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Introduction

This is the ninth annual review in an ongoing series of
comprehensive reviews in combinatorial chemistry highlight-
ing developments in new methodology and synthesis of small
molecule libraries.1 A total of 434 entries are categorized
according to biologically active libraries (Tables 1-5, 110
entries), libraries without disclosed biological activity (Tables
6-10, 256 entries), solid- and solution-phase reagents and
scavengers (Table 11, 33 entries), linkers (Table 12, 17
entries), and polymer-supported chiral ligands (Table 13, 18
entries) as published in 2005.2-377

The selected publications briefly reviewed herein include
contributions from researchers at Merck Frosst on selective
caspase-3 inhibitors displaying nanomolar activity in a
whole-cell assay,120,233 and Lindsley (Merck) on iterative
heterocyclic libraries derived from 1,2-diketones yielding
dual Atk1/2 inhibitors.210 Pharmacopeia Inc. reported on
encoded and optimization libraries of MCH1 receptor
antagonist,116,117as well as an Ftase inhibitor library.281 Guba
and co-workers (Hofmann-La Roche) created a virtual

screening query for NPY5 antagonists based on competitors’
reference compounds, which, upon virtual screening of their
in-house file collection, led to a proprietary screening hit
that was optimized via solution-phase parallel synthesis.113

A new class of pyrazoline-based progesterone receptor (PR)
antagonists was designed, and a library was synthesized on
the basis of homology modeling studies with mifepristone.160

A focused library of P2X7 receptor antagonists was reported
by Sanofi Aventis.237 Selective dopamine D3 ligands
were obtained from aminoalkylpiperazines highlighting the
utility of “click” chemistry for linker assembly.29 The former
3-D Pharmaceuticals group published a detailed account
of the identification of benzodiazepinones as HDM2-p53
protein-protein antagonists using Thermofluor microcalo-
rimetry assay technology.110,262Conceptually novel annula-
tion reagents (SPAn reagents) for the single-step conver-
sion of primary amines to heterocycles was a contri-
bution from Adolor.78 New silyl-based TBDAS72 and
MEM-type224 linkers were reported as well as “volatilizable”
supports by Houghten.138 Resin-bound 9-BBN was prepared
and used in hydroboration reactions.280 Researchers at BMS
studied the addition of organometallic reagents to resin-
bound imines for the parallel synthesis ofR-branched
secondary amines.345 Also summarized are a series of Ugi-
multicomponent condensation reactions (MCR) in tandem
with other cyclization chemistry, that is, the intra-
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molecular Diels-Alder reaction,215 carbonylation/intra-
molecular amidation,322 phenol-Ugi-Smiles condensation,84

based-induced cyclization,146 and the Staudinger/aza-Wittig
reaction,318 as well as reports using bifunctional reagents in
MCRs.148,151

In addition to the citations found in Tables 1-13,
publications appeared on new tagging methodologies,378,379

color-facilitated assays for screening380 and functional group
detection,381 ladder synthesis of “one-bead one-compound”
libraries,382 synthesis on sequentially linked columns,383 resin
distribution tools,384 ROMPgel beads for use in IRORI Kan
format,385 resin-supported chain transfer agents,386 TLC-
MALDI MS analysis of nonpeptide libraries,387 and HT
purification of single compounds and libraries.388

Reviews published in 2005 include topics on compound
libraries and chemical genomics,389 Kenner’s safety-catch
linkers,390 1,3-dipolar additions on solid-phase,391 sulfide- and
selenide-based linkers in phase tag-assisted synthesis,392

benzoannelated oxygen heterocycles,393 and convergent ap-
proaches to library synthesis.394

Caspase-3 Inhibitors.Recent studies toward understand-
ing the molecular mechanisms of apoptosis have highlighted
the importance of a group of cysteinyl aspartate specific
proteases, the caspases, in the programmed cell death process.
To date, 14 mammalian members of caspases have been

identified, and these enzymes exist as dormant proenzymes
that are processed to the catalytically active mature forms
under certain conditions. Caspase-3 (casp-3) has been
characterized as the dominant effector caspase involved in
the proteolytic cleavage of a variety of protein substrates,
including cytoskeletal proteins, kinases, and DNA repair
enzymes during apoptosis. The development of potent and
selective casp-3 inhibitors has thus emerged as an attractive
therapeutic target. Early reversible P1′ aldehyde and ketone
casp-3 inhibitors incorporate the preferred tetrapeptide motif
DxVD recognized by casp-3/7. These compounds, such as
1, lack cell potency due to limited cell permeability (Figure
1). Researchers at Merck Frosst previously reported that
truncating the tetrapeptide backbone to a dipeptide motif led
to the discovery of inhibitors such as2 with marked
improvement in whole-cell potency. The P2-P3 motif can
also be replaced by a pyridone core, giving compounds such
as 3 with good enzymatic activity and selectivity. On the
basis of these lead structures, Merck Frosst scientists
investigated the replacement of the P2-P3-P4 backbone with
an aminopyrazinone template.120 A 23-member library
(library 1.13 (4)) was first synthesized to optimize the
aminopyrazinone R2 functionality. Carboxylic acid deriva-
tives5 obtained in seven steps using solution-phase chemistry
were coupled to the polystyrene-based resins6 under classical

Figure 1. Selective caspase-3 inhibitors.120
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peptide coupling conditions. Treating the resultant resin7
with 90% TFA in water gave the desired library compounds
with good purity (>90% by 1HNMR) as a mixture of
diastereoisomers. The compounds were screened directly
against four human caspases (casp-1, -3, -7, -8), as well as
in the cellular assay, that is, camptothecin-induced apoptosis
in NT2 cells. The initial rationale for library design was based
on molecular modeling studies, which suggested that the
aminopyrazinone template in compounds4 was superim-
posable with the P2-P3 motif of the tetrapeptide inhibitor1.
In this docking representation, the R2 group of 4 could
potentially interact with amino acid residues (Phe and Asn)
of the S4 pocket. Noncharged heterocycles, such as oxa-
diazoles at the R2 position, were chosen on the basis of
their potential to form polar interactions with the S4 pocket
of the casp-3 enzyme. From this exercise, the furazan analog
8 showed excellent intrinsic activity (IC50 ∼ 8 nM), with
good selectivity and whole-cell activity (IC50 ) 1.4 µM).
Optimization at the P1′ position of this lead compound was
then investigated. The various aminomethyl ketone deriva-
tives were prepared by classical solution-phase methodol-
ogy since these compounds could not be obtained by the
solid-phase protocol. This study revealed that anN-methyl-
N-alkyl side chain (e.g.,9) was preferable for obtaining
compounds with good whole-cell potency. The whole-cell
potency of compound9 was further improved by introducing
a tert-butyl moiety at the R1 position. This led to the
discovery of 10 (M867), the most potent and selective
reversible casp-3 inhibitor discovered so far. M867 showed
subnanomolar binding affinity (Ki ) 0.1 nM) against human
casp-3 and selectivity against other caspases. This compound
was highly effective against camptothecin-induced cell death
in the NT2 cells (IC50 ) 2.7 nM), in etoposide-induced DNA
fragmentation in mice cerebellar granule neurons, and
in cycloheximide-induced cell death in white blood cells.
M867 was also highly effective in inhibiting casp-3 activity
in vivo.

Dual Akt1/Akt2 Allosteric Kinase Inhibitors. Akt, also
known as protein kinase B or PKB, is a serine/threonine
kinase that plays an important role in the apoptotic signaling
pathway. Akt belongs to the ACG kinase family exhibiting
a high homology with the PKA and PKC kinases. There are
three known human Akt isozymes, namely, Akt1/AktR, Ak2/
Aktâ, and Akt3/Aktγ. The isozymes share a high degree of
homology (>80%) and possess an N-terminal Pleckstrin
homology (PH) domain. Extracellular stimulation of the Akt
pathway involves the overexpression of membrane-bound
PtdIns(3, 4, 5)P3 (PIP3) inducing the translocation of Akt
to the plasma membrane. It is here where the Akt PH domain
serves as a docking site to interact with PIP3 and forms a
complex, resulting in a conformational change that allows
the phosphorylation-activation of Akt. A high-throughput
screening campaign at Merck identified the 2,3-diphenylqui-
noxaline11 (IC50 ) 2.5µM) as an Akt inhibitor with a high
selectivity against Akt1 (Figure 2).210 Assays using mutated
Akt isozymes with no PH domain did not exhibit Akt

inhibition. In addition, ATP competition assays revealed that
this compound was not an ATP-competitive kinase inhibitor.
These observations led to the conclusion that compound11
is an allosteric Akt kinase inhibitor. Lindsley and co-workers
developed a microwave-based synthetic strategy for the rapid
synthesis of a 2,3-diphenylquinoxaline library (library 2.1a,
(12)) in which the key step involved the cyclization of benzil
amines16awith 1,2-diaminobenzenes17 to form the desired
quinoxaline core. Intermediates16awere prepared upon the
reaction of bromomethyl benzil15 with 200 commercially
available primary and secondary amines, employing polymer-
supported DIEA and a fluourous-based thiol scavenger. The
benzils were then reacted with 1,2-diaminobenzenes under
microwave irradiation reaction conditions to afford the
desired 2,3-diphenylquinoxaline library 2.1a. Following
screening, compound19 was identified as a potent Akt1
inhibitor (IC50 ) 290 nM) with high selectivity over Akt2
(IC50 ) 2090 nM) and Akt3, PKA and PKC (IC50 > 50 000
nM). Unfortunately, it was found that19had a poor solubility
profile and was not active in cell-based assays. To find Akt
inhibitor candidates with desirable physicochemical proper-
ties, three additional heterocyclic compound classes were
explored taking advantage of the common benzil amine
intermediates. Using benzil amine16b, the precursor of19,
and a set of 24 diverseR-aminocarboxamides18, a focused
library of 5,6-diphenylpyrazin-2(1H)-one regioisomers was
made (13, library 2.1b). Akt enzyme inhibition assays
revealed that each regioisomer had a different inhibition
profile and that the nature of the substituent group on position
3 had a major influence in Akt isozyme selectivity. For
instance, compound20 with its methyl group is highly
selective against Akt1 (IC50 ) 760 nM), whereas its
regioisomer22 exhibits similar potency against both Akt1
and Akt2 (IC50 ∼ 1000 nM). When an isobutyl substituent
is present, compound21 is inactive against both Akt1 and
Akt2, yet its counterpart regioisomer23 is potent and highly
selective against Akt2 (IC50 ) 325 nM). To determine the
inhibitory apoptotic effect of targeting a specific Akt iso-
zyme in cells, Merck researchers pretreated A2780 human
ovarian tumor cells with either20 or 23, followed by
incubation with the anticancer agent doxorubicin and ob-
served a 3-fold increase in caspase-3 activity versus doxo-
rubicin alone. In further experiments, when A2780 cells were
pretreated with a 1:1 mixture of20/23 a significant 10-fold
increase in caspase-3 activity was detected. This observation
indicated that dual Akt1/Akt2 kinase inhibition offers a
much better apoptotic response, as opposed to targeting
exclusively one Akt isozyme. This dual Akt1/Akt2 kinase
inhibition approach afforded the same results when the
authors used LNCaP prostate cancer cells. With this new
insight, the authors focused their efforts on the design of
dual Akt1/Akt2 inhibitors. Using the same synthetic meth-
odology and compound16b as the starting material, the
authors used 50 different aryl-1,2-diamines (17) to investi-
gate the substitution effects on the quinoxaline core. Focused
library 2.1c (14) afforded three tricyclic quinoxaline analogs
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with potent dual Akt1/Akt2 inhibition: tetrazoles (regio-
isomeric mixtures), 1H-pyrazole, and imidazole. The tetra-
zole-containing analogs were not active in the cellular assay,
likely due to their zwitterionic nature. The imidazole
quinoxaline analog24was a potent dual Akt1/Akt2 inhibitor
in A2780, LNCaP, HT29, and MCF7 cancer cells. With this
encouraging cell-based profile,24 was further tested in a
mouse model (50 mg/kg ip administration, 3 doses, every
90 min). It was efficacious in vivo, inhibiting Akt1 and Akt2
phosphorylation in lungs of mice injected with IGF.

Dopamine D3 Ligands.The dopamine D3 receptor has
received much attention because of its potential involve-
ment in the treatment of Parkinson’s disease, schizophrenia,
and substance abuse. Pharmacological studies implicate
D3-mediated neurotransmission in the reinforcing effects
of cocaine. In particular, the D3 partial agonist BP 897
(25) has been shown to inhibit cocaine-seeking behavior
without revealing any intrinsic, primary rewarding effects
(Figure 3). On the basis of structure25, researchers at the
Friedrich Alexander University in Erlangen (Germany)
developed a parallel solid-phase synthesis of a BP 897-type

arylcarboxamide library (32, library 3.2) using the click
chemistry derived formyl indolyl methyl triazole (FIMT)
resin 29.29 A three-dimensional SPOS protocol was estab-
lished to provide structural variations of the nature of both
aromatic moieties and the length of the chain connecting the
aryl carboxamide and the basic amino function in the central
part of the scaffold. Attachment of the N-protected ami-
noalkylpiperazines to resin29 by reductive amination
provided the resin30. After coupling with activated aryl-
carboxylic acid derivatives and N-deprotection (using Bur-
gess’ methodology, i.e., trimethylsilyl triflate, 2,6-lutidine),
a further diversification was conducted using the Buchwald-
Hartwig N-arylation methodology. Employing NaOtBu as a
base, toluene as a solvent, and Pd2(dba)3/BINAP as the
catalyst, excellent purities were observed for the coupling
of the bromoarene derivatives. Unfortunately, the necessity
to transfer the reactions from PTFE vessels to glass reactors
and vice versa led to low yields for this N-arylation step.
The purities of cleaved compounds (average: 85%) were
sufficient for the direct submission for biological testing
without purification. The compounds were screened for

Figure 2. Merck’s Atk inhibitors.210
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binding affinities toward the D1, D2, D3, D4, andR1
receptors at concentrations of 100 nM. Selected screening
hits were purified by column chromatography. Further
binding studies indicated nanomolar D3 receptor affinity for
five library members. Combination of the biphenyl moiety
with the 2-chloropiperazine substructure and a chain length
of four led to the biphenyl carboxamide27, which displayed
a Ki value of 0.28 nM at the D3 receptor, as compared to a
Ki of 1.4 nM for BP 897. Furthermore, compound27 had

only modest affinity toward the D1, D2, and D4 receptors
and had the best selectivity D3 versusR1 within the subset
of active D3 ligands.

NPY5 Receptor Antagonists.Neuropeptide Y (NPY) is
a 36-amino-acid peptide that activates six receptor subtypes
(Y1-Y6). One of the subtypes, NPY5 receptor (NPY5R),
regulates appetite in animal feeding models, validating it as
a potential target for obesity. To identify novel NPY5R
inhibitors, the Lead Generation group at Roche executed a
virtual screening campaign using a hybrid topological
similarity/3D pharmacophore search approach.113 A virtual
screening query using Accelrys’ Catalyst was derived from
reference compounds disclosed by Banyu Pharmaceuticals,
Amgen, and Roche (33, 34, and35, respectively; Figure 4).
The query consisted of the common hydrophobic moieties
present in33-35, along with selected topological elements
and a molecular shape filter. Virtual screening of Roche’s
compound collection identified 632 candidates, 31 of which
inhibited NPY5R with an IC50 < 10 µM. Upon hit confirma-
tion, compound36 (IC50 ) 40 nM) was identified. The
compound was active in a mouse feeding model (ip, 10 mg/
kg) and a patent search revealed it to be a proprietary
structure. To establish an SAR around36, the researchers
synthesized a 100-member aminothiazole library using
previously reported solution-phase methodology. The chem-
istry involved the condensation of thioureas37 with N,N′-
dimethylformamide dimethyl acetal38 under reflux condi-
tions without the use of cosolvents. The resulting intermediates
39 were then reacted withR-bromoketones40 to afford the
desired aminothiazoles41 (library 3.17). The initial SAR
indicated that electron-donating substituents on the 3-position
of the phenyl-amine unit favored activity, whereas electron-
withdrawing groups on the phenyl ketone unit were particu-
larly preferred at the ortho position (42, IC50 ) 19 nM). With
this SAR knowledge at hand, a second optimization round
was carried out in which a focused 40-member library was
made using a much broader range ofR-bromo o-substituted
aromatic ketones. The CF3 and CN groups on the 3-position
of the phenylamine unit were kept constant. The SAR that
emerged from this optimization library indicated that the CN
group was favored over the CF3 group and a preference for
the o-methyl and -ethyl groups on the aryl ketone as
exemplified by compounds43, IC50 ) 4.2 nM, and44, IC50

) 2.8 nM. It is also worth noting that when the 2-meth-
ylphenyl ketone group was replaced with the isostere analog
2,5-dimethylthiophene group, the corresponding aminothia-
zole derivative retained high potency against NPY5R (45,
IC50 ) 14 nM).

Melanin-Concentrating Hormone 1 Receptor (MCH1R)
Antagonists. Melanin-concentrating hormone (MCH) is a
cyclic 19-amino-acid neuropeptide expressed in the brain of
mammals. In vivo studies in mice demonstrated that MCH
is responsible for appetite regulation and energy homeostasis,
since genetically engineered mice lacking MCH production
were hypophagic and leaner, and mice overexpressing MCH
were susceptible to obesity and developed insulin resistance.
MCH binds and activates two receptors, MCH1R (SLC-1)

Figure 3. Dopamine D3 ligands.29
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and MCH2R (SLT). Although these two receptors are found
in humans, only the appetite and metabolism function of
MCH1R has been validated in food-intake mice models. To
identify nonpeptide MCH1R antagonists, researchers at
Pharmacopeia ran a screening campaign using a scintillation
proximity assay based on [125I]-MCH binding to membranes
expressing human MCH1R as the primary assay.116 This
screening exercise identified several 4-amino-2-(3,4-dichlo-

rophenyl)butylbenzamides with low micromolar potencies
(46, Ki ) 4.1 µM). Guo and co-workers developed a solid-
phase approach for the rapid synthesis and SAR elucidation
around compound46 via library 3.8 (47). The SAR strategy
centered on the exploration of three regions of46: (a) the
central 3,4-dichlorophenyl group, (b) the 3,5-dichloroben-
zamide group, and (c) the 4-piperidylpiperidyl group. The
construction of47 began with the alkylation of 15 diverse
benzyl nitriles48with allyliodide, followed by the reduction
of the nitrile group with LAH. The resulting amines49were
then immobilized on an acid-labile ArgoGel-NH2-supported
aldehyde resin50via reductive amination conditions, which
upon derivatization with acid chlorides, sulfonyl chlorides,
isocyanates, and chloroformates gave resin51. At this point,
the bromo- or iodophenyl intermediates (derived from bromo-
or iodobenzyl nitriles48) were further derivatized with aryl
boronic acids under Suzuki reaction conditions. The penul-
timate resin intermediate52 was generated upon oxidation

Figure 4. NPY5 receptor antagonists.113

Figure 5. MCH1 receptor antagonists.116
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of the common allyl group (51 f 52). Reductive amination
of 52 with a selection of amines completed the library 3.8
synthesis (500 members, 5 mg each). The initial SAR
revealed that the 3,5-dichlorophenylurea group was the only
substitution that increased binding affinity:53, Ki ) 135
nM; 30-fold increase versus46. Sequential removal of the
chlorine atoms in53 was detrimental for activity (54, Ki )
1641 nM;55, Ki ) 18 500 nM). Other diverse dihalogenated
phenyl ureas retained submicromolar potency. Biaryl analogs
provided an SAR trend with enhanced binding affinity for

the receptor. In general, the para-biaryl analogs were more
active than the ortho- and meta-linked biaryls. In the biaryl
series, it became possible to reduce the size of the 4-pip-
eridylpiperidyl group in53 without attenuating affinity. For
example, the combination of the smaller pyrrolidin-1-yl and
unsubstituted 4-phenyl groups resulted in56 (Ki ) 50 nM)
with a significant 3-fold increased in affinity when compared
to 53. Substitution at the 3-position of the distal phenyl ring
was the most favored substitution site, especially when an
electron-withdrawing group such as nitrile was introduced
(57, Ki ) 3.0 nM). This permitted successful exchange of
the pyrrolidin-1-yl withN,N′-dimethylamino:58, Ki ) 0.88
nM. Since at this point all compounds were isolated and
tested as racemic mixtures, the two enantiomers of56 were
resolved and tested individually. The enantiomers of56were
found to each exhibit aKi of 3-4 nM. These agents were
active in the Ca2+ mobilization FLIPR secondary functional
assay, in which they antagonized MCH1R with aKi of 1.0
nM.

Guo and co-workers disclosed another effort toward the
discovery and optimization of novel nonpeptide MCH1R
antagonists.117 In this instance, Pharmacopeia’s ECLiPS
technology was employed.117 An encoded 19 470-member
aryl and biaryl piperidine-based combinatorial library (67,
library 3.9) was synthesized via a pool-and-split solid-phase
strategy using a resin-bound photocleavable linker and
haloaromatic alcohols as tags (Figure 6). The required
piperidin-4-ylmethanamine scaffolds61were constructed by
alkylating diverse nitriles59 with Boc-protected bis-(chlo-
roethyl)amine60using sodium amide, followed by reduction

Figure 6. Encoded split-pool library yielding MCH1 receptor
antagonists.117

Figure 7. GlaxoSmithKline’s P2X7 receptor antagonists.237
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with LAH. The resulting 4-(aminomethyl)-Boc-piperidines
61 were immobilized on a resin-bound aldehyde-function-
alized photocleavable linker50via reductive amination. The
resulting resins62were encoded with tag set 1. Intermediates
62 were then functionalized using reductive alkylation
conditions or a broad range of acylating agents and encoded
with tag set 2. Resin intermediate63 was treated with TFA
to remove the Boc protecting group and divided into two
portions. Portion 1 was split into 33 reaction vessels and
acylated or reductively aminated to give64. Portion 2 was
split into four reaction vessels and acylated or reductively
aminated and then encoded with tag set 3 to give65. Resin
65was combined and split into 33 portions for a final round
of acylation or reductive amination furnishing resin66.
Intermediate resins64and66were kept separate undergoing
photolysis to afford library67 as 33 separate sublibraries.
The physicochemical properties, including cLog P and polar
surface area (PSA) of all potential compounds (76 725 based
on the total number of inputs), were calculated to determine

the most efficient building-block combination to produce the
most products with druglike molecular properties (e.g., cLog
P e 5 and PSAe 120 Å2). On the basis of this analysis, a
smaller optimal building-block combination was chosen to
produce the 19 470-member library 3.9 in which 95% of the
members were predicted to exhibit good oral absorption.
Using the same primary assay described previously,116 a two-
phase screening strategy was used: the first phase using
compound mixtures to identify active sublibraries (∼10
compounds/well at a concentration of∼10 µM/compound)
and the second phase to identify individual active compounds
(1 compound/well,g 50% inhibition at 10µM). This process
identified 84 hits from 8 sublibraries. Three sublibraries had
the greatest number of hits defined by R4 ) benzensulfonyl,
phenylpropyl, and 1N-methylbenzimidazol-2-ylmethyl. Fol-
lowing a synthon frequency analysis, selected hits were
resynthesized, and two potent leads were identified (68, Ki

) 98 nM;69, Ki ) 460 nM). A follow-up optimization 130-
member library was made using the same solid-phase
methodology using Robbins Scientific’s FlexChem reaction
block system. In this optimization library, the previously
identified 3,5-dichlorophenylurea and 3′-cyanobiphenyl-4-
yl groups116 were included, and it was found that the
simultaneous combination of these groups led to a dramatic
increase in potency. Replacement of the hydrogen with a
methyl group (piperidine nitrogen) increased potency by 12-
fold (70, Ki ) 39 nM;71, Ki ) 3.1 nM; functional antagoinst
in Ca2+ flux assay,Kb ) 0.4 nM). Replacement of the 4-(3-
pyridyl)phenyl group with the 3′-cyanobiphenyl-4-yl group
increased potency an additional 2-fold (72, Ki ) 1.4 nM).
The alkylation of the piperidine nitrogen with acyclic or
cyclic substituents (e6 carbons, with the exception of the
butyl series) was generally well-tolerated, affording products
with subnanomolar potency (73, Ki ) 0.17 nM). Last,
consistent with the design and selection of inputs based on
druglike properties, compound71was orally absorbed in the
rat.

P2X7 Receptor Antagonists.The P2X family of nucle-
otide receptors consists of nonspecific, ligand-gated cation
channels that participate in a variety of physiological
processes. P2X7 is expressed in the periphery on cells of
the immune system, such as macrophages and epidermal
Langerhans cells. The receptor is also expressed in the CNS
on microglia and astrocytes. Due to the presence of the P2X7

receptor on cells of the immune system and the relationship
between P2X7-activation and cytokine or glutamate release,
this receptor may play an important role in the development
and progression of various disease states or conditions, such
as chronic inflammation, neurodegeneration, and chronic
pain. As a result of a high-throughput screening effort,
researchers at Sanofi Aventis identified74 as potent new
P2X7 antagonist lead (Figure 7).237 Rapid SAR exploration
around this 4,5-diarylimidazoline series was conducted using
a high-throughput medicinal chemistry approach. Coupling
of 77 with thep-nitrophenylcarbonate resin76 afforded the
carbamate bound amine78, which reacted with a series of
carboxylic acids using the standard coupling method to

Figure 8. Pyrazoline-based PR antagonists.160
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provide resin79 in quantitative yield. Attempts to cleave
and cyclize in one pot using acids and heat failed to give
the desired compounds, affording only the uncyclized amine
cleavage products80. Treatment of80 with trimethylsi-
lylpolyphosphate (TMS-PP) in dichloromethane under mi-
crowave irradiation afforded the desired imidazoline library
4.5 (81). The P2X7 affinity of 81 was assessed using a
cellular YO-PRO-1 dye uptake fluorescence assay. Several
new potent P2X7 antagonists, exemplified by compound75,
were identified from this study.

Progesterone Receptor Antagonists.The progesterone
receptor (PR) is a member of the intracellular superfamily
of ligand-dependent transcription factors. PR agonists play
an important role in female reproduction and have been used
extensively in female contraception and hormone replace-
ment therapy. PR antagonists, however, have found only
limited utility, and their therapeutic potential has not yet been
fully elucidated. A selective PR antagonist may be potentially
useful for the treatment of various gynecological and obstetric
diseases, including hormone-dependent breast and prostate
cancers, nonmalignant chronic conditions such as fibroids,
and endometriosis. Mifepristone82, a clinically available
steroidal PR antagonist, demonstrated potent activity at other
steroid receptors, such as the glucocorticoid receptor (GR),
and this potentially limits its chronic use (Figure 8). Novel
PR antagonists that are structurally distinct from the steroid
class may have greater potential for selectivity against other
steroid receptors (e.g., GR). Researchers at GlaxoSmithKline
sought an unexplored, synthetically accessible nonsteroidal
mimetic of mifepristone suitable for parallel synthesis of
analogs.160 Docking of mifepristone into a PR antagonist
homology model suggested that theN,N-dimethylaniline
moiety was responsible for switching the receptor into an
antagonist conformation through displacement of a particular
receptor helix (named AF2). From this modeling information,
a series of diaryl pyrazolines83 (library 4.9) with the aim
of mimicking the conformational changes induced by mife-
pristone was designed. Biological data on the pyrazoline
sulfonamides synthesized as described in Figure 8 was
reported. The compounds were tested for receptor binding
as well as functional activity in CV-1 cells. As predicted by
homology modeling, these compounds behaved as PR
antagonists, inhibiting progesterone-stimulated PR activity
in cells. The best compounds in this study,88 and 89,
exhibited >10-fold steroid receptor selectivity over the
androgen and glucocorticoid receptors.

HDM2-p53 Antagonists. p53 is a tumor suppressor
transcription factor expressed in response to DNA damage
and plays a critical function in cell cycle arrest and apoptosis,
ultimately preventing neoplasia. Over 50% of human tumors
have mutations in the p53 gene, resulting in a loss of
functional p53. The human DM2 protein (HDM2), the human
homologue of mouse DM2 (MDM2), is the principal down-
regulator of p53. HDM2 contains a p53-binding domain that
is used to bind to the N-terminal transactivation domain of
p53, translocates p53 from the nucleus to the cytoplasm, and
then stimulates degradation through the ubiquitin pathway.

Disrupting the HDM2-p53 protein-protein interaction offers
a viable route for cancer therapy due to the up-regulation of
functional p53. Parks and co-workers at Johnson & Johnson
reported the synthesis of 1,4-benzodiazepine-2,5-diones as
antagonists of the HDM2-p53 complex formation (Figure
9).262 A 22 000-member 1,4-benzodiazepine-2,5-dione library
was designed using the computational package Directed

Figure 9. HMD2-p53 protein-protein antagonists.262,110

Figure 10. SPAn reagents: primary amines to heterocycles.78
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Diversity and synthesized via the Ugi-4CR (94, library 4.10).
Commercially available and customR-amino esters were
used as the amino component. A proprietary high-throughput
ThermoFluor microcalorimetry screening technology was
used to identify hits. Microcalorimetry measures the melting
point differentials in protein-compound complexes. By using
a series of different compound concentrations, a compound’s
dissociation constant (Kd) can be calculated. The ThermoF-
luor screening hits were confirmed in a secondary fluores-
cence polarization assay. Due to the poor solubility of the
1,4-benzodiazepine-2,5-dione esters in the latter assay, the
esters were saponified to their corresponding more soluble
carboxylic acids (isolated as diastereomeric mixtures). Initial
library screening identified hit95 with micromolar activity
(IC50 ) 2.2 µM). NMR experiments established that the
active diastereomer had theS,S configuration. Compound
95 was subjected to a systematic optimization process.
Overall, a relatively tight SAR was observed. Substitution
of the CF3 group at the para position was tolerated only with
Cl and OCF3 groups (96, IC50 ) 2.5 µM; 97, IC50 ) 1.3
µM). An aromatic ring was required at R2 with phenyl
substituted in the para position with spherically symmetrical
hydrophobes, such as CF3 and Cl, yielding a 4-6-fold
increase in binding (98, IC50 ) 0.67 µM; 99, IC50 ) 0.42
µM). Attempts to lower the molecular weight by removing
the iodine atom generally led to a sharp loss of activity. The
exception was the replacement of iodo with an ethynyl group,
which afforded a submicromolar analog100, IC50 ) 0.87
µM. It was hypothesized that the vector of the ethynyl group
(its size notwithstanding) occupies a similar region in space
as the iodo atom favoring interactions with the protein target.
Attempts to lower the cLog P of99 into an acceptable range
of druglike compounds included the replacement of the 4-Cl-
phenyl groups at R1 and R2 with a 6-chloropyridin-3-yl
group. Unfortunately, these changes negatively impacted
potency. Working together in the same research program,
Grasberger and co-workers cocrystallized and resolved the
HDM2-99complex (PDB code: 1T4E) and a HDM2-9-mer
peptide (PDB code: 1T4F). Examination of the HDM2-9-
mer complex with the reported HDM2-p53 15-mer complex
showed the 9-mer peptide occupied the pockets originally
taken by HMD2’s Phe,19 Tyr,23 and Leu26 side chains.
Interestingly, not only was it observed that99 occupies the
same three pockets that the 9-mer does, its pendent groups
also adopt anR-helix orientation, conferring99 an amphi-
pathic binding conformation. This is the first reported
example of a benzodiazepindione acting as anR-helix
mimetic. The 1T4E crystal structure also shows the presence
of three water molecules interacting through hydrogen bonds
with 99’s diazepine ring carbonyl and diazepine ring
nitrogen. To determine the importance of these bound water
molecules,99 methyl ester was reduced with BH3‚SMe2 in
THF and saponified to afford monosubstituted amide101
(major product) and fully reduced tetrahydrobenzodiazepine
102. Since removal of one of the ring carbonyls did not affect
potency (101, IC50 ) 0.49µM), and in conjunction with the
observation that a ring nitrogen alkylated benzodiazepindione

analog was also found to retain potency, it was concluded
that the bound waters are not essential for binding. In
addition, the total loss of activity exhibited by102 (IC50 >
125 µM) suggests that conversion of both sp2 carbonyl
carbons into sp3 carbons confers too much structural flex-
ibility to 102 to allow it to find and adopt the required
optimal conformation for binding. Last,99 was found to
suppress cell proliferation in JAR choriocarcinoma cells
overexpressing both press p53 and HDM2 in a dose-
dependent manner.

SPAn Reagents for Primary Amine Derivatization.
High-throughput derivatization of amines affording libraries
of amides, sulfonamides, ureas, and higher-order amines (via
reductive amination, alkylation) is extensively used to
develop structure-activity relationships for biologically
active leads. Derivatization is carried out in solution using
either resin-bound coupling reagents and scavenger resins
or activated acyl and sulfonyl transfer resins. The derivatives
so obtained are acyclic in nature. Dolle and co-workers78

described a conceptually new family of annulation reagents
for the single-step derivatization of primary amines to
heterocycles. The goal was to make available “off-the-shelf”
reagents for producing heterocycles in a semiautomated
format, complementary to acyclic derivatization methods. To
this end, the tandem N-alkylation-intramolecular acylation
reaction (105 f 106 f 107) was initially chosen as the
traceless solid-phase annulation manifold. The major obstacle
to reduce the idea to practice was loading the requisite
reactive haloalkylacyl reagents onto the solid phase. The
reagents were unstable in solution and tended to decompose
back into their corresponding lactones from which they were
derived. Direct acylation of Wang resin with haloalkyl acids
was not viable. This problem was solved by loading haloalkyl
propargyl esters103 onto Merrifield-type azide resin104
using “click” chemistry. The SPAn reagents105 (acronym
derived fromsolution/solid-phaseannulation) readily fur-
nished heterocycles107from primary amines. The optimized
reaction conditions required 2 equiv of amine in the presence
of excess MP-carbonate resin in DMSO under microwave
irradiation (30 min, 150°C). Some 16 SPAn reagents were
prepared, as well as 20-member demonstration libraries of
isoindolinones and isoquinolones. Reagents105 gave rise
to heterocycles with unique topologies and electrostatic
potential surfaces.

TBDAS: A New Silyl Linker. Tan and co-workers
described newtert-butyldiarylsilyl (TBDAS) linker 115
(Figure 11).72 Lithiation of bromostyrene resin114 was
followed by treatment witht-butyl-dichlorophenylsilane,
yielding the desired linker115, which was then treated with
N-Fmoc-â-alaninol 118 and imidazole in DCM. Fmoc
quantitation indicated a 38% alcohol loading. Because of the
relatively high cost of thet-butyl-dichlorophenylsilane, a
second more practical route to115 was developed. The
lithiated bromopolystyrene was silylated witht-butylchlo-
rophenylsilane (prepared fromt-BuLi and dichlorophenyl-
silane) to afford the stable silyl hydride resin117. Linker
loading levels corresponding to 60-80% yield relative to
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the initial bromine loading levels were achieved (Si elemental
analysis). Several methods of activating the silyl hydride resin
117, including triflic acid,N-bromosuccinimide, and trichlor-
oisocyanuric acid were evaluated for alcohol118 loading.
In situ chlorination using 1,3-dichloro-5,5-dimethylhydantoin
119followed by118coupling was the most effective, giving
yields of 62-65% (114 f 117 f 115 f 116). Loading of
the TBDAS linker onto brominated polystyrene SynPhase
L-series lanterns was also reported. Tetrabutylammonium
fluoride (TBAF) and tris(dimethylamino)-sulfur (trimethyl-
silyl)difluoride (TAS-F) in THF were found to be rapid and
efficient cleavage reagents (100% in<1 h). This is in contrast
to HF-pyridine, which proceeds slowly at 25°C. The
TBDAS linker was significantly more stable to protic acids
(TsOH and TFA) than the previously reported diisopropyl-
silyl linkers and also showed good stability to Lewis acids
(BF3‚OEt2 at -78 °C and AlMe3). Moreover, the linker
performed well under basic conditions (K2CO3-MeOH,

MeLi, KHMDS, and t-BuOK) and was stable to extended
exposure to aqueous HF in CH3CN. This enhanced stabil-
ity to HF potentially permits orthogonal HF-labile pro-
tecting group strategies. Resin115 was found to be com-
patible with acetal deprotection, ozonolysis, Wittig and Julia
coupling, and asymmetric allylation reactions, that is,120-
125.

A MEM-Type Linker. The preparation of a chloro-
methoxymethyl (CMM)-functionalized resin128 and its
utility as a solid support for the anchoring of phenols and
nitrogen heterocycles was described by AÄ lvarez and co-
workers.224 Resin128was prepared in a two-step procedure
starting with the hydroxymethyl Merrifield resin126via first
conversion to the methylthiomethyl ether resin127 using
chloromethyl methylsulfide and NaH/NaI. Conversion to128
proceeded with sulfuryl chloride at room temperature,
activating the methylsulfanyl group to nucleophilic displace-
ment by chlorine, yielding the CMM resin. Phenols were
attached to the resin using NaOMe in DMF, whereas nitrogen
heterocycles were immobilized using NaH in DMF, both
requiring heating at 80°C for 24 h. Cleavage from the CMM
resin was carried out using 2 M HCl in MeOH at 25-70 °C
over 4-72 h. Under these cleavage conditions, the recovery
of phenols was generally poor. Nitrogen heterocycles,
however, were recovered in yields of 27-74%.

Silyl-Based Volatile Linker. Houghten and Yu employed
an innovative solid-phase approach utilizing the concept of
“volatilizable” solid support synthesis for a series of C- and
N-terminal protected peptides and chiral polyamines.138 The
concept relies on the complete removal of the solid support
and linker following their decomposition and volatilization
during the final cleavage step to yield pure products. Silica
gel was chosen as the solid support and functionalized with
p-chloromethylphenyltrimethoxysilane131or 2-(4-triethoxy-
methylsilanebenzyl)-isoindole-1,3-dione139 to form the
desired chloromethylbenzyl132and aminomethylbenzyl141
(phthalimide protecting group removed) functionalized silica
gels. Boc-amino acids were coupled to132as their cesium
salts. Following removal of the Boc group with 50% TFA-
DCM, standard Boc-peptide synthesis chemistry (Boc/TFA/
DIC) was applied to generate resin-bound peptides135.
Treatment of135 with 10% hydrofluoric acid (pH 4.3) for
1 h at room-temperature resulted in complete decomposition

Figure 11. TBDAS: A new silyl linker.72

Figure 12. MEM-type linker.224
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of the silica gel portion of the benzyl ester-linked peptide,
yielding the C-terminal benzyl ester-protected peptides136,
tetrafluorosilane, and water. The solvent, HF, and tetrafluo-
rosilane were removed by either rotary evaporation or
lyophilization, and the desired protected peptides were
obtained as the sole products remaining in the reaction vessel
in excellent yields and purities (>90%). A set of N-terminal
modified peptides137 was similarly obtained in excellent
yield and purity (>90%), following N-acylation with phe-
nylacetic acid of135,decomposition/volatization of the silica
gel with anhydrous HF for 1.5 h at 0°C, and lyophilization.
An automated synthesis of individual compound arrays in a
96-well format using benzylamine-linked silica gel support
141 was demonstrated. Utilizing standard Fmoc peptide
chemistry (Fmoc/piperidine/DIC), Fmoc amino acids were
coupled to141 to yield resin-bound peptides142, which
following volatilization with 10% aqueous hydrofluoric acid
and lyophilization yielded C-terminal and side-chain-
protected peptides143 as the sole products in each well in
high yields (>85%). Exhaustive reduction of the silica gel-
bound Tyr-Tyr-Phe-Pro-benzyl amide was carried out in high
yield (81%) using borane to yield the corresponding mono
N-benzylated chiral polyamine144upon volatilizing cleav-

age and lyophilization. This methodology could, in principle,
be adapted to nonpeptide library synthesis.

Resin-Bound 9-BBN.Polymer-supported 9-borabicyclo-
[3.3.1]nonane147(9-BBN) was introduced by Ganesan and
co-workers for the regioselective reduction of olefins.280 The
reagent referred to as PS-9-BBN is generated in two high-
yielding steps. Direct alkylation of deprotonated 1,5-cy-
clooctadiene145 (under LICKOR conditions) by high-
loading Merrifield chloromethyl polystyrene resin (4.55
mmol/g) yielded the alkylated resin146. Hydroboration of
146 afforded the PS-9-BBN (3.24 mmol/g by boron mi-
croanaylsis).11B-NMR showed that the majority of the PS-
9BBN exists as a monomeric form, dimerization presumably
inhibited by immobilization. Hydroboration reactions are
typically performed in THF with 3 equiv of alkene148 at
40 °C over 24 h. Oxidative release of the resulting im-
mobilized trialkylboranes149was carried out with 3 equiv
of Bu4NOH (1 M in MeOH), 5 equiv of aq H2O2 (35%) in
THF at room temperature for 1 h, then at 50°C for 3 h.
Reaction workup consisted of filtration and concentration,
followed by passage through a short plug of silica gel. Yields
of the isolated alcohols ranged from 36 to 66%. Alternatively,
when148 is limiting, 147can be used in 5-fold excess, and

Figure 13. Houghten’s silyl-based volatilizable support.138
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higher hydroboration/oxidation conversions are achieved
(>85%). Resin146 is also an effective halogen scavenger.

Addition of Organometallic Reagents to Resin-Bound
Imines. Recent work at Bristol-Myers Squibb led to the
identification of BMS-196085 (151), a potentâ3 adrenergic
receptor agonist having potential as an antiobesity and
antidiabetic agent (Figure 15). In an effort to identify
additional clinical candidates, exploration around the 1,2-
diarylamine portion of the molecule was undertaken.345 A
three-component assembly on solid support was envisioned
in which all three modules, resin-bound amine, an aromatic
aldehyde, and the organometallic, could be varied in a
combinatorial fashion. The nucleophilic addition of organo-
metallic reagents to resin-bound imines was a key step. To
this end, primary alcohols153 and 154 were linked to
Merrifield resin through a tetrahydropyranyl (THP) ether
linkage and converted to resin-bound intermediates155
and 156, respectively. The phenol functionality in the
substrates was protected with a 2-(trimethylsilyl)ethoxy-
methyl (SEM) group, which allowed for its deprotection
simultaneously with resin cleavage. The resin-bound amines
155/156 were then condensed with aromatic aldehydes in
THF at room temperature in the presence of triethylortho-
formate as a dehydrating agent to give imines157/158.
Addition of excess organometallic reagents to157/158 in
THF at room temperature produced adducts159/160. Sub-
stituted benzyl Grignard reagents were added smoothly (4
h), regardless of the steric or the electronic nature of the
substitutents on the benzaldehydes used in the generating
imines 157/158. The high intrinsic activity of Grignard
reagents precluded their use in those cases in which the imine
or the organometallic bore an electrophilic substitutent.
Organozinc reagents were successfully used in place of the
Grignards when the Ar and R groups contained such sensitive
functionality, albeit they required a longer reaction time (20
h). Because of their low reactivity toward many electrophilic
groups, the organozinc reagents were effective regardless of
the electrophilic character, electronic nature, or the potential
for deprotination of the imine substituents. All of the
reactions employing an unsubstituted or substituted benzyl-
zinc reagent yielded products with a 1:1 diasteromeric ratio.

The exception was the methylallylzinc reagent, which gave
a 4:1 S,R-to-S,S ratio with imine 158. In contrast, benzyl
Grignard reagents did often show a modest stereochemical
bias (up to 4:1), depending on the nature of the imine aryl.
The scope of the organometallic addition to157/158 was
limited to the benzyl anions. The adduct yields obtained from
allyl Grignard and allylzinc reagents were low (10-20%),
whereas alkyl/aryl Grignard and arylzinc reagents largely
failed to react with the immobilized imines. Cleavage of
products from the resin and concomitant SEM deprotection
was accomplished using a 7:5:5 mixture of TFA-EtOH-
DCM. In about one-half of the 45 examples, the crude
product purity was>70% (HPLC) after filtration and solvent

Figure 14. Resin-bound 9-BBN.280

Figure 15. Addition of organometallic reagents to resin-bound
imines.345
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evaporation. The major contaminant was the corresponding
starting primary amines.

Benzodiazepines via Triazene Linker Strategy.Benzo-
diazepines were among the first class of small molecules to
be prepared on solid phase, and because of their diverse
biological activities, they still remain attractive targets for
synthesis. A collection of 1,4-benzodiazepin-5-ones168were
prepared by intramolecular aza-Wittig reactions ofo-azido-
benzoylamides167 via a postcleavage modification of
polymer-bound triazenes165 (Figure 16).104 As reported
by Gil and Bräse, triazene carboxylate resins163 were
prepared by diazotation of anthranilic acids161 and sub-
sequent coupling to the benzyl amine resin162. Triazene
resins 163 were then coupled to the amines164 using

2-chloro-1-methylpyridinium iodide (Mukayama reagent)
as the coupling reagent to give resin165. Triazene linker
cleavage was achieved using 5% TFA-DCM at 25 °C,
generating the corresponding diazonium salts166. Salts
166were immediately reacted with the azide transfer agent,
trimethysilyl azide, and the aryl azides167 obtained were
subjected to an aza-Wittig. This was carried out upon reac-
tion of 167 with polymer-supported triphenylphosphine
in toluene, first at 25°C to allow formation of intermediate
iminophosphoranes, and then at 100°C to induce cycliza-
tion (3-18 h). Benzodiazepines168 (169) were isolated
in 68-99% yield and in 68-94% purity. The methodol-
ogy was applied to the preparation of deoxyvasicinone173
(n ) 1). A modification of the initial coupling proce-
dure was necessary to successfully carry out the syn-
thesis due to the fact that Mukayama reagent is ineffective
for coupling of amides to carboxylates (low nucleophili-
city of the amides). Since the triazene resins are sensitive
to trace amounts of acid, which negates conventional methods
of transforming the carboxylate to acid chlorides, the
combination of triphenylphosphine and carbon tetra-
chloride was employed to generate an acid chloride from
163. This material was in turn reacted in situ with the lactams
170 to obtain amides171without the decomposition of the
T1 triazene linkage. Carrying out the aforementioned se-
quence, reactive diazonium salts were converted to azides
172, followed by the aza-Wittig cyclization to yield deoxy-
vasicinone and related heterocycles173 in good overall
yields.

Multicomponent Condensations.Yang and Chen de-
scribed an efficient diversity-oriented approach to benzo-
furans and indoles by developing a DOS platform to make
natural product-like molecules using domino reactions
(Figure 17).215 In this example, the Ugi-4CR and an
intramolecular Diels-Alder reaction (IMDA) were integrated
into a single synthetic process. The researchers identified a
tandem Ugi-4CR-IMDA reaction process followed by oxida-
tive aromatization to generate complex substituted benzo-
furan and indole scaffolds in a one-pot operation. Interme-
diate176 was anticipated to be derived from its precursor
177 via an IMDA reaction. The Ugi-4CR was thus envi-
sioned to generate precursor177containing an appropriately
oriented conjugated diene and an electron-deficient dieno-
phile. It was assumed that intermediate176would undergo
an H-shift to form the conjugated aromatic furan or pyrrole
175, followed by oxidative aromatization to afford the
product174. In practice, some difficulty was encountered
in realizing the IMDA reaction. To achieve a one-pot reaction
procedure, upon termination of the Ugi-4CR, the solvent was
switched to the higher-boiling xylene, and the reaction was
heated to 140°C in the presence of a positive oxygen
pressure for 12 h. Alternatively, DDQ served as a better
oxidant, provided substituent groups tolerated the stronger
oxidative conditions. Benzofuran and indole heterocycles
prepared were isolated in yields ranging from 50 to 80%
following chromatography (178-181). Limitations to the
process include the use of unsubstituted pyrroles and

Figure 16. 1,4-Benzodiazepinones using a triazene linker strat-
egy.104
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benzylamine-derived Ugi products that may decompose
during the oxidative aromatization process.

Vasudevan described an approach toward the synthesis of
macrolactams190/192utilizing an Ugi-4CR, followed by a
carbonylation/intramolecular amidation (Figure 18).322 This
chemistry involves the use of a monoprotected diamine182
or a bifunctional acid188 component. The scope of the
reaction was shown to be fairly general on the basis of
representative deprotected products189/191 prior to car-
bonylation/intramolecular amidation (cyclization). A robust
synthetic protocol to achieve cyclization was ultimately
realized after significant reaction condition optimiza-
tion. Carbonylation/intramolecular amidation (189/191 f

190/192) was effected by heating the sterically hindered

substrates with a mixture of Mo[CO]6/Pd(OAc)2/n-Bu3N
in diglyme at 160°C for 1 h in asealed tube. The reac-
tion sequence afforded eight- and nine-membered lactams
with multiple sites of diversity, as represented by193-196.
The final products required minimal postsynthetic handling
to scavenge the basic side products from the reaction mix-
ture (Bond Elut SCX ion-exchange resin) to yield pure
material.

El Kaı̈m and co-workers reported a highly flexible
multicomponent reaction between electron-deficient phenols,
amines, carbonyl compounds, and isocyanides to formN-aryl
amines in phenol-Ugi-Smiles systems (Figure 19).84 In this
modification of the classic Ugi-4CR, these investigators
sought a further acidic partner to trigger both imine activation

Figure 17. Domino synthesis of benzofurans and indoles.215

Figure 18. Macrolactams via multicomponent condensation.322
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and irreversible rearrangement in the key step of the reaction.
Thus o-nitrophenol200 meets this requirement and reacts
with cyclohexylisocyanide199, p-chlorobenzylamine198,
and propionaldehyde197 at 40 °C in methanol to provide
theN-aryl amine201in 64% yield. The proposed mechanism
of this sequence leading toN-aryl amines is shown in Figure
19. Presumably, the acidic nitrophenol is able to protonate

the imine enabling isocyanate addition. The phenoxide is
sufficiently nucleophilic to trap the resulting nitrilium
intermediate204 to form imidate206. At 40 °C, the latter
undergoes a Smiles rearrangement (206 f 207 f 208) to
provide the more stableN-aryl amine208, thus providing
an irreversible step in the process to drive the equilibria to
the desired product in high yield. Aliphatic and aromatic
(moderate yields) aldehydes participate in the reaction with
various amines and isocyanides. Reaction yields are signifi-
cantly improved upon the use of a catalytic amount of
magnesium perchlorate. Ketones are less reactive than
aldehydes and need much longer reaction times to afford
the desired products in moderate yields.p-Nitrophenol209,
having an acidity that is comparable too-nitrophenol,
undergoes this reaction equally efficiently. Other weak
phenolic acids also work in the reaction. For example, methyl
salicylate211with 197-199in MeOH condensed to provide
the N-aryl amine212 at 60°C (2 days in 74% yield). The
presence of the nitro or ester functional group in the final
adduct allows further transformation to cyclized products,
demonstrated by the conversion of213 f 214. This report
demonstrates for the first time an example of the Smiles
rearrangement intervening in an Ugi-type reaction. These
products are of interest in the design of pharmaceutical and
agrichemical libraries.

A facile approach to trisubstituted hydantoins was reported
by Marcaccini (Figure 20).146 Primary amines215, aldehydes
216, isocyanides217, and trichloroacetic acid218 were

Figure 19. Phenol-Ugi-Smiles condensation.84

Figure 20. Ugi-4CR as an approach to substituted hydantoins.146

Figure 21. Staudinger/aza-Wittig/Ugi-3CR.318
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condensed under conditions in which the Ugi products219
precipitated from the reaction mixture in pure form. The
success of the cyclization of219f 220, was dependent on
the rapid addition of sodium ethoxide solution to a suspension
of 219 in ethanol. This resulted in the precipitation of
hydantoins220from the mother liquors in almost pure form.
Thus, a facile access to 1,3,5-trisubstituted hydantoins220
was achieved by combining an Ugi-4CR with a base-induced
cyclization. This experimentally simple two-step sequence
allows for the creation of a wide variety of substituted
hydantoins. Utilization of trichloroacetic acid218as the acid
component resulted in products with anR-acyl amino group
possessing an enhanced electrophilic property to facilitate
the ring closure and hydantoin formation.

The stepwise combination of the Staudinger/aza-Wittig
reactions with an Ugi-3CR was investigated by van Boom
and co-workers (Figure 21).318 Methanolic solutions of
azidoaldehydes221and225were treated with Me3P for 15
min at 0 °C and then cooled to-78 °C, followed by the
addition of a carboxylic acid and an isocyanide. After
keeping the reactions at 25°C for 2 h, the products223and
227were isolated upon standard workup. Employing benzoic
acid or N-Boc-alanine and cyclohexylisocyanide as Ugi
partners, adducts224 (36%) and228 (34%), respectively,
were obtained as single diastereomers. Two small demon-
stration libraries were generated, and in each case, complete
diastereoselectivity was observed in the isolated products.

Derivatives of pharmaceutically interesting pyrrolo-
[1,2-a][1,4]benzodiazepines233151 and 4-sulfonyl-2-piper-

azinones242148 were described by Ivachtchenko and co-
workers (Figure 22). In both instances, novel bifunctional
oxy-acids, 2-formyl-H-pyrroles 232, and N-sulfonyl-N-
(2-oxopropyl)glycines241 were generated and used in an
Ugi-3CR. Bifunctional reagents232 were derived from
anthranilic esters229 in a three-step process (Figure 22A).
Compounds232 undergo the desired multicomponent con-
densation with amines and isocyanides, leading to hetero-
cycles233. Satisfactory yields were obtained in an efficient
one-pot synthesis, amenable to library assembly. The nature
of the heterocyclic core of232 did not substantially affect
the reaction time or yield. Various aliphatic and aromatic
primary amines, including anilines and linear branched
aliphatic amines, were successfully used without limita-
tion (234-236). The advantage of this approach for creat-
ing diverse compound libraries relies on the ease of con-
struction of the library and the large number of diverse
amines. In a similar manner,241reacted with primary amines
and cycloalkyl isocyanides in methanol to yield the tar-
get piperazinones242, requiring no purification (Figure
22B).
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Figure 22. Bifunctional reagents in Ugi-3CR.148,151
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Table 2. Chemical Libraries Targeting Nonproteolytic Enzymesa

Table 1. Chemical Libraries Targeting Proteasesa

a Asterisk is the point of attachment to resin.
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Table 2. (Continued)
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Table 2. (Continued)

a Asterisk is the point of attachment to resin.

Table 3. Chemical Libraries Targeting G-Protein Coupled Receptorsa

a Asterisk is the point of attachment to resin.
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Table 4. Chemical Libraries Targeting Non-G-Protein-Coupled Receptorsa

a Asterisk is the point of attachment to resin.
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Table 5. Chemical Libraries Yielding Cytotoxic and Antiinfective Agentsa

a Asterisk is the point of attachment to resin.
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Table 6. Scaffold Derivatizationa

a Asterisk is the point of attachment to resin.
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Table 7. Acyclic Synthesisa
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Table 8. Monocyclic Synthesisa

Table 7. (Continued)

a Asterisk is the point of attachment to resin.
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Table 8. (Continued)
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Table 8. (Continued)

a Asterisk is the point of attachment to resin.

Table 9. Bicyclic and Spirocyclic Synthesisa
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Table 9. (Continued)
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Table 9. (Continued)

a Asterisk is the point of attachment to resin.

Table 10. Polycyclic and Macrocyclic Synthesisa
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Table 10. (Continued)

a Asterisk is the point of attachment to resin.

Table 11. Polymer-Supported Reagents and Scavengers
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Table 12. Polymer-Supported Linkers

Table 11. (Continued)
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Table 13. Polymer-Supported Chiral Ligands

Table 12. (Continued)
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