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Synthetic organic chemistry has always been a frontier area
of research due to its impact on the materials and biological
sciences. The scientific community involved in this area is
constantly being challenged to develop efficient methodologies, novel reactions, and processes that will lead to the
synthesis of desired target molecules and their derivatives.[1]
Not only is synthetic organic chemistry a tool for obtaining
compounds that can be utilized for understanding biological
functions or the behavior of materials, but it also leads to the
creation of novel drug/drug-like candidates and of novel
materials with interesting properties.
During the last few decades, there has been a great push for
the development of novel synthetic methodologies that lead
to complex natural products, natural product like molecules,
and simpler analogues of natural products in an efficient
manner. Tremendous progress has been made in asymmetric
synthesis for the development of stereo- and enantioselective
reactions. Combinatorial chemistry dealing with organic
synthesis emerged during the last decade.[2] This was largely
due to the extensive time period required for the identification of drug-like candidates and novel materials. In a classical
manner, lead compounds are derived from the extraction of
natural products from plants, animals, insects, or microorganisms. Following positive responses from several fractions, the
next challenge is identification of the chemical entities
responsible for the biological activity. Synthesis is then
undertaken to obtain specific compound(s) in large quantities
or to obtain simpler analogues that may exhibit similar
biological response. Overall, traditional medicinal chemistry
approaches toward these goals have been very time consuming and very expensive. By applying combinatorial chemistry,
it is possible to obtain large sets of organic/bioorganic
compounds over short periods of time, either by applying
parallel high-throughput synthesis or by a ªmix and splitº
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technology. In the coming years, it is expected that combinatorial chemistry will play a crucial role in understanding the
biological functions of new targets or in the identification of
novel targets in the area of genomics and proteomics research.
Over the past few years, we have observed the impact of
combinatorial chemistry in the development of high-throughput synthesis of focused libraries. It is anticipated that the next
era will involve diversity-based synthesis of natural product
like compounds to explore their applications in emerging
genomics- and proteomics-related research activities. Although very recent, these efforts are already in action within
the combinatorial chemistry community and are highlighted
in this article.
Recently, Schreiber has given an elegant description of the
differences between target-oriented synthesis and diversitybased synthesis.[3] As Schreiber explains, in a drug discovery
process, target-oriented synthesis of small molecules is undertaken on the basis of retrosynthetic analysis. In general, this
approach requires preselection of the protein target(s) which
are then utilized for developing small molecules as selective
binding agents, either by traditional methods or by solidphase combinatorial chemistry based on organic synthesis.
This can further be applied in a parallel manner or by using a
mix and split technology for developing high-throughput
organic synthesis. Using a mix and split method, it is possible
to synthesize a large set of compounds which are then
screened as mixtures. The identification coding technique
helps to identify the positive lead compounds in mixtures.
Parallel synthesis generally does not result in higher numbers
as it provides only one compound per well.
In contrast, and as described by Schreiber, diversity-based
organic synthesis is not focused toward a given target. Rather,
it is used for identifying new targets or for understanding
biological functions of new targets. Moreover, it does not rely
upon retrosynthetic analysis and is aimed at developing novel
methodologies for obtaining small molecules with structural
complexity and diversity. Schreiber compares this to the
random mutation approach, which is a well-established
technique for modulating specific, cellular, biological responses. Schreiber further defines this technique as a ªchemical genetics approachº in which small-molecule libraries are
used for probing cellular responses in search of ªtherapeutic
target validationº and ªchemical target validationº.[4] Given
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tional group could be further substituted to alkenes, alkynes,
and chloroformates for the generation of highly diverse
templates. After optimization of a series of reactions, lactone
aminolysis (to form 7) and esterification (to form 8), led to the
synthesis of a full-size library (approximately 2.18 million
compounds) with a high degree of complexity and diversity.
The library was analyzed for its inhibitory activity toward a
Xenopus lavis oocyte extract assay, mink lung cell proliferation, and rapamycin-based growth inhibition in Saccharomyces cerevisiae.[6] Interestingly, several library members
were identified as activators of the reporter gene in mink
lung cells. It is remarkable that the library design strategy
relied upon the use of highly mild reagents and efficient
stereoselective synthetic methods. This indeed is a very good
lesson for the combinatorial chemistry community. Examples
of library synthesis that utilize a simple, chiral starting
material for obtaining structurally complex and diverse
building block templates are likely to appear in the literature
in coming years.
Another interesting example of a similar approach appeared in 1999. In this communication,[7] Schreiber and coworkers reported an efficient approach to the synthesis of
macrocyclic libraries. A key step in their strategy involved the
application of a well-known ring-closing metathesis reaction,[8] which is then followed by exploring macrocyclic-based
stereocontrol reactions. It is well-known that several biologically active natural products bear medium to large rings. A
number of antibiotics (for example, erythromycin) belong to
this category of macrocyclic-base, highly functionalized compounds. Complex small-molecule libraries having medium to
large size ring derivatives can provide biologically enriched
compounds. Successful strategies will largely depend upon the
structure of the acyclic precursors having optimized conformational features suited for the ring closure. In general, sixmembered ring cyclization reactions are highly efficient and
high yielding. Macrocyclic ring closure could also exhibit
similar properties by introducing the structural and the
functional elements that would favor the ring cyclization.
Schreiber et al. envisioned that inserting trans-olefinic moieties 10 into the alternative sp3 bonds of a six-membered ring
9 would favor the macrocyclic ring cyclization that yields 11
due to the release of the trans annular effects and the torsional
strains (Scheme 3). For the successful cyclization metathesis,
it is important that the reactive termini in both acyclic
precursors are oriented in a close proximity suitable for the
ring closure. Olefinic and carbonyl groups in a macrocycle
could then undergo various macrocyclic-based stereocontrolled reactions (such as epoxidation or enol ether chemistry).
Before library synthesis, the ring-closing metathesis reaction was tested in the solution phase with the model
compound. Compound 12 was obtained from the sequential
acylation of a 1,2-amino alcohol derivative. Ring-closing
metathesis was carried out in the presence of Grubbs catalyst
(13; 5 ± 15 mol %) to give the desired product 14 in average to
excellent yields. Further, it was shown that epoxidation and
enol ether alkylation reaction with the macrocycle gave the
epoxide product and the alkylated derivative with complete
stereocontrol. At this stage, the ring closing metathesis based
macrocyclization was tried on the solid phase. A chiral amino
Angew. Chem. Int. Ed. 2001, 40, No. 2
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Scheme 3. Schreiber et al.s macrocyclic ring formation approach for the
potential synthesis of small-molecule libraries. Top: theoretical reaction;
middle: model solution-phase system; and bottom: solid-phase reaction.

propanol derivative was anchored onto the solid support using
a traceless linker yielding compound 15. This was first
subjected to double acylation followed by ring-closing metathesis that gave the chiral macrocyclic derivative 16. This sets
the stage to carry out a mix and split encoded process toward
the synthesis of stereochemically complex, chiral macrocyclic
compound libraries. The biological outcome from this class of
libraries will be seen in coming years.
With a similar goal of using small-molecule libraries in
genomics and proteomics research, the Schultz group is
developing purine-based small-molecule libraries. In combination with the structural features of several kinases and
genomics research, these libraries are tested for the identification of kinase inhibitors. The purine ring constitutes a
common structural motif in molecules that play vital roles in
many biological processes. For example, it is an important
component in proteins such as cellular kinases, specifically
cyclin-dependent kinases (CDKs).[9, 10] These enzymes regulate many biological processes such as cell growth, DNA
replication, and cell division.[9] As such, the synthesis of kinase
inhibitors has grown rapidly over the last few years. Some of
the earlier CDK inhibitors are shown in Scheme 4 (17 ± 19).[11]
These compounds displayed reasonable inhibition, but still
lacked the potency and selectivity to be ideal drug candidates.
In order to facilitate the synthesis of purine derivatives with
greater affinity for CDK enzymes, it was postulated, based on
several X-ray crystallographic studies, that the synthesis of
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tetrahydropyran ether, or 4-aminobenzyl amino groups
(Scheme 6; 21 ± 23, respectively).[11b,c,e] The main drawback
of this strategy is the loss of a potentially useful site for
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potent CDK inhibitors (Scheme 5; 20).[12]
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Scheme 6. Solid-phase approaches by Schultz et al. for the synthesis of
purine-based libraries.

structural variation. A combination of solid- and solutionphase chemistry was utilized to overcome this problem. This
strategy involves immobilization of the purine ring at the C6
position allowing a variety of substitution to occur at the C2,
C6, and N9 positions (Scheme 7; 24, 25). Initially, the solid-

N

N
3

N

N

N

staurosporine (19)

Scheme 4. Natural product based compounds which are CDK inhibitors.

R1

N

N
NHMe

diversity

F

Me

OH
OH

R

N

N

N

N

21

O

Cl

N

N

H
N
O

OH

Cl

Cl

17

O

amination

amination

8

9

3

N
H

N

N

N
5

R

R4

diversity

N
H

R1 amination

N

N

20

Scheme 5. General structure of the purine-based compounds to be
synthesized in libraries for testing as CDK inhibitors.

R3 NH2

amination

F

HN

Cl

N

N

H

R1
N

N
R3

N
H

N

N
R2

R2 OH Mitsunobu
alkylation
24

25

However, traditional synthetic methodologies involving
solution-phase chemistry often prove to be difficult and timeconsuming processes if a large number of diverse molecules
are desired. On the other hand, combinatorial chemistry
offers a practical solution to produce compound libraries for
their biological significance. Libraries of natural products or
collections of small organic molecules are being explored for
their ability to affect particular pathways in cells or organisms.
These libraries will enable the identification of new targets for
their effectiveness against particular pathways, in the hope of
discovering new drugs. The rapid screening of these libraries is
now possible with modern technologies. Several strategies
have been employed by Schultz and co-workers for solution/
solid-phase synthesis of purine derivatives.[11] These initial
targets will allow a primary determination of structure ± activity relationships (SARs) against CDK enzymes.
The solid-phase synthesis developed by Schultz and coworkers involves the attachment of a solid support to one of
the purine positions (C2, N9, or C6) with glycinamido, ethyl

phase synthesis involves the reductive amination of 2,3dithiol-1-propanol derivatized 4-methylbenzhydrylamine
(MBHA) with various primary amines to give resin-bound
amines.[11c] The amines are then reacted with compound 26, to
achieve combinatorial diversity at the C6 position. Mitsunobu
and amination chemistry are then applied for further functionalization at the N9 and C2 positions. Scheme 8 illustrates
an example of this type of approach. Like the previous
strategy, this approach also suffers from two key set backs:
1) direct introduction of a secondary amine at the C6 position
is not possible, and 2) amination with bulky groups at the C2
position occurs slowly and in low yields. Schultz and coworkers tackled these difficulties with two new solution-phase
strategies, allowing diversification of the trisubstituted purine
libraries shown in Scheme 9.[13]
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Scheme 7. A combination of solid- and solution-phase chemistry utilized
by Schultz et al.
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Scheme 8. Multistep solid-phase synthesis of purine-based small-molecule libraries, developed by Schultz
et al. TBAF  tetrabutylammonium flouride, DEAD  diethylazodicarboxylate, NMP  N-methylpyrrolidine, TFA  trifluoroacetic acid.
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be applied to enhance the affinity of the lead compounds for
CDK activity. To date, biological assays have been able to
identify a number of potent cyclin-dependent kinase inhibitors from the libraries. In addition, other purine derivatives
have been shown to inhibit cellular proliferation at specific
phases of the cell cycle, as well as the growth of cells linked to
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duction of various amine derivatives at the C6 position was accomplished in the presence of n-butanol
at elevated temperatures (see, for
example, compound 35). Strategy 2
is different from strategy 1 in the
order of substitution at various
positions, but the main chemistry
for both strategies is virtually identical. An example of solution chemistry using this strategy is shown in
Scheme 11.
Using a combination of solution/
solid-phase approaches, several purine libraries containing hundreds
to thousands of purine analogues
with structural diversity at the C2,
C6, and N9 positions were synthesized. Iterative synthesis can later
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The strategies involved the use of 2-amino-6chloropurine (31) and 2-fluoro-6-chloropurine
(33). Compound 33 can be easily synthesized
from commercially available 31.[11b] In strategy 1
(Scheme 10), 31 was functionalized in a stepwise fashion at the N9, C2, and C6 positions.
Mitsunobu chemistry using primary and secondary alcohols allows the introduction of various
substitutents at the N9 position. The amino
group at the C2 position was acylated with
trifluoroacetic anhydride in order for Mitsunobu alkylation to occur efficiently. Lastly, introAngew. Chem. Int. Ed. 2001, 40, No. 2
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specific tumors.[13] Schultz and co-workers have recently
isolated, from the purine-based libraries, a compound named
myoseverin which has the capability to induce the reversible
fission of myotubes (muscle cells) into mononucleated fragments.[14] This finding has implications in the process of tissue
regeneration and wound healing.
More recently, Bertozzi and co-workers[15] utilized kinasebased libraries to select for carbohydrate sulfotransferases
inhibitors given that both enzymes use a similar substrate.
Surprisingly, several purine derivatives were identified as lead
compounds with an IC50 value of 20 ± 40 mm. These initial
compounds will serve as templates for the design of future
libraries with greater affinity for carbohydrate sulfotransferase enzymes.
Nicolaou and co-workers are actively involved in the area
of solid-phase synthesis leading to natural product like, smallmolecule libraries. Recently, they reported a solid-phase
selenium-based linker and its application for the synthesis of
benzopyran derivatives.[16] Several natural products, such as
flavonoids, coumarins, rotenoids, stilbenoids, and chromene
glycosides contain the dimethylbenzopyran moiety as a part
of their core structure. Some representative examples are
shown in Scheme 12. A high-throughput synthesis of their
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Scheme 13. Nicolaou et al.s selenide resin based approach for the synthesis of dimethylbenzopyrans.

benzopyran moiety. For example, compound 45 could undergo an enol ether based aldol reaction followed by oxidative
work-up to give compound 46 in high yield. Similarly, the
selenide resin bound benzopyran derivative 47 could react
under Wittig conditions to yield the coumarin derivative 48
after the oxidative work-up. Nicolaou and co-workers have
further shown that functional groups from the benzopyran
selenide moiety anchored onto a solid support could be
converted into useful derivatives. For example, cyano derivative 49 (Scheme 14) was converted into the corresponding
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Scheme 12. Examples of dimethylbenzopyran-based natural products.
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derivatives could provide interesting lead compounds with a
broad spectrum of biological properties. A key step in the
approach of Nicolaou et al. is the synthesis of the selenenyl
bromide resin, 42 (Scheme 13) prepared from commerically
available polystyrene resin. Lithiation, followed by treatment
with dimethyl selenide gave the methyl selenide resin. This
was then converted into bromide derivative 42 on treatment
with bromine. Resin 42 reacted with compound 43 to give the
selenyl benzopyran derivative 44. Under oxidative work-up
(33 % H2O2), it was possible to cleave the benzopyran moiety
from the resin with the introduction of the double bond
between the C3 and C4 positions. The methodology is highly
versatile and could be applied to a variety of substrates
bearing different functional groups on the aromatic ring of the

tetrazole derivative in a few steps that involve reaction with
azidotrimethyl tin followed by NÿSnMe3 cleavage under
trifluoroacetic acid (TFA) conditions. In a similar manner,
oxazole derivative 52 was obtained from compound 50 in a
number of steps. In general, these transformations are high
yielding and provide a useful entry to the synthesis of
biologically relevant, natural product like compounds. Following success with the use of selenium-based resin for the
synthesis of dimethylbenzopyrans, a solid-phase synthesis of
indoline-like compounds was also accomplished using sele-
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Scheme 14. Examples of functional-group transformation in selenide resin
based dimethylbenzopyrans.
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nium chemistry.[16c] The approaches developed by Nicolaou
and co-workers are simple, highly efficient, and could be
utilized for obtaining a variety of dimethylbenzopyran- and
indole-based small-molecule libraries.
Shair and co-workers are developing solid-phase approaches for the synthesis of natural product like compounds
that mimic biosynthetic pathways.[17] Biomimetic synthesis
often requires the use of simple organic precursors and mild
reaction conditions. Shair et al. planned to utilize biomimetictype reactions on the solid phase that could further be
combined with the mix and split technology for library
synthesis. Carpanone (53, Scheme 15), a natural product from
the benzoxanthenone family, was selected for study. The
biomimetic synthesis of carpanone was achieved by Chapman
in 1971 and involves a stereoselective, oxidative coupling
followed by an intramolecular Diels ± Alder reaction.[18]

To summarize, in recent years, several interesting approaches leading to the synthesis of structurally complex and
diverse compounds have appeared in the literature. Collectively, these methods allow the synthesis of a variety of natural
product like compounds in a high-throughput manner. If the
last century was the era of focused stereoselective organic
synthesis, in the coming years diversity-based organic synthesis will play an important role in understanding the
function of biological targets which are emerging from the
growing efforts in genomics and proteomics research.
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Chemically Modified Amino Acids in Copper Proteins That Bind
or Activate Dioxygen**
Malcolm A. Halcrow*
It is an interesting observation that four of the six classes of
copper oxidase or monooxygenase enzymes whose structures
are known[1±3] contain a chemically modified amino acid either
ligated to, or in close proximity to, the active-site copper
center. Some of these unusual residues, namely the TyrCys,
HisCys, and TyrHis moieties, are derived from a cross-linking
reaction between two amino acid side chains. Alternatively,
the 2,4,5-trihydroxyphenylalaninequinone (topaquinone,
TPQ) and lysyl tyrosyl quinone (LTQ) cofactors are generated by monooxygenation of a tyrosine side chain, followed by

[**] The author acknowledges the Royal Society (London) for a University Research Fellowship.

nucleophilic attack at the resultant ortho-quinone. The
HisCys,[4] TyrCys,[5] and TPQ[6] residues were first detected
in their respective proteins between nine and eighteen years
ago. However, our understanding of the functional roles of
these and the other, more recently discovered,[7, 8] residues is
often still rather limited. Attention has also now begun to
focus on the biosynthesis of these cofactors, which in many
cases must involve unusual organic transformations that have
not been previously characterized in copper biochemistry.
The cross-linked amino acid whose function is best understood is the TyrCys residue found in radical copper oxidases,
of which galactose oxidase (GO) is the prototype.[1] This side
chain acts as a ligand to a monocopper center in the enzymatic
active site (Scheme 1 A),[5] and is oxidized to a [TyrCys] .
radical in the active resting enzyme; this phenoxyl radical
abstracts a hydrogen atom from the alcohol substrate during
turnover.[1] The oxidation potential of the TyrCys moiety is
0.5 V less positive than would be expected for an unmodified
tyrosine residue.[9] Consistent with this, several model studies
have shown that ortho-sulfide substitution of a free or
coordinated phenoxide will lower its oxidation potential by
250 ± 500 mV.[10] However, recent calculations have shown
that the S atom of an ortho sulfide substituted phenoxyl group
only accepts up to 15 % of the radical unpaired spin, and does
not significantly perturb the spin distribution over the rest of
the molecule.[11] In addition, it has also been calculated that
the OÿH homolytic bond dissociation energy (BDE) of an
ortho sulfide substituted phenol is identical, to within
2 kcal molÿ1, to that of an otherwise identical phenol lacking
this substituent.[12] Hence, the electronic structure of the
[TyrCys] . radical of GO and its reactivity towards H-atom
donors are not significantly perturbed by the sulfide substituent, and it appears that the function of this cross-link is purely
to lower the oxidation potential of the oxidizable tyrosine
ring.
Less is known about the other cross-linked amino acids. The
TyrHis cross-link in cytochrome c oxidase (CcO) forms part of
the heme/copper site of this enzyme (Scheme 1 B),[7] which
catalyzes the reduction of dioxygen to water.[3] The currently
favored mechanism for this reaction implies that 4-electron
reduction of O2 by CcO occurs in one mechanistic step,[13] and
it is thought that the TyrHis residue acts as both as a Brùnsted
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