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Abstract

The application of combinatorial chemistry has
been changing since it was first described almost two
decades ago. This review highlights relevant innova-
tive ideas using the combinatorial chemistry approach,
focusing on the present and future scope of this tech-
nology and its general acceptance among the scientif-
ic community. Recent developments include solid-sup-
ported reagents, catalysts, scavengers and purifi-
cation; resin technology (polymer-supported chemistry
on monolithic disks); reporter resins for solid-phase
organic chemistry; dynamic combinatorial libraries;
natural product-based libraries and chemical genetics;
and microreactors.

Introduction

The term combinatorial chemistry can be broadly
defined as the preparation of numerous organic com-
pounds (i.e., libraries) through rapid simultaneous, paral-
lel or automated synthesis (1). The driving force to

increase synthetic output has arisen from the capability of
screening compounds for a particular biological activity in
a high-throughput fashion. To accelerate synthetic organ-
ic chemistry processes, the solid-phase format, based on
the Merrifield method of peptide synthesis (2), has been
adopted. Early library synthesis was based on the paral-
lel preparation of up to 10,000 discrete compounds (3-5).
In this approach, a monomer is first immobilized on a
resin bead and after several transformations on the solid
support, a more elaborated small molecule is obtained
(Fig. 1). The main advantages include the use of excess
solution phase reagents to drive reaction equilibria to
completion, the ease of purification by filtration and the
potential for automation. The attachment of the starting
material and the cleavage of the final product are addi-
tional steps necessary for solid-phase synthesis. Initial
efforts in the emerging field were also focused on the
development of new and more versatile linker molecules
which permit mild cleavage reaction conditions and also
withstand a wider range of chemistries (6). Furthermore,
a systematic adaptation of a wide variety of synthetic
organic processes to the solid phase has been reported
in the literature (7-9). An important consideration when
embarking on solid-phase organic synthesis is the diffi-
culty in analyzing compounds attached to the support.
This has been addressed by developments in analytical
technology such as magic angle spinning (MAS) NMR or
FT-infrared spectroscopy to characterize compounds on
individual beads.

The concept of Furka’s split-and-mix procedure has
had a major impact on combinatorial chemistry (10), per-
mitting the synthesis of large compound mixtures in the
format of one compound on each bead (11) to yield large
numbers of spatially segregated small molecules. As
illustrated in Figure 2, a quantity of resin is split into equal-
sized portions that are placed into separate reaction ves-
sels. The resin from all of the vessels is then recombined,
mixed thoroughly and reapportioned into the requisite
number of reaction vessels to perform the second syn-
thesis step that adds diversity. By repeating the split,



660

Innovative approaches in combinatorial chemistry

O—Cep

A Q—Tke—A B . Tnkep—A-B  _Cleavage | ap
Fig. 1. Solid-phase synthesis.
Resin beads ()
B lc

Q-8B

Combine, mix and split into three new portions

Combine, mix and split into three new portions

|G
Q—AD-GQ—AEGQ—AFG
@—B-D-G Q—B-EG OQ—B-FG
Q—CD-GQ—CEGQ—C-FG

[H

Q—AE-HQ—C-DH
Q—B-H-D Q—AF-H
Q—C-E-HQ—B-F-H
Q—ADHQ—C-F-H
OQ—B-D-H

|
Q—AF1 Q—AEIQ—ADI
Q—B-FI Q—B-E-IQ—B-D-
Q—C-F1 Q—CEIQD—C-D-

Fig. 2. Split-and-mix synthesis.

react and mix operations, compounds incorporating all
possible combinations of the sets of different building
blocks are generated. Because each bead reacts with
only one type of building block at each cycle, only one
type of product is displayed on each bead. The technique
has the advantage that it drastically reduces the number
of reactions required to produce a large number of com-
pounds as compared to parallel synthesis. To take full
advantage of this approach, a compatible high-through-
put assay is essential to screen the resultant combinato-
rial library. The identity of the active compound from a
screened mixture must be deduced by either using a suit-
able analytical technique on the product released from a
single bead tested positive or or suitable encoding and
deconvolution procedures. The encoding method traces
the reaction history of the compound by incorporating an
identifiable tag onto the bead at each step in the synthe-
sis (12). A potential problem with screening a combinato-
rial mixture is that any activity may result from the sum of

several moderately active compounds, therefore leading
to a weakly active structure.

Owing to some of the uncertainty and the issues of
reproducibility with split-and-mix libraries and screening
of mixtures, the pharmaceutical industry has largely
adopted the strategy of producing individual compounds
in 5-50 mg quantities by parallel synthesis. To this end,
organic synthesis on solid support still offers the advan-
tages of high-throughput and automation. However,
development and optimization of reaction conditions on
solid phase can be time-consuming depending on the
chemistry and its compatibility with high-throughput ana-
lytical methods. To solve the same problem, the approach
of polymer-assisted solution-phase chemistry (PASP) has
been further developed and adopted. This methodology
is based on immobilizing the reagent on solid phase while
leaving the substrate and product in solution. Unreacted
starting materials or side products are removed from the
solution via reaction with a functionalized “quench” resin
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Scheme 1: Methods used in PASP synthesis
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to leave a relatively pure product in solution. Placing the
desired product in solution greatly facilitates the monitor-
ing of reactions.

This last development might at first be seen as a
reversion to the classical chemistry approach, but it does
embrace a significant change in chemical synthesis
methodology. The boom of the combinatorial chemistry
concept has led to the establishment of polymer-aided
parallel chemistry as an essential technology that will
undoubtedly lead to an acceleration in the process of
drug discovery. The choice of using either solid-phase
organic chemistry (SPOC) or PASP chemistry will depend
on the compound synthesis in question and the purpose
of the study. The combination of traditional medicinal
chemistry thinking and the polymer-aided technology as a
whole (SPOC or PASP) will form a major part of the new
era for organic synthesis.

The aim of this review is to highlight some of the inno-
vative approaches recently developed that have
enhanced the field and will provide a robust platform for
the future. These include solid-supported reagents, cata-
lysts, scavengers and purification; resin technology (poly-
mer supported chemistry on monolithic disks); reporter
resins for SPOC; dynamic combinatorial libraries; natural
product-based libraries and chemical genetics; and
microreactors.

Polymer-assisted solution-phase chemistry

Polymer-assisted solution-phase (PASP) synthesis
uses suitable modified polymers, either during the course
of the reaction and/or during the purification process, to
facilitate the generation of solution-phase chemical
libraries (13). In this process substrates and products
remain in solution while the reagents required to mediate
the chemical transformation are on solid supports. PASP
synthesis is based on the use of several methods outlined
in Scheme 1.

The polymer-bound reagents (14-20) or catalysts
(21-23) transform a substrate to a new chemical product
and the excess or spent reagent may be removed by fil-
tration (Method I, Scheme 1). They can provide the ben-
efits of reduced toxicity or odor as compared with solution
analogues. Interestingly, mixtures of reagents that are
incompatible in solution may be used in combination
when supported on a solid phase due to site isolation. An
impressive example of a multistep synthesis involving a
combination of three different polymeric reagents in one
is shown in Figure 3, to afford depicted pyrazole in 48%
overall yield (24).

Methods [I-V shown in Scheme 1 are designed to
facilitate the purification step. The removal of excess
unreacted starting materials or by-products from a reac-
tion mixture is typically achieved by employing polymer-
supported reagents with complementary reactivities. Four
classes of polymer-assisted purification have been
reported as follows.

1) Solid-supported scavengers (Method 1l) are func-
tionalized resins that covalently react with surplus reac-
tants or by-products, which can then be removed by fil-
tration. For example (14, 15), amino resins have been
used to scavenger acid chlorides, acid anhydrides, alde-
hydes, ketones, imines, isocyanates, isothiocyanates and
sulfonyl halides.

2) Sequestration-enabling reagents (SERs, Method
Il) transform by-products into chemically tagged species
capable of polymer-supported removal. An example is the
use of electrophilic tetrafluorophthalic anhydride (25) to
react with an excess of amine forming an addition prod-
uct which is effectively removed by a polymer-bound
amine (Fig. 4).

3) Chemically tagged reagents (Method V) are
bifunctional molecules with the desired reactive site and a
functional group tag which facilitates capture by scav-
enger resins. For example, a tertiary amine-tagged car-
bodiimide can be used for a Pfitzner-Moffat oxidation
protocol and then be scavenged by ion exchange resin
(Fig. 5) (26).



Drugs Fut 2003, 28(7)

663

F
F O
O
. - To Too
H F 0 N, Qe F N
RT/N\RZ _— R! —_— R'
(SER) F COOH F COO-
+
F P Q- NH

Fig. 4. Tetrafluorophthalic anhydride, a sequestration enabling reagent for amines.

" Bn j/ DMSO, CH;Cly, C,CHCOH " Bn j/ Q" NMe,
~ ~ /VWNAN >
o

N N » Pure ketone
| |
OH R? R? Q—sozH
~N
N H
HCI | R
SN =C=
&803 +[ N=C=N—__
(e}
H J-k Removed
SINTONT NS by filtration
Q-s0; +) H H Y

+ - + -
Q NHMe,Cl,CHCO, (7 NHMe,Cl
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4) Purification by catch-and-release (27) (method V)
is based on the capture of a desired product by either
selective covalent derivatization with a functionalized
resin or precipitation and subsequent filtration followed by
release of the desired product in a pure form. An exam-
ple of this is the capture of a vinyl boronate derivative
from solution via a Suzuki coupling reaction with a poly-
mer-bound aryl iodide (28).

The resin capture approach can use a tagged reac-
tant leading to a tagged product to give a chemically more
general approach of separation. In this way, crown-ether-
tagged peptides have been readily separated from the
reaction mixture by affinity chromatography using
aminomethylated (in TFA form) polystyrene columns (29).
A quinoline tag has also been used, which precipitates
when protonated by mineral acid (30), and a 2-pyridyl-
dimethylsilyl tag for acidic extraction of synthetic interme-
diates (31). A similar strategy is described using
anthracene-tagged ester substrates in conjunction with
an N-benzylmaleimide resin and a reversible Diels-Alder
cycloaddition as a chemoselective removal of the tagged
molecules (Fig. 6) (32). A more sophisticated strategy
uses a covalent derivatization of the reactant with an
organic metal-chelating tag (bipyridine ester derivative) to
perform a selective and reversible capture of the synthet-

ic intermediate after every chemical step in a sequence
by complexion to a resin-bound copper(ll) (33).

The combined power of functionalized polymers, hav-
ing all the described advantages, has been applied to
several automated parallel synthesis and multistep
sequences (14, 15). An impressive example, shown in
Scheme 2, is the synthesis of sildenafil (34), a potent and
selective inhibitor of the enzyme phosphodiesterase type
five (PDE-5), in 7 steps without using conventional purifi-
cation techniques. A key feature of this work is that a con-
vergent synthetic strategy was used. The heterocyclic
amine 1 was assembled in 6 steps from readily available
n-butanal. Coupling of the carboxylic acid 2 and amine 1
proceeded smoothly in the presence of a polymer-sup-
ported hydroxybenzotriazole and bromo-trispyrro-
lidinophosphonium hexafluorophosphate (pyBrOP). This
process allows simultaneous activation of the acid 2 and
separation from ester impurities by simple filtration. The
last cyclodehydration of the resulting amide was per-
formed using sodium ethoxide under microwave condi-
tions to afford gram quantities of the target product in
excellent overall yield.

There are now a significant number of commercially
available functionalized polymers to enable the broad
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Scheme 2: Polymer-supported synthesis of sildenafil
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application of PASP synthesis in compound library
generation.

Advances in resin handling

The vast majority of polymers used in combinatorial
synthesis to date are prepared as cross-linked beads of
sizes generally between 80-500 um by suspension poly-
merization. A number of reviews have appeared on resin
types (35-38) and their physical properties (39-42).

Interest in further accelerating the process of combi-
natorial synthesis has led to automation with different
ways of handling beads. In the area of multiple parallel
synthesis, major advances have been made by the intro-
duction of tea bags (43), crowns (44, 45) and IRORI Kans
(46, 47), all of which are based on the handling of discrete
packets of resin beads. However, these methodologies
still involve preparatory steps that include filling, sealing
and labeling of the “containers” and recovery of tagging
devices which increases the complexity of handling.

Other new formats of polymer supports which have
recently emerged are polymer discs and plugs. These
materials present a non-swelling highly cross-linked
macroporous structure that have pores and are well suit-
ed for flow-through applications. This macroscopic struc-
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ture itself can be taken as a discrete packet of resin
beads with a tailored loading higher than individual
beads, thus simplifying handling.

Monolithic polymer discs were first reported by Hird
et al. (48) for a Suzuki type reaction. Subsequently, Tripp
et al. applied this technology for the immobilization of
scavengers for amines (49, 50) or acylating agents (51).
These investigators increased polymer substitution with-
out reducing permeability by grafting reactive chains onto
the surface of the pores of the monoliths. These types of
supports are macroporous poly(chloromethylstyrene-
co-di-vinylbenzene)monoliths prepared by direct poly-
merization of the mixture of chloromethylstyrene, divinyl-
benzene, initiator and porogen. The mixture is placed
within shrinkable polyethylene (PE) tubing that acts as a
mold inside a sealed glass tube (Fig. 7a). After polymer-
ization, the glass tube is removed and the monolith sliced
into disks of required thickness. The PE tubing enables
flow only in the axial direction. The grafting of reactive
monomer at the pore surface within the disk is undertak-
en by first derivatizing the chloromethyl groups with an
azo initiator (Fig. 7b). Finally the pores are filled with a
solution of monomer with the required functionality and
heated to achieve polymerization initiated by radicals
anchored at the pore surface.
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Fig. 7. (a) Preparation of macroporous disks. (b) Preparation of monolith grafted with functionalized monomer.




666

Innovative approaches in combinatorial chemistry

Cleavage site for analysis

Chromophore

Q-

Cleavage site for product release

MS sensitizer

Isotope label

Linker 2 Substrate

Analytical
enhancer

Fig. 8. Analytical construct containing a UV-chromophore.

Plugs are based on resin sintering within an inert poly-
mer matrix (52). This method is applicable to various
resin types (polystyrene [PS], polystyrene-polyethyleneg-
lycol graft polymer [PS-PEG]) either pre- or postloaded
with virtually any linker. The preparation is based on
blending a 1:1 proportion of ultra-high molecular-weight
polyethylene and the desired synthesis resin to a homo-
geneous mix. This is then loaded into polytetrafluoroeth-
ylene (PTFE)-lined molds and passed through a sintering
oven under a nitrogen atmosphere. By increasing the
temperature of the mixture, the polyethylene matrix
softens to obtain plugs of resin with the mold shape.
These plugs are porous macroscopic frameworks where
the resin is embedded acting as minireactors. Each plug
has a defined loading, a high permeability to solvents
and an even void volume allowing swelling of synthesis
beads to occur. The structural integrity of the plug is sta-
ble to a wide range of organic solvents, acids and bases.
The performance of chemistry carried out on different
resin types in a plug and their comparison with identical
loose resin showed virtually identical results. The poten-
tial of this new format was demonstrated when an encod-
ed library was prepared by fitting each resin plug with
commercially available radiofrequency transponders
through a hole in the center of the plug. The noninvasive
retrieval of information from any plug was unambiguous
and instantaneous, and was applied to synthesize a 100
compound library. Further development of this approach
will use these resin plugs as scavengers, supported
reagents and catalysts in a similar way as the monolithic
polymer discs.

Analytical constructs on resin for rapid analysis
of solid-phase chemistry

Chemistry validation on solid phase is a time-con-
suming process due to the lack of a fast, simple and sen-

sitive method for rapid analysis. Analytical tools available
to study resin-bound products have greatly improved.
Examples include single-bead MAS NMR spectroscopy
(53), gel-phase ['3C]-NMR spectroscopy, single-bead
FT-IR spectroscopy (54), heteronuclear NMR methods
including [3'P] (55), ['°F] (56), ['®N] (57) and ['3C]-(58-60)-
enriched linker or substrates. However, these methods
are still limited by low throughput and sensitivity.

Recently, rapid and unambiguous analysis of reac-
tions on resin has been demonstrated using a “dual-link-
er analytical construct” on resin (Fig. 8). This method
relies on the use of a linear combination of two chemical-
ly orthogonal linkers (linker 1 and 2) separated by an ana-
lytical enhancer component. Cleavage at linker 1 affords
the substrate attached to the analytical unit which facili-
tates LC-MS characterization of the associated product.
At the completion of the synthetic sequence, orthogonal
cleavage at linker 2 cleanly releases the substrate of
interest in a convenient manner. The modular nature of
the linkers, analytical enhancer and solid support allow
the system to be tailored for different chemistries.

A recent development of this concept utilizes an ana-
lytical fragment composed of an amine group (generated
at the point of cleavage) which enhances detection by
electroscopy mass spectroscopy (i.e., a MS sensitizer),
an isotope label which gives rise to a characteristic split-
peak pattern in the mass spectrum for ease of peak
analysis (a MS splitter) and a distinct chromophore to
enable quantification by UV-HPLC. The chromophores
used to date are dansyl (61) and anthracene (62) deriva-
tives with intense absorption maxima at a remote wave-
length (339 and 386 nm, respectively) free of
absorbances from other species, thus enabling detection
of material released from a single resin bead.

In this way, rapid analysis of an ongoing synthetic
sequence on solid phase is achieved by cleavage at link-
er 2 of small resin aliquots and subsequent analysis of the
resultant solution by LC/MS. These analytical construct
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Analytical fragments, resulting from cleavage of linker 1 with mercaptoethanol, were analyzed by LC/MS and HPLC. HPLC areas were
measured at 386 nm, detecting one major peak. Product molecular ions (MH+) were measured using an LC-MS instrument
(Thermoquest LCQ in ESI+ mode) and were in agreement with the expected product for each step. Reagents and conditions: (a) (i) sec-
BuNH, (5 equiv), AcOH (5 equiv), NMP, 1-5 h, (ii) Bu,NBH, (5 equiv), AcOH, NMP, 2 h; (b) Fmoc protected benzoic acid (10 equiv),
PyBOP (10 equiv), DIPEA (20 equiv), CH,CI,:DMF (1:4), 30 min; (c) piperidine:DMF (1:4), 30 min; (d) p-toluenesulfonylichloride (2 equiv),

Et,N (4 equiv), MeCN, 2 h; (¢) TFA:CH,CI, (1:1), 1 h.

systems have been used for the direct monitoring of
organic reactions on solid supports (62-66), for rapid
reaction scanning of solid-phase chemistry (67, 68) and
kinetics (69) and for the analysis of split-and-mix libraries
(70).

The most recent modification of the analytical con-
structs has generated a “reporter resin”. This relies on the
mixing of a small proportion (5%) of analytical construct-
linked resin with unmodified resin (95%) prior to a solid-
phase synthesis, to track the progress of reactions occur-
ring on the whole. This concept was demonstrated with
the synthesis of the model library shown in Scheme 3
(71). The chemical sequence was successfully monitored
at each step by analytical cleavage and confirmed with
MAS NMR spectroscopic analysis. The use of a small
quantity of the reporter resin facilitates the development
of solid-phase synthesis routes and enables a level of
quality control of library products prior to isolation.

These analytical construct resins are proven tools for
the analysis of solid-phase organic reactions that directly
address a significant limitation in the development of
resin chemistry.

Dynamic combinatorial libraries

Dynamic combinatorial chemistry (DCC) (72-77) has
recently emerged as an elegant and potentially powerful
strategy for the discovery of receptor-ligand systems. In a
dynamic combinatorial library (DCL) each library member
is assembled from building blocks using reversible chem-
istry (dynamic chemistry). As a consequence, all products
can interconvert to give a thermodynamically controlled
product distribution selected from all possible combina-
tions. Addition of a target molecule to this mixture can
shift the product distribution in favor of molecules that
most strongly bind to the target at the expense of the
other molecules (amplification by molecular recognition).
If at this point the reversible chemistry of the mixture is
switched off, the major library members can be isolated
and characterized. This approach constitutes a chemical
process under a selection pressure, resulting in a one-pot
molecular evolution. In principle, the dynamic combinato-
rial approach integrates template-directed preparation
of the desirable compound and screening in one process,
without the need for individual synthesis of a large
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number of compounds and the identification of active
compounds by deconvolution or parallel screening proce-
dures.

To date, a few examples have demonstrated the fea-
sibility of this concept (78, 79). Most of the examples have
concentrated on the development of chemistries that
allow controlled reversible bond formation as a proof of
concept. DCLs have been generated noncovalently
through metal ligand exchange (80-84) and hydrogen
bonding networks (85-90), and covalently deploying a
range of reversible reactions such as transesterification
(91-93), disulfide exchange (94-97), allylpalladium chem-
istry (98) and transimination (99-102) or hydrazone chem-
istry (103).

An example of a new receptor identified and isolated
from a covalent DCL (104) using hydrazone chemistry is
shown in Figure 9. By mixing hydrazides and protected
aldehydes under acidic conditions, both hydrazone for-
mation and efficient exchange of the generated hydra-
zones occur (Fig. 10). The resulting equilibrium mixture
can be frozen by increasing the pH of the reaction mix-
ture.

Compound 1 (Fig. 9) bearing three molecular recogni-
tion groups, was selected as a building block to prepare
a library of macrocycles with potential to take part in
hydrogen bonding, pi interactions and Lewis acid/base
interactions. Acid catalyzed cyclization of building block 1

generated a DCL of macrocycles from dimer to unde-
camer as characterized by ESI-MS and HPLC. This DCL
was screened for its affinity for cations. When the dynam-
ic library was exposed to quaternary ammonium iodides,
KI, Rbl or Csl, no significant changes in the product dis-
tribution occurred. However, upon addition of Nal a sig-
nificant shift toward the cyclic trimer was observed which
was even more pronounced when Lil was introduced into
the reaction mixture (up to 98% of trimer formation). The
selected trimer was isolated by successive filtration
through a basic resin (neutralization) and silica gel. The
interaction between Li+ and the amplified trimer was stud-
ied in detail, using ['H]-NMR, ['*C]-NMR, ["Li]-NMR and
FT-IR, spectroscopies to show that this new receptor is
rather flexible and changes its conformation upon bind-
ing. Such flexible receptors, although widespread in
nature, are extremely difficult to create by design. This
illustrates the potential of the dynamic combinatorial
approach for the discovery of novel conformationally flex-
ible host (or guest) molecules.

Natural product-based libraries
and chemical genetics

Planning a library synthesis in a drug discovery pro-
gram often involves the preparation of small molecules to
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be screened for their ability to bind a preselected protein
target. The synthesis of natural product libraries can be
planned by retrosynthetic analysis of a starting hit struc-
ture or natural product-based template. This approach is
supported by the fact that half the drugs on the market are
direct descendants of natural products (105, 106),
although it might be argued that historically drug discov-
ery has been biased by a significant component of natur-
al product screening. In recent years, several solid-phase
approaches to natural product-based libraries have been
developed (107-111). The earliest efforts were focused on
the immobilization of complex natural product skeletons
(derived from either semisynthesis or total synthesis) onto
solid support to be further combinatorial diversified at
several positions. More recently, a few groups have man-
aged the total synthesis of natural products on solid sup-
port enabling the use of multicomponent building block
pools and the introduction of variations at all sites of the
natural product including the basic structure itself.

The strategies exploit the concept of library construc-
tion based on privileged structures, a term first proposed
by Evans et al. (112) to describe select structural types
from a natural source that bind to multiple, unrelated
classes of protein receptors as high-affinity ligands.
These privileged structures are typically rigid, polycyclic
heteroatomic systems capable of orienting functional
groups in a well-defined three-dimensional space.
Furthermore, this template needs to accommodate the
installation of a maximum degree diversity via solid-phase
split-and-pool synthesis (113-115). Libraries have been
inspired from a specific nonpeptidic natural product, a
hybrid structure or simplified mimetic of a natural product
(107-111), in addition to biopolymers (peptides, nucleic
acids, oligosaccharides) (116). However, natural products
still cover a diversity space not yet available from syn-
thetic libraries. Theoretical studies from Lee and
Schneider et al. (117) compare natural product databas-
es with different classes of drug molecules, revealing nat-
ural product-based scaffolds not present in trade drugs
which could generate potential drug-like libraries.

A recent and worthy example is the vitamin D, library
synthesized by Hijikuro et al. (118). 1a,24-Dihydroxy-
vitamin D, (Scheme 4), the biologically active metabolite
of vitamin D,, is recognized as a steroid hormone (119,
120). The natural hormone exhibits a variety of physio-
logical activities, such as regulation of calcium and phos-
phorus metabolism, cell differentiation and proliferation,
and the immune system (121). Recently, to separate
these activities and to enhance specificity, a number of
analogues have been synthesized as single compounds
using solution-phase chemistry (118). Doi et al. reported
the first solid-phase synthesis of the 11-hydroxyvitamin
D, system by combining three components; the A-ring,
the CD-rings and the side chain (Scheme 4) (122). An
improved synthesis amenable for library preparation
(118) was carried out by a split-pool methodology using
radiofrequency encoded (REC) chemistry (123). The
sequence began with the loading of the sulfonate-linked
CD-rings onto chlorinated PS-DES resin. Horner-
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Wadsworth-Emmons reaction of solid supported CD-rings
with lithiated A-rings yielded the corresponding triene.
Sequential one-pot coupling of several side chains with
the resulting immobilized sulfonate and concomitant
cleavage from the polymer support by Cu'-catalyzed
Grignard reaction gave the library members as crude sin-
gle compounds. The workup and purification of these
products was performed in parallel using a manual paral-
lel synthesizer. The biological evaluation of the resulting
72-member library of vitamin D, analogues will establish
structure-activity relationships for this molecular scaffold.

Research in genomics and proteomics coupled with
the use of microarray technologies is expected to provide
massive quantities of data relating to novel genes and
proteins. While such advances offer many opportunities,
a significant challenge in the “postgenomics” and pro-
teomics era is to identify highly specific small-molecule
ligands for any protein of interest to elucidate novel pro-
tein function and the development of new drugs.
Diversity-oriented synthesis has been adopted as an
alternative approach to the previous target-oriented syn-
thesis to address this broad scientific goal (124).
Collections of vast numbers of complex and diverse com-
pounds are screened for detectable biological effects in a
cell or whole organism. Once a particular biological effect
is observed, the function of a novel protein or gene can
be inferred. This concept is similar to genetic methods,
whereby mutations in genes are introduced and the
resulting biological effects are examined. It has therefore
been called the chemical genetic approach (Fig. 11) (125-
127). If a specific small-molecule agonist and antagonist
is found for every protein, it should be possible to exert
complex control of the biology using small molecules
alone. To address this goal, chemists are preparing
libraries composed of complex, natural product-like com-
pounds. This approach has been facilitated by the ability
to produce huge collections of compounds by combinato-
rial methods and the use of modern high-throughput
screening techniques.

Initial attempts have used highly functionalized poly-
cyclic derivatives as a basis to introduce diversity at sev-
eral positions in the template. For example, Tan et al.
have developed a synthesis of a shikimic acid derivative
by tandem acylation and 1,3-dipolar cycloaddition chem-
istry (Fig. 12) (128). The highly functionalized scaffold
was reported to have been further derivatized to give a
library of some 2 million polycyclic compounds.

Recently, a boronic ester annulation strategy has
been reported to lead to several different skeletal arrays
(129). This approach is based on a ring closing metathe-
sis of allylic or propargylic unsaturated boronic esters to
afford a diverse family of heterocycles (e.g., structures A
and B, Fig. 13). Further modification of these double
bond-containing products through, for example, a dihy-
droxylation (sequence |, Fig. 13) or a Diels-Alder reaction
(sequence Il, Fig. 13) yields structurally and stereochem-
ically diverse compounds by the same approach.
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Reagents and conditions: (a) 1,3-dichloro-5,5-dimethylhydantoin (3 equiv), CH,CI,, rt, 1 h; (b) sulfonate-linked CD-ring
(8 equiv), imidaxole (4 equiv), CH,Cl,, rt, 6 h, 95% yield. (c) A-ring (8 equiv), n-BuLi (7.5 equiv), THF, —40 to —10 °C, 3 h. (d) Side chain
(15 equiv), CuBr-Me,S (1 equiv), THF, rt, 3 h; CSA, MeOH, H,0, 30 °C, 6 h, 47% from CD-ring solid supported resin.
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Fig. 11. Genetic and chemical genetic approaches.
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Fig. 13. Reagents: (a) Grubbs’ catalyst (20 mol%), DCM, reflux, then H,O. (b) OsO,, NMO, acetone, pH 7 buffer: then 2,2-
dimethoxypropane, DCM, PPTS. (c) H,0,, NaOH, THF. (d) N-benzylmaleimide, PhMe, 70 °C. PST = pyridinium p-toluene sulfonate.
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Fig. 14. A basic microreactor. For a bimolecular reaction of the type X + Y — Z, reactant X is introduced into reservoir A and suitable
voltage is applied across electrodes within the reservoirs A and D to fill the A-D channel with X. Reactant Y is introduced into reservoir
B and a voltage across BC is used to fill the B-C channel. The reaction of Y within the flowing stream of X will take place in the E-H chan-
nel, which can also be controlled by the application of voltages across A-D.

From microreactors to the “lab-on-a-chip” concept the EOF, variations in the electrophoretic mobility of indi-
vidual species enables separation to be achieved. The

During the past 10 years, the development of combination of both types of mobility can be used to
microflow injection analysis (uFIA) and micrototal analyti- model and control the spatial and temporal position of
cal systems (UTAS), which exploit electroosmotic flow components in a microreactor system as a function of
(EOF) and electrophoretic separation, has achieved a applied voltages, allowing the processes to be readily
faster and cheaper way of performing chemical analysis automated and computer-controlled (130). By varying the
(130). The demand for high-throughput parallel process- potentials across each channel section, it is possible to
ing for combinatorial applications has led to the use of rapidly optimize the relative flows of different reagents, or
simila'r technology to construct microreactors for organic to inject plugs of one reagent into a stream of another, or
chemical synthesis. introduce a number of reagents in a specified sequence

for multistep reactions. Microreactors have been suc-
cessfully coupled to mass spectrometers (134), NIR
(134), Raman (135) and gas chromatography spectrome-
ters for online analysis (136).

Some direct advantages of microreactors include
rapid heat transfer owing to the decrease in linear dimen-
sions. Micromixers can reduce reagent mixing times to
milli- or nanoseconds. The miniaturization reduces expo-
sure to toxic or hazardous materials, and the enclosed
nature of the microreactors means greater containment of
chemicals. Other properties include localized control of
concentration gradients, separation of reaction products

Apparatus and principles

A microreactor involves a 2-dimensional network of
micron sized channels in a solid substrate surface using
wet etch, laser ablation, embossing, micromachining or
microlithography techniques (131-133). A top cover is
then bonded to form a capillary, as shown in Figure 14.
Holes drilled through the top cover allow connection to
the channels forming the reagent reservoirs and also
positioning of electrodes. This form of fabrication typical-
ly generates channels with a rectangular cross-section of

depth 10-200 um, width 50-200 pm and length in the cm and the possibility of eliminating unwanted side reactions
range. The flow-through of the microreactor manifold is (137). Although the small size of the microreactors would
generated by the application of suitable voltages across seem to preclude industrial scale synthesis, it has been
the electrodes within the desired reservoirs. This leads to shown (138) that with only 1,000 microreactors operating
an EOF which has no moving parts and minimal back continuously, 1 kg of material could be produced in a day.
pressure. EOF is used to move reagents and solvents The main attraction of this approach is the ability to main-
around the system of channels. In addition, due to the tain the high level of control and selectivity of chemical

high electric field (200 V/cm of channel) associated with reactions.
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Applications of microreactors in synthesis

The microreactor offers the opportunity to quickly per-
form a large number (many hundreds) of reactions in par-
allel to either explore and optimize reaction parameters or
library generation. Microreactors have so far been suc-
cessfully employed for gas- and liquid-phase chemistry.
The introduction of supported reagents in microreactors
has allowed the testing and optimization of catalytic
processes. For example, the gas-phase partial hydro-
genation of cyclododeca-1,5,9-triene, cycloocta-1,5-
diene and benzene has been carried out using a microre-
actor impregnated with an organic solution of
palladium(ll) or Ru/Zn derivative (138). A solution-phase
example developed a catalytic synthesis of 4-cyano-
biphenyl using a modified Suzuki coupling reaction (Fig.
15) (139). The heterogeneous catalyst (1.8% palladium
on silica) was incorporated as microporous silica frits
within the reactor manifold and reagent and products
were flushed through using EOF. The aryl halide and
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boronic acid were alternately pulsed over a catalyst bed
of palladium on silica leading to a great improvement in
yield from less than 5% to 68% by simulating the catalyt-
ic cycle. A superacid catalyst (sulphated zirconia) has
also been immobilized on to the surface of a microreactor
top plate whereby the pumping of hexan-1-ol produced
dehydration to hex-1-ene (140).

Hazardous chemical processes such as nitration of
toluene (141) or elemental fluorination of organic sub-
strates (142) have been carried out using stainless steel
or nickel microreactors, respectively. In these examples,
conversion efficiencies are improved or comparable to
results from conventional reactors, while many of the
associated safety risks are minimized.

The preparation of a series of nitrostilbene ester com-
pounds using Wittig chemistry has also been carried out
in microreactor device (Fig. 16). First, stoichiometry and
reaction diversity were investigated obtaining an increase
in reaction efficiency over the conventional batch method
(143). Then, the same system was used to introduce

QB(OH)Z + Br@CN

1.8% Pd/SiO,

O~

75%THF o
200V/25 min

Fig. 15. Suzuki reaction carried out in a microreactor.

PPhs CHO
. N _NaOMe Cg_\c
| S “MeoH CO,Me
NO, CO.Me Z/E isomers

Fig. 16. Wittig reaction carried out in a microreactor.
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Fig. 17. Multistep peptide synthesis performed in a microreactor.
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stereoselective control of the chemical reaction by apply-
ing electrical fields which generate controlled localized
concentration gradients of the reagent streams leading to
a variation in the Z/E ratio (144).

A major benefit of this methodology is the given capa-
bility of serially performing multistep reactions, culminat-
ing in target- or diversity-based synthesis. For example,
dipeptides have been prepared using microreactors in
quantitative yield in a period of just 20 min, compared with
batch reactions where only moderate yields (40-50%)
were obtained in a 24-h period (Fig. 17) (145).

Microreactors are a paradigm shift which have taken
synthetic chemistry some way toward realizing the “lab-
on-a-chip” concept. By analogy with conventional silicon
chips, such a device could lead to massive parallel chem-
ical processing in the future, well beyond the limits of cur-
rent technologies for parallel high-throughput synthetic
chemistry.
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