25 to azide 27. Standard Mitsunobu
reactions employing (PhO)2P(O)N3, HN3, or Zn(N3)2-bis
pyridine complex were unsuccessful. Ultimately, alcohol25
was activated as its 4-nitrobenzenesulfonyl ester26 using
4-pyrrolidinopyridine as the catalyst in chloroform. The
choice of catalyst and solvent were critical as the poor
conversion was observed with mesyl or tosyl esters in
solvents other than chloroform, and DMAP salts readily
precipitated into reaction sites on the resin. Displacement
of the nosyl group in26 with NaN3 (26 f 27) was without

Figure 3. Ellman’s library synthesis of mechanism-based inhibitors of aspartic acid proteases.26
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complications, (<5% nosyl elimination products). The MMT
protecting group in27was readily removed and the resulting
primary alcohol28 then converted to its nosyl derivative (27
f 29). All scaffolds were cleaved at this stage and
characterized. Library synthesis was completed by reaction
of 29 with a selection of R1 amines (29 f 30), acylation
with R2 functionality (30 f 31), followed by reduction of
the azido group, acylation with a series of R3 carboxylic
acids, and TFA-mediated cleavage of the inhibitors from
resin (32 f 34). The selection of the R1-R3 derivatizing
reagents was reviewed previously.

Library 1.4 was evaluated against human liver cathepsin
D, and resynthesis of the more potent inhibitors was carried
out. Several of the inhibitors had aKi of <5 nM, with
structure-activity tracking to the more hydrophobic (aryla-
lkyl) P1 side chains.

Pharmacopeia described two encoded aspartic acid inhibi-
tor libraries 1.5 and 1.6 exploiting the statine pharmacophore
in library design.11,12 The libraries were prepared and
evaluated against plasmepsin II, one of two aspartyl pro-
teolytic isozymes required for hemoglobin metabolism in the
malarial parasite. An encoded mixture of 21 Boc-protected
statine amides40 (derived from 7(R1) amines× 3(R2) Boc-
statines) served as a common encoded intermediate for the
libraries (Figure 4). For library 1.5,12 encoded intermediate
40 was deprotected and apportioned into 31 lots, and then
each lot was coupled with one of 31 Fmoc-protected amine
amino acids (R3 synthons corresponding to the P2 residue;
40 f 41). The resin lots were encoded with molecular tags
and combined. The combined resin was treated with piperi-
dine to remove the Fmoc protecting group, and then the resin
was divided into 20 lots. Each lot was reacted with one of
20 N-derivatizing reagents (R4 synthons), yielding42 (library
1.5) as 20 sublibraries containing 651 compounds per
sublibrary for a total of 13 020 members (41 f 42). Library
1.5 was evaluated (off-bead, solution screening (43) against
plasmepsin II). The results of the assay revealed that 10 of
the 20 sublibraries displayed inhibitory activity against the
enzyme. A total of some 60 beads were decoded across the
10 sublibraries, revealing the preference for hydrophobic
synthons at R1 and R4 and for hydrophobic P1 statines
(leucine or phenylalanine statine) at R2. The more basic R1

amines and alanine statine were not observed in the decoded
structures. Interestingly,only twoamino acids, isoleucine and
valine, out of the potential 31 amino acids were seen at R3.
This result may argue forâ-branched amino acids as P2

specificity determinants for the enzyme. A counter screen
was conducted against cathepsin D, a human lysosomal
aspartyl protease. Similar R1, R2, and R4 preferences were
observed for this enzyme in addition to a much broader
frequency of R3 (P2) amino acid residues. A total of 18
compounds were resynthesized, and inhibition constants (Ki)
were determined against each enzyme. Inhibition constants
ranged from 50 nM to>30 µM, with inhibitors 44-47
representative of the more active and selective agents.
Inhibitor 45 was also active in malaria cell culture at ca. 10
µM.

Library 1.6 employed cyclic diamino acids as R3 synthons
in place of the R3 amino acids used in library 1.5 (Figure

4).11 A selection of heterocyclic peptidomimetics were
docked into the active site of plasmepsin, and it was
determined that piperazine carboxylic acids48 and49 and,
possibly, 4-aminoproline50were potential surrogates for the
P2 amino acid residue. Encoded intermediate40 was depro-
tected and apportioned into three resin lots. Each lot was
coupled to one of three orthogonally protected diamino
carboxylic acids (40f 51). After an encoding step, the resins
were combined, the Boc group was removed, and the
corresponding amino resin was divided into 15 lots. Each
lot was either acylated with one of six carboxylic acids or
reductively aminated with one of nine aldehydes (15 R4

synthons in total;51 f 52). Following a fourth encoding
step, the resins were once again combined, the Alloc group
was removed, and the resin was reapportioned into 20 lots.
These lots were derivatized with one of 20 carboxylic acids
yielding 53 (library 1.6) as 20 sublibraries with 945
compounds per sublibrary for a total of 18 900 members.
Evaluation of library 1.6 (off-bead assay,53 f 54) against
malarial plasmepsin II and the counter screen, human
cathepsin D, followed by decoding of some 100 active beads,
revealed preferences for hydrophobic R1 and R2 synthons
analogous to library 1.5. Of the three diamino acid scaffolds
(R3 synthon), there was a high frequency found for the
piperazine carboxylic acids48 and 49 in the decoded
structures. Inhibition constants (Ki) for four resynthesized
compounds were reported, with inhibitors55 and56 repre-
sentative of the screening results.

Three libraries 1.8-1.10 were reported to display activity
against factor Xa.20,31,39Two of the libraries utilized hetero-
cyclic cores in their design: a triazine core (library 1.8)20

and the 3,5-difluoro-4-trifluoromethylpyridine core (library
1.9).31 Each library was prepared from their respective
halogenated templates. The third library 1.10 was a collection
of L-octapeptides.39

Library 1.9 is a focused library based on the previously
known bisamidine57 (Ki ) 13 nM, Figure 5).31 Its purpose
was to identify a replacement for one of the benzamidine
groups in 57 so as to enhance the overall drug-like
characteristics of the series. Library 1.9 was moderately
successful in its task. Modest inhibitors59 (Ki ) 560 nM)
and 60 (Ki ) 495 nM) were obtained. Structurally related
compounds61 and62 were inactive against the enzyme.

Selectide Corporation conducted an on-bead screening
assay for factor Xa inhibition using a largeL-octapeptide
library (Figure 6).39 Active beads (colored) were manually
retrieved from the assay, and the structures of the associated
peptides were determined via Edman degradation. Among
the active beads, the sequence -L-Tyr-L-Ile-L-Arg- was highly
conserved at or near the N-terminus. Interestingly, this same
sequence is known as a minimal inhibitory sequence for
factor Xa. Resynthesis of actives revealed a family of
octapeptides with micromolar inhibitory activity against
factor Xa (Ki ) 4-15 µM, e.g.,63). Further modification
of the series led to the pentapeptide64 (Ki ) 3 nM) as a
potent and selective inhibitor of factor Xa.

Serine proteases typically bind their pseudo-substrates and
inhibitors as an extended antiparallelâ-strand. By compara-
tive analysis of enzyme inhibitor crystal structures, with

Reviews Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 4239
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conformational searches carried out on potentialâ-strand
mimetics, libraries 1.11 and 1.12 containing putative bicyclic
â-strand mimetics were conceived.38 The libraries were
prepared via the Diels-Alder reaction between resin-bound
diene65 and dienophiles66 and70 followed by oxidation
to install anR-keto amide function (65 f 67; 65 f 71;
Figure 7). The bicyclic template was thought to form three
critical hydrogen bonds found at the active site of serine
proteases, while the reactive carbonyl (R-keto amide) was
designed to engage the active site serine hydroxyl group.
Evaluation of the two libraries against thrombin revealed
three subnanomolar inhibitors68, 72, and 73, and related
inhibitor 69.

The Merck proline amide libraries 1.14 and 1.15 represent
interesting case studies for successful lead optimization
through solid-phase synthesis (Figure 8). Inhibitors74 and
75 were peptidomimetic leads identified in a thrombin
inhibitor discovery program. Although potent and selective,

neither inhibitor displayed significant blood levels upon oral
administration to rats and dogs. In an effort to identify
analogues with improved pharmacokinetic properties, leads
74and75were subjected to optimization via a parallel solid-
phase synthesis. Library 1.1528 was designed to identify less
basic thrombin inhibitors. A small series of analogues (18
proline amides) were prepared in which the cyclohexylamine
moiety in75 was exchanged for neutral, lipophilic species.
Evaluation of library 1.15 revealed inhibitors77 (Ki ) 40
nM) and 78 (Ki ) 3 nM) possessing the lipophilic 2,5-
dimethyl and 2,5-dichlorobenzyl amido groups.

Complementary to library 1.15, library 1.14 explored SAR
in the region of the acylated proline nitrogen. In this
optimization library, 200 new analogues of inhibitor74were
synthesized. The N-acylating reagents were carefully selected
from a combined commercial and in-house collection of over
2 200 carboxylic acids. Substructure features of particular
interest included aromatic or hydrophobic moieties, con-

Figure 4. Pharmacopeia’s encoded statine-based aspartyl protease inhibitor libraries 1.5 and 1.6.11,12
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straints or conformational reinforcements affording direc-
tional diversity, heteroatoms to access potential H-bonding,
and achirality to structurally simplify the lead. A number of
structurally novel inhibitors were identified upon bioassay.
Compound76 proved to be a highly potent and selective
inhibitor and fully efficacious in a rat model of FeCl3-induced
arterial thrombosis. The oral absorption of76 was excellent
in the dog (74% at 5 mg/kg,Cmax ) 4.6 µM at 40 min, i.v.
plasma half-life ca. 2 h) and cynomologus monkey (39%,
Cmax ) 1.77 µM at 113 min, i.v. plasma half-life ca. 4 h).
The unique, putative binding interactions of76with enzyme

were also determined via a molecular model of76 created
using the X-ray coordinates of thrombin-74 complex. This
is the first reported, successful example of improving a lead’s
pharmacokinetic parameters via analogue synthesis on solid
support.

A solution-phase synthesis of aspartic acid-based acyl-
oxymethyl ketones was reported by a Parke-Davis group
(library 1.18; Figure 9).52 The two-step reaction sequence
(79 f 82) was optimized in 3-4 days via a nonlinear array
where over 200 different reaction conditions were evaluated.
Some 82 different reaction conditions alone were carried out
to optimize the displacement of the bromide in Z-Asp(O-t-
Bu)CH2Br with naphthyl acetic acid. Excess bromomethyl
ketone was removed from the reaction mixture using a
thiourea scavenging resin. Optimal deprotection of theâ-tert-
butyl ester Asp side chain to provide the freeâ-carboxyl
group was examined via 40 reaction conditions. Classical
TFA-mediated deprotection in CH2Cl2 was found inferior
to 1 M HCl in EtOAc. The optimized reaction conditions
were then applied to library synthesis83 f 86. Compounds
of this class are known interleukin-1â converting enzyme
(ICE) inhibitors, and IC50/Ki values for five resynthesized
compounds were reported.

Libraries Yielding Nonproteolytic Enzyme Inhibitors

Table 2 lists 13 libraries (2.1-2.13) targeted for nonpro-
teolytic enzymes. These are subdivided into kinases (library
2.1 (tyrphostin analogues), library 2.2 (phosphonates), and
library 2.3 (purines)) and phosphatases (library 2.4 (R,R-
difluorophosphonates) and miscellaneous mammalian and
nonmammalian enzymes. The mammalian enzyme entries
include the following: cyclooxygenase-1 and -2 (COX-1/2;
library 2.5), dihydroorotate dehydrogenase (library 2.5), and
phosphodiesterase-4 (PDE4, library 2.7). The nonmammalian
enzyme targets include the following: phosphomannose
isomerase (PMI, libraries 2.8 and 2.9), glucosyltransferase-1
(GFT-1, library 2.10),â-galactosidase (library 2.11), HIV-1
reverse transcriptase (library 2.12), and flu A sialidase
(library 2.13).

A novel class of 10-substituted phenothiazines as selective
COX-2 inhibitors was identified through a combination of
computational 3-D database searching and combinatorial
library synthesis (Figure 10).45 Tricyclic 87 (melitracene) was
selected as a putative COX-1/2 inhibitor upon executing a
DOCK search against the sheep COX-1 crystal structure.
Although melitracene87 was not available for biological
evaluation, it was hypothesized that other tricyclic ring
systems may adopt a binding orientation similar to that
predicted for87. In this regard, N-substituted phenothiazines
were tested and found to inhibit COX-1/2 with modest
selectivity, e.g.,88-90. A small parallel library91 (library
2.5) of N-(3-amidopropyl)phenothiazines yielded92 (IC50

) 21 µM, COX-2) and 93 (IC50 ) 1.3 µM, COX-2) as
selective COX-2 inhibitors (92and93: IC50 > 50µM, COX-
1).

Library 2.8 is a 1 296-member collection of acylated
dipeptides with 2-aminoindane-2-carboxylic acid as a con-
served central building block (97: Figure 11).6 The impetus
for creating library 2.8 was the result of information obtained

Figure 5. Amidinopyridines as factor Xa inhibitors.31

Figure 6. Selectide’s factor Xa inhibitor library 1.10.39
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from the screening of many combinatorial libraries (>300 000
total compounds). A single library of acylated dipeptides94,
containing the 2-aminoindane-2-carboxylic acid, was the only
library which possessed any appreciable activity against
phosphomannose isomerase (PMI), an essential enzyme in
fungal cell wall biosynthesis. Some 36 compounds from
library 2.8 were selected for resynthesis following evaluation
against PMI. There were two R1 amino acid residues,
3-pyridylalanine and citrulline (e.g.,99-100), that were
associated with activity; however, the data was puzzling in
that there was no direct correlation of activity with the
synthons. An identical impurity, however, was observed in
all of the HPLC traces of the crude resynthesized compounds.
The structure of the impurity was deduced through mass
spectrometry and shown to be N-acylated indane-2-carboxa-
mide101(Ki ) 27µM). This material was a deletion adduct
arising from incomplete coupling of the first amino acid to
the photolabile amine resin. Library 2.8 was followed up
with a series of optimization libraries (library 2.9) to furnish
analogue103 (Ki ) 4 µM).

Libraries Yielding G-Protein Coupled Receptor
Agonists and Antagonists

Table 3 delineates libraries active against GPCR targets
including opioid receptors (libraries 3.1-3.4), somatostatin
receptors (libraries 3.5-3.7), and the benzodiazepine receptor
(library 3.8).

Dooley and co-workers, in their continuing interest in
peptide libraries now spanning some five years, reported the
synthesis of a 6 250 000-member tetrapeptide library (Table
3).17 Library 3.1 employedL-, andD-natural and unnatural
amino acids as diversity elements. Using a mixture-based
positional scanning format, library 3.1 was assayed against
theµ, δ, andκ opiate receptors. Potent and selective agonists
were identified for each receptor subtype. There was notable
similarity between the peptides withµ andδ agonist activity.

Conservative changes in amino acids moderatedµ and δ
binding affinity. This result suggests that perhaps the two
receptor subtypes may share a common topography with one
another. This is reminiscent of topographies shared by other
receptors, namely somatostatin with NK-1 receptors.258 The
κ agonist series was structurally distinct from either of the
µ or δ peptide series, favoringD-amino acids in all four
positions. It should be noted too that theµ and δ binding
assays were derived from the rat, while theκ receptors were
obtained from the guinea pig. There may be species
differences accounting for the distinct peptide motifs found
for the κ versusµ/δ agonists.

A search of selectiveκ opioid receptor antagonists was
initiated due to the potential ofκ selective antagonists to be
effective in treating substance abuse.48 For a number of years,
N-substituted derivatives of 3,4-dimethyl-(3-hydroxyphenyl)-
piperidine were known for their pure opioid receptor
antagonist activity but were lacking in subtype (µ, δ, κ)
selectivity. A more recent finding that104 possesses a
measure ofµ selectivity prompted the synthesis of library
3.2 in an effort to findκ receptor subtype selective agents
(Figure 12). Library synthesis was carried out in solution
starting with optically active105. Derivatization of105with
11 different Boc-protected amino acids followed by diborane
reduction and TFA-mediated removal of the Boc protecting
group gave diamines106. These in turn were acylated with
substituted benzoic, phenylacetic, phenyl cinnamic, and
3-phenylpropionic acids to give a 288-member library (107).
Screening the library at 100 nM against aκ selective ligand
revealed108-110 as potent and selective inhibitors. From
the percent inhibition data it was observed that the stereo-
chemistry of thei-Pr (R1) group was critical for binding
affinity as was the 3-(4-hydroxyphenyl)-propionyl group with
R2 ) H. A purified sample of108 possessed aKi ) 7 nM
against theκ receptor. Theµ/κ and δ/κ selectivity was 57
and>824, respectively. Examination of108 in a functional

Figure 7. â-Strand mimetics as thrombin inhibitors (libraries 1.11 and 1.12).38
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assay revealed it to be an antagonist of theκ receptor,
although the selectivity againstµ andδ was not as great as
observed in the radioligand binding assay.

Other non-peptide libraries active against the opiate
receptors include Houghten’s dialkylated hydantoin library
3.3 and bicyclic guanidine library 3.4.33 The synthesis of
library 3.3 is illustrated in Figure 13. The library of 38 000
hydantoins was examined in aσ opiate radio receptor binding
assay. The IC50 values of 12 resynthesized compounds ranged
from 62 to 4615 nM. A basic residue (L- or D-Lys) at R3

and N-benzyl groups at R2 and R4 and small hydrophobic
groups at R1 were found in the more potentδ binders, e.g.,
117-119. No selectivity data againstµ, δ, or κ was given,
nor any indication of whether117was a functional agonist
or antagonist.

The bicyclic guanidine library 3.4 was derived from the
condensation of resin-bound triamines with thiocarbonyldi-
imidazole (TCDI). The triamines in turn were prepared via
the borane-mediated reduction of a library of tripeptides.33

Library 3.4 possessed selectiveκ opiate receptor activity.
The most active compound had an IC50 ) 37 nM, although
the actual structure was not disclosed.

Subtype selective agonists for each of the human soma-
tostatin receptors (sstr1 through sstr5) were discovered at
Merck via the synthesis and evaluation of libraries 3.5a-d
based on lead121 (Figure 14).41 The initial lead121 (Ki )
100 nM, sstr2) was the most potent of 75 compounds
extracted from an internal 200 000 member compound file
collection, following a 3-D pharmacophore search using
cyclic hexapeptide somatostatin agonist120 as the probe.

Retro-combinatorial analysis dissects121 into three frag-
ments: 1,4-butylenediamine, tryptophan (Aa), and a spiro-
arylpiperidine unit. Further translation of this analysis into
the design of lead optimization libraries suggested C-/N-
terminal derivatized amino acids122 as a generic library
construct. This amino acid amide theme (122) served as the
basis for the synthesis of libraries 3.5a-c; library 3.5d was
an unrelated collection of arylindoles.

Figure 8. Merck’s thrombin inhibitors (libraries 1.14 and 1.15).28,58
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Library 3.5a may be considered a “tryptophan amide
library”, composed of 20 diamines (R1), 20 tryptophan
surrogates (Aa), and 79 spiroarylpiperidine replacements
(R3). This gave a library of 20× 20 × 79 ) 31 600
compounds; however, taking into consideration that racemic
synthons were used, the approximate library size was
estimated to be 130 000 members. The details of the actual
library synthesis were not given, but multiple pools of
compound mixtures were prepared. The library was evaluated
against all five sst receptors. Two pools active against sst
were identified. The first pool of 1 330 spiroindane analogues

123, including lead111, was not deconvoluted as potent sstr2
agonists for this class were already known. The second active
pool of 1 330 benzimidazolones124 was of interest and
subjected to further deconvolution. In a first round of
deconvolution, where the R3 benzimidazolone moiety was
kept constant, 20 pools of 20 compounds each were prepared.
Each pool was defined by a single amino acid (Aa) and all
possible combinations of the diamines (R1). Screening
indicated the pool withâ-methyltryptophan115 possessed
the greatest activity (sstr2). Subjecting125to a second round
of deconvolution (R3 and Aa constant, varying the 20 R1

Figure 9. Solution-phase synthesis of ICE inhibitors (library 1.18).52

Figure 10. Phenothiazine-based COX-2 selective inhibitors (library 2.5).45
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diamines) led to the identification of126 as a potent sstr2
agonist (6000-fold selective versus sstr1,3-5).

Amino acid amide library 3.5b is an expanded version of
library 3.5a and is composed (21 (R1) × 22 (Aa) x 147 (R3))
of approximately 350 000 compounds, again considering the
use of racemic synthons. Two pools were selected for
deconvolution (details not disclosed), resulting in the iden-
tification of 127and128as potent, selective sstr1 and sstr3
agonists.

In a third extension of library 3.5a (details not disclosed),
the sstr5 ligand129 was obtained. Ligand129 was highly
selective (7100-fold) for the sst2-4 receptor subtypes but
possessed modest selectivity (8-fold) for the sst1 receptor.

The fourth library, library 3.5d (130), is a library unrelated
to the amino acid amide libraries 3.5a-c, but rather an
“arylindole library of limited complexity” (details not
disclosed). From library 3.5d, the highly potent and selective
sstr4 ligand131 (Ki ) 0.7 nM, sstr4) was obtained.

Functional activity for the selective ligands126-129and
131was also investigated. The chart of Figure 14 summarizes
the functional data for the ligands against cAMP accumula-
tions (CHO K1), GH release, glucagon release, and insulin
release. Clearly, compounds of this type are useful in
unraveling the biological roles of the individual receptors.
Fundamentally, the study represents a landmark prototypical
model of how combinatorial chemistry may be used to

Figure 11. Deletion adduct from library 2.8 as an inhibitor of fungal phosphomannose isomerase (PMI).6

Figure 12. Solution-phase synthesis of biased library 3.2.48
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rapidly identify selective ligands to assess the functional
significance of a given receptor. No doubt it is this type of
exercise that will be repeated many times over in the future
to unveil the roles of new proteins as they are characterized
from genomic research.

In addition to Merck’s libraries of subtype selective
somatostatin agonists, Glaxo Wellcome described sstr5
selective agonists (library 3.6; Figure 15).42 The substituted
thiazolidinone132, a potent and selective sstr5 agonist (pIC50

) 5.85, human recombinant sst5 receptors), discovered from
an Affymax screening library, served as a lead compound.
Because complex stereochemical mixtures are produced
during thiazolidinone synthesis and the fact that a large
library of compounds of this class had already been screened
against the sst receptors, a heterocyclic surrogate for the
thiazolidinone was sought. The hydantoin motif133 was
selected on the basis that substituents could be displayed
analogous to the array found in132 with stereochemical
control and it was more amenable to solid-phase synthesis.
The hydantoin library 3.6 was synthesized using Fukuyama-
Mitsunobu chemistry to ensure diversity (alkyl and aralkyl)
at the R2 position. Library members were tested for their
ability to inhibit [125I] Thr11-SRIF membrane binding (0.03
nM) in CHO Kl cells expressing human recombinant sst2
and sst5 receptors. None of the hydantoins exhibited ap-
preciable activity against sst2, but they were active against
the sstr5. Preliminary SAR studies suggested that larger chain
aralkyls (four-carbon tether, e.g.,134) at R1 and R2 were
preferred over short chain (<3 carbons) aralky substituents.

The discovery of asomatostatin antagonistwas also
described (library 3.7, Table 3).56 The D-hexapeptide, Ac-
his-phe-ile-arg-trp-phe-NH2, identified from a 64-million-
member library, was found to be active in vivo (i.v.
administration). TheD-hexapeptide bound to sstr2 with aKi

) 172 nM, blocked somatostatin inhibition of adenylate
cyclase in vitro (IC50 ) 5.1), and induced growth hormone
release when given alone to anesthetized rats with or without
pretreatment with a long-active somatostatin agonist.

Libraries Targeted for Non-GPCRs

Table 4 delineates those libraries active in non-GPCR
receptor targets: integrin receptors (libraries 4.1-4.5),
selectins (libraries 4.6-4.7), ion channels and re-uptake
mechanisms (libraries 4.8-4.10), domain interactions (librar-
ies 4.11-4.14), nuclear receptors (library 4.15), transcription
factors (library 4.16), and MHC-complex class I (library
4.16).

The -Arg-Gly-Asp- (RGD) is a well-known integrin
binding motif for both theâ3 and â1 classes of integrin
families. Through the past decade, numerous peptidomimetic
scaffolds have been described which display the salient
positive and negative charged Arg and Asp side chains or
their equivalents. These agents have been useful in the
discovery of non-peptide integrin antagonists with potential
application in treating thrombosis (â3 class), unstable angina
(â3 class), restenosis (â3 class), osteoporosis (â3 class), tumor
metastasis (â3 class), and T-cell-mediated immune responses
(â1 class). Three new scaffolds displaying these charged side
chains were incorporated into combinatorial libraries. These
include the cyclic and acyclic oligocarbamates by Schultz13

(â3 class; 20 000- to 530 000-member libraries, 4-13 nM
antagonists), a biaryl scaffold reported by Schering-Plough34

(â3 class; 275 000 members, 34µM antagonist), and a cyclic
turn mimetic scaffold synthesized in the Ellman laboratories44

(â1 class; 2304 members, 5µM antagonist).

Schreiber described selective binders of the Src SH3 and
Hck SH3 domains.21 These were obtained from structure-
based, encoded hexapeptide and nonapeptide libraries in
which mono- and bicyclic peptidiomimetics were attached
to the N- or C-terminus, respectively (libraries 4.11 and 4.12).
In this way non-peptide elements were thought to be directed
toward the Leu-Pro specificity pockets of the SH3 domains.
The libraries were useful in the identification of agents
selective for one domain versus another and in further
understanding of the domain-ligand binding interactions.

Figure 13. Hydantoin library 3.3 processingσ opiate binding affinity.33
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Troglitazone135 is a marketed drug for the treatment of
type 2 diabetes. Troglitazone135 and structurally related
thiazolidinediones act as agonists at the nuclear receptor
peroxisome proliferator-activated receptorγ (PPARγ), as
demonstrated via the correlation between the PPARγ binding
affinity and the in vivo antihyperglycemic potency (Figure
16). During the course of an antidiabetic program at Glaxo
Wellcome, a novel class of tyrosine-based nonthiazolidinedi-
one PPARγ agonists (136) were discovered.14 In an effort
to improve binding affinity, functional activity, selectivity,
and aqueous solubility for the series, an optimization program
was initiated using a 2-fold strategy. Solution-phase synthesis
(traditional medicinal analogue preparation) focused on
modifying the oxazole moiety, introducing water-solubilizing
groups in that region of the molecule. Complementary to
this effort was the construction of library 4.15 (138: ca. 75
members), wherein a much broader exploration of the phenyl
alkyl ether was undertaken. Although more potent oxazole
surrogates were found through the solution-phase analogue
synthesis, they were not significantly more soluble than136.
Conversely, the more water soluble agents such as137
(phenyl to pyridyl exchange) were not as potent as the
original lead 136. The solid-phase work did generate a
number of potent and selective PPARγ agonists (e.g.,139),
but again these agents did not possess binding affinity as
high as136. Collectively, the SAR in conjunction with X-ray
crystallographic studies have led to an detailed understanding
of the binding interactions of these agents with PPARγ
(details to be published).

Nuclear factor-κ binding (NF-κB) and activator protein-1
(AP-1) regulate the expression of a variety of proinflamma-
tory cytokines and proteins. In chronic inflammatory disease
states, where there is a continual overproduction of these
proinflammatory cytokines, inhibition of NF-κB and AP-1
transcriptional activation may lead to suppression of cytokine
levels and subsequent modulation of the inflammatory
response. Researchers at Signal Pharmaceuticals recently
identified pyrimidine carboxamide140 (IC50 ) 0.5 µM) as
an agent inhibiting both NF-kB and AP-1 transcriptional
activation in stably transfected human Jurkat T-cells (Figure
17).46 Pyrimidine140displayed similar inhibitory action on
the production of IL-2 and IL-8 levels in stimulated cells
and was active in an animal model of inflammation. Through
a traditional medicinal chemical approach, it was established
that the 2-chloro group was important for activity (Clf H,
OH, OR, NRR; inactive) as was the amino NH group (NHf
NMe, NBz; loss of activity). Consequently, the solution-
phase parallel synthesis of library 4.16 (141) was carried
out to discern an SAR for the carboxamide moiety of140.
A library of some 160 compounds was synthesized by the
reaction of the corresponding acid chloride of140 with
commercially available alkylamines, anilines, and heterocy-
clic amines. Operationally, this was performed by sonicating
EtOAc solutions of a slight excess of the acid chloride and
amine in the presence of Amberlyst A-21, quenching with
water, and then further sonicating. The library of discrete
compounds was tested, and 3,5-disubstituted arylamines were
found to retain or enhance potency (142-144). In particular,
pyrimidine carboxamide144showed a 10-fold improvement

over the original lead140. Pyrimidine 144 blocked the
production of IL-2 and IL-8 in Jurkat T-cells (IC50 ) 30
nM). Curiously, this latter activity was specific to T-cells as
the compound was inactive in monocytes, epithelial cells,
fibroblasts, osteoblasts, or endothelial cells. Pyrimidine144
was cell penetrant and active in several models of inflam-
mation and immunosuppression.

Libraries Displaying Cytotoxic and Antimicrobial
Activity

Chemical libraries of cytotoxic agents (libraries 5.1-5.3)
and antiinfectives (libraries 5.4-5.15) are presented in Table
5.

Two contributions from the Scripps Research Institute
describe the synthesis of libraries of cytotoxic agents
(libraries 5.1 and 5.2). The first of these is from the Boger
laboratories in which a vast number of polyamides were
prepared using iminodiacetic acid145 as a core template
(Figure 18).8 The synthetic strategy utilized a solution-phase
convergent approach to library synthesis allowing facile
multiplication of diversity. This is in contrast to linear,
divergent solid-phase synthesis (oligomer or template librar-
ies) in which diversity elements are introduced sequentially.
Using solution-phase methodology, libraries of dimers,
trimers, and tetramers based on the template were synthe-
sized. These are perhaps the largest collections of compounds
yet to be prepared by solution-based methods. Polyamides
of this type are thought to be useful in modulating protein-
protein interactions, in particular as agonists or antagonists
of receptor activation via dimerization. The specific biologi-
cal activity of a 20 200 member library of iminodiacetic acid
diamides148 was disclosed with several agents displaying
cytotoxic activity in L-1210 cells.

The second contribution from Scripps is from the labo-
ratories of K. C. Nicolaou.35 In recent years, Nicolaou has
successfully tackled the total synthesis of several natural
products with potent antitumor activity. These include Taxol,
epothilone A and B, eleutherobin,151, eleuthosides A (152)
and B (153), and the sarcodictyines A (154) and B (155;
Figure 19). One of the distinguishing characteristics of his
efforts is a potential paradigm shift toward the simultaneous
development of solution- and solid-phase methodologies for
natural product total synthesis and subsequent generation of
analogue libraries. This is in contrast to the traditional
approach to total synthesis in which the natural product
construction is an end to itself. Case in point is the total
synthesis of sarcodictyin A (154) and B (155) and the solid-
phase synthesis of library 5.3 (Figure 19).

Intermediate156, generated during the total synthesis of
sarcodictyins A (154) and B (155), was attached to solid
support in a four-step sequence (156 f 158), taking
advantage of the facile transketalization chemistry of156.
Resin-bound intermediate158was deacetylated (158f 159),
reacted with a series of alcohol derivatizing agents (yielding
esters and a carbamate), and subjected to desilylation to give
resin-bound intermediates160. These intermediates in turn
were subjected to a series of transformations which generated
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three spurs161-163 of library 5.3 and some 60 new
sarcodictyin analogues (radio frequency encoding). In ad-
dition to the solid-phase synthesis, other analogues at R1 were
prepared in solution. Because of the structural resemblance
of 161 and162 to 151 and153, the combinatorial libraries
may also be considered analogue libraries of eleutherobin
and eleuthosides A and B. Evaluation of the library gave
new agents with comparable or superior activity to the
sarcodictyins and provided important SAR insights into this
class of antitumor natural products.

With regard to antimicrobial agent discovery, Isis contin-
ued to publish on the synthesis and biological activities of
their unique polyazapyridinocyclophanes,4a,5b pyridinopo-
lyamines,3 and the novel, structurally related polyazadipyridino-
cyclophanes,4b oxytriamines,24 and aminoethylpiperazine25

classes of antibacterial agents (libraries 5.4-5.9). For several
of the reported libraries, biological data is given for active
sublibraries containing multiple compounds, without subse-
quent deconvolution to identify specific active compounds.
In a few instances, certain sublibraries also acted to disrupt
the HIV-1 tat/TAR protein-RNA binding.4,5

Library Statistics and Summary
As compiled here, a total of 321 library constructs were

reported in 1998. There were 74 biologically active libraries
reported that year with approximately 60% of the contribu-
tions coming from industry. There were nearly twice the
number of solid-phase versus solution-phase library syntheses
from industry, while nearly equal numbers of solid- and
solution-phase syntheses reported from academia. Of the 247
libraries with undisclosed biological activity, 66% of these

Figure 14. Subtype selective somatostatin receptor agonists as reported by Merck.41
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came from industry and, again, with approximately a 2-3:1
ratio of library syntheses carried out on solid- versus solution-
phase.

Considering the biologically active libraries of Tables 1-5,
the entries across the target class are: 26% for proteolytic
enzymes, ca. 15% for both nonproteolytic enzymes and
GPCRs, 23% for non-GPCR targets, and 20% for the
cytotoxics and antimicrobials. Solid-phase synthesis accounts
for ca. 65% of the contributions, and with the exception of
the cytotoxic and antiinfective category, solid-phase was the
preferred method for library construction by a>2:1 margin.
In the case of libraries without disclosed biological data

(Tables 6-10), there is a fairly equal distribution of
constructs among the collections of scaffold derivatization,
acyclic, monocyclic, bicyclic, and spirocyclic synthesis.
These constructs account for 95% of the entries; only a few
laboratories described polycyclic and macrocyclic libraries.
Interestingly, about equal numbers of solution- and solid-
phase synthesis of scaffold derivatization constructs were
reported, while in all other categories, solid-phase was the
method of choice. Up to 85% of the monocyclic ring
syntheses were carried out on solid-phase.

Structure-based design and molecular modeling integrated
with library design and synthesis proved quite effective as

Figure 15. Glaxo Wellcome’s hydantoin library 3.6 yielding selective sst5 receptor agonists.42

Figure 16. Optimization of nuclear receptor peroxisome proliferator-activated receptorγ (PPARγ) agonists.14
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applied to the discovery and optimization of lead structures.
These computational techniques were essential components
in the design of several libraries including: (1) Affymax’s
DKP-based metalloprotease inhibitor libraries (libraries 1.1
and 1.2),47 (2) the selection of N-derivatizing reagents for
Ellman’sâ-hydroxyethylamines (library 1.4),26 (3) the selec-
tion of cyclic diamino acid P2-P4 surrogates in statine library
1.6,11 (4) retrospective analysis of Vertex’s new class for
HIV inhibitors,55 (5) the selection of the bicyclic template
in libraries 1.11 and 1.12 ofâ-strand mimetics,38 (6) the
proline amide libraries 1.14 and 1.15 yielding thrombin
inhibitors,28,58 (7) the phenothiazine library 2.5 leading to a
new class of COX-2 inhibitors,45 (8) analysis of the structural
basis for the binding of substituted purines to human CDK2-
cyclin A kinase complex,60 (9) Merck’s somatostatin receptor

subtype selective agonists (libraries 3.5a-d),41 and (10) the
work of Schreiber on the identification of selective Src and
Hck domain binders (libraries 4.11 and 4.12).21,32

The detailed descriptions of the SAR development of
thrombin inhibitors from Merck (library 1.15)58 and of
PPARγ agonists from Glaxo Wellcome (library 4.15)14 aptly
demonstrate the synergy of combinatorial chemistry with
traditional medicinal chemistry for lead optimization pur-
poses, defining ligand affinity, selectivity, functional activity,
aqueous solubility, and oral bioavailability. Specifically, the
thrombin inhibitor case58 represents the first example in
which a lead compound, with a poor pharmacokinetic profile,
was optimized on solid-phase to yield directly a potent,
selective, efficacious, orally bioavailable agent. These are
particularly timely accounts as there is appeal in establishing

Figure 17. Inhibitors of NF-κB and AP-1-mediated gene expression.46

Figure 18. Boger’s multistep convergent solution-phase synthesis of combinatorial libraries from iminodiacetic anhydride. Synthesis of
library 5.1.8
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whether libraries may be of value in solving pharmacokinetic
and toxicological problems associated with late stage dis-
covery activities.

Last, the role of serendipity in drug discovery cannot be
overlooked. Despite the heroic efforts on the part of the
combinatorial chemist to define synthon compatibility and
optimal reaction parameters for any given library, chemistry
does not always proceed as planned. This was beautifully
demonstrated in the discovery of the slow binding, irrevers-

ible phosphomannose isomerase inhibitor101, wherein a
deletion adduct, formed through incomplete coupling of the
first of three building blocks to solid support, was ultimately
found as the enzyme inhibitor (library 2.8).6
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Figure 19. Nicolaou’s sarcodictyin analogue library 5.2.35
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Table 1. Chemical Libraries Targeted for Proteasesa

Reviews Journal of Combinatorial Chemistry, 1999, Vol. 1, No. 4255



Table 1. (Continued)
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Table 1. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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Table 2. Chemical Libraries Targeted for Nonproteolytic Enzymesa
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Table 2. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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Table 3. Chemical Libraries Targeted for G-Protein Coupled Receptors (GPCRs)a
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Table 3. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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Table 4. Chemical Libraries Targeted for Non-G-Protein Coupled Receptors (non-GPCRs)a
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Table 4. (Continued)
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Table 4. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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Table 5. Chemical Libraries Displaying Cytotoxic and Antimicrobial Activitya
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Table 5. (Continued)
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Table 6. Scaffold Derivatizationa

Table 5. (Continued)

a The asterisk (/) represents the point of attachment to the resin.
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Table 6. (Continued)
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Table 6. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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Table 7. Acyclic Synthesisa
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Table 8. Monocyclic Ring Synthesisa

Table 7. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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Table 8. (Continued)
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Table 8. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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Table 9. Bicyclic and Spirocyclic Ring Synthesisa
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Table 9. (Continued)

a The asterisk (/) represents the point of attachment to the solid support.
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