
Introduction

The establishment of an efficient method of synthesizing hete-
rocycles is required for the development of pharmaceuticals
and agrochemicals, since many bioactive compounds have a
heterocyclic ring. It is also necessary to prepare libraries of
small organic compounds for investigations of function and
the discovery of more bioactive compounds in pharmaceutical
and agrochemical chemistry. Combinatorial and parallel syn-
thetic methodologies provide the main driving force for the
preparation of libraries for applications in the discovery of
lead compounds and high-throughput medicinal chemistry
within the pharmaceutical industry.1–3) Many different formats
of high-throughput chemistry are available and solid-phase
organic synthesis (SPOS) plays a pivotal role allowing the
convenient handling of large numbers of synthetic intermedi-
ates.4,5)

Since the combinatorial chemistry first appeared in the
early 1990s, the way drugs are discovered has changed dra-
matically. The SPOS strategy has been a strong tool for high
throughput synthesis and combinatorial chemistry.6–9) Syn-
thetic intermediates are retained on the support and can be,
therefore, quickly separated from the reaction mixture without
extraction, concentration, and purification. SPOS is thus par-
ticularly advantageous for multi-step iterative synthesis. Vari-
ous solid-phase automated synthesizers have been developed
and are now commercially available. Even though several
synthesizers for solution synthesis have been developed, au-
tomation is essentially easier in solid-phase synthesis than so-
lution synthesis. In particular, the automated synthesis of pep-

tides and oligonucleotides has allowed their facile and rapid
preparation and greatly contributed to the elucidation of their
functions. However, SPOS is not without its drawbacks since
often extended development times are required to optimize
new solid-phase chemical reactions. Actually, many laborato-
ries have been engaged in the development of novel solid-
phase linking strategies and chemical technologies. This
paper describes recent findings in, and a useful method for,
the synthesis of heterocycle and nitrogen heterocycle com-
pounds.

1. Selenium-based solid-phase chemistry to include 
nitrogen-containing heterocycles

Nicolaou and co-workers have been engaged in the develop-
ment of novel solid-phase linking strategies and chemical
technologies aimed at the construction of discovery-oriented,
natural product-like libraries.10–12) Toward this end, several
natural product-like templates have been tethered to a solid-
support utilizing an intramolecular, selenium-mediated cy-
cloaddition procedure. Encouraged by their success in devel-
oping chemistry and technology to produce natural product-
like libraries of oxygen-containing heterocycles and carbo-
cyclic frameworks13–16) and due to the potential utility of such
libraries in chemical biology investigations,17,18) they sought
to expand the scope of this selenium-based solid-phase chem-
istry to include nitrogen-containing heterocycles. Recently,
they reported that o-allyl- and o-prenyl-anilines were cycload-
ded to afford a series of solid-supported indole and indoline
scaffolds (2) using a polymer-bound selenenyl bromide resin
(Scheme 1). These scaffolds were then functionalized and
cleaved via four distinct methods, namely traceless reduction,
radical cyclization, radical rearrangement, and oxidative elim-
ination, to afford 2-methyl indolines, polycyclic indolines, 
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2-methyl indoles, and 2-propenyl indolines.
On the basis of their new findings, they reported the suc-

cessful loading, functionalization, and cleavage of four novel
classes of natural product-like templates, namely 2-methyl in-
doline (5), polycyclic indoline (6), 2-methyl indole (8), and 2-
propenyl indoline (9) using selenium-based solid-phase chem-
istry. These technologies may prove useful in the synthesis of
further combinatorial libraries of biologically relevant com-
pounds for chemical biology studies and drug discovery pur-
poses (Scheme 2).19)

2. Generation and cycloaddition of polymer-supported
azomethine ylides

One of the most useful methods for the synthesis of diverse
heterocyclic compounds involves 1,3-dipolar cycloaddition
reactions.20–26) In a series of studies on the generation of 1,3-
dipoles in solution phase, Komatsu and co-wokers discovered
that azomethine ylides (11 or 12) can be generated from a-
silylimines (10) by thermal 1,2-silatropy onto the imino nitro-
gen or by treatment with a trifluorosilane as a quaternization

and desilylation reagent (Scheme 3).27)

In the former method, no additives are required and the re-
actions can be performed under completely neutral condi-
tions. In the latter method, a fluorosilane plays multiple func-
tions and the reaction proceeds under mild conditions. These
methods are based on the strong affinity between silicon and
nitrogen or fluorine. The resulting N-silylated azomethine
ylides (11 or 12) are quite useful species in terms of the si-
multaneous formation of two C-C bonds leading to N-unsub-
stituted and N-substituted heterocycles. By applying these
1,3-dipolar cycloaddition reactions to SPOS, they developed a
novel solid-phase strategy for the synthesis of pyrrolidine and
pyrrole derivatives from polymer-supported a-silylimines
(16) by utilizing the characteristics of silicon.28) Polymer-sup-
ported azomethine ylides (21) were generated from the corre-
sponding a-silylimines (20) by thermal 1,2-silatropy or by
treatment with a trifluorosilane, and the resulting species were
then reacted with dipolarophiles (Scheme 4). A modification
of the linker led to a traceless solid-phase synthesis. They also
demonstrated versatility in several steps, suggesting that these
methods are potentially useful for the construction of a library
of heterocycles.

3. Named reaction on solid-phase for the synthesis of
heterocycles

The formation of C-C bonds is an important process in syn-
thetic organic chemistry. Among a variety of methods re-
ported to date, the Pictet–Spengler reaction29–33) is one that in-
volves the acid-catalyzed condensation of an aldehyde with an
aliphatic amine attached to a sufficiently reactive aromatic nu-
cleus like 24 to form imine (25), which is often activated by
acids. Endo cyclization between a carbon nucleophile of a
sufficiently reactive aromatic moiety and the activated
iminium ion results in a new C-C bond, forming a N-hetero-
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cyclic ring (26) (Scheme 5).
Kundu and co-workers have developed a modified solid-

phase strategy for the Pictet–Spengler reaction involving an
aromatic amine linked to N1 of imidazole (31) and an alde-
hyde (Scheme 6).34) This method can be used for the genera-
tion of large libraries of imidazoquinoxaline-based com-
pounds using an automated synthesizer. Their strategy also
opens up possibilities for the design and synthesis of a variety
of aryl or aliphatic amine substrates derived from an activated
aromatic nucleus. Such amine can be used for the generation
of heterocycles using the Pictet–Spengler reaction.

Pulici and co-workers reported the SPOS of oxazoles via a
Robinson–Gabriel reaction of solid-supported-acylamino ke-
tones.35) Robinson–Gabriel is the name normally given to the
cyclocondensation reaction of acylamino ketones. It is one of
the first methods reported for the synthesis of oxazoles
(Scheme 7),36,37) and it has been accomplished only using
rather harsh conditions involving a cyclodehydrating agent
such as sulfuric acid, phosphorus pentachloride, phosphorus
oxychloride, polyphosphoric acid, phosgene, or anhydrous hy-
drogen fluoride.38,39) Pulici and co-workers were interested in
developing a more general strategy to enable the synthesis of
functionalized oxazoles carrying no memory of the original
anchoring point. Their works involved, therefore, preparing 

an acylamino ketone bound to a suitable linker (37) by means
of the only viable atom, that is, the nitrogen. Treatment with
an appropriate dehydrating agent mediates a cyclative cleav-
age, releasing the expected product in solution (Scheme 8).

4. Solid-phase synthesis of tertiary amines by reduction
of tertiary amides with LiAlH4

Tertiary amines are an important class of compounds for drug
discovery processes. It is well recognized that the reduction of
primary and secondary amides affords the corresponding pri-
mary and secondary amines in good yields with LiAlH4. The
reduction of tertiary amides, however, generally gives second-
ary amines when the N-substituents are bulky.40) In fact, the
reduction of N-benzyl-N-phenylbenzamide (39) with LiAlH4

in solution gave benzylphenylamine (40) as the sole product.
Fukase and co-workers reported a novel solid-phase synthesis
of tertiary amines through the reduction of N-aryl-N-benzyl-
benzamides with LiAlH4.

41) Their method allows for the facile
introduction of diversity with the use of commercially avail-
able amines and acyl chlorides.

As has been described, SPOS has proved to be useful for
preparing libraries of small organic compounds, since it helps
in both expediting the preparation and increasing the diversity
of the molecules.42,43) In addition, SPOS may enable new 
reactions which can not be effected by traditional solution
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synthesis. But, reactions on a solid-support generally proceed
slowly in comparison to those in solutions owing to the low
rate of diffusion of reagents in polymer-supports. Fukase and
co-workers, therefore, expected the reactivity of reagents to
be controllable using solid-phase reaction conditions.44) They
found that tertiary amides (N-aryl-N-benzylbenzamides) (39)
bound to a gel-type polystyrene support were reduced with
LiAlH4 to give tertiary amines, whereas the reduction of simi-
lar tertiary amides in solution generally gives secondary
amines as main products.41) Reduction with LiAlH4 in solid-
phase synthesis is additionally advantageous in that the inor-
ganic salt formed by the reduction can be readily removed by
just filtration and washing with aqueous acetic acid and aque-
ous methanol (Scheme 9).

5. SPOS aimed at diversity-oriented synthesis (DOS)
Janda and co-workers reported a novel and efficient N–H in-
sertion-based strategy for the synthesis of oxazolones from
diazocarbonyls.45) In this paper, in order to synthesize oxa-
zolone arrays using the solid-phase methodology, an alterna-
tive TFA labile linker strategy was developed. Wang resin-
bound diazocarbonyl substrates were also shown to be of

great utility in the preparation of oxazoles and imidazolones.
In the case of the oxazolones (44), the majority of the desired
products were also isolated in excellent purity and good yield.
In the case of the imidazolones (46), a primary urea was used
as the insertion component, and the product from this reaction
was treated with TFA to achieve both cyclizations to the imi-
dazolone and cleavage from the resin in one pot. These highly
useful intermediates were used for the synthesis of a series of
heterocycle libraries, which were obtained from the resin
using TFA cleavage. This work has centered on the applica-
tion of polymer-bound a-diazo-b-ketoesters as key building
blocks for the DOS46) of a series of heterocycle libraries, 
including oxazoles,47) indoles,48) imidazolones and imida-
zoles,49,50) and pyrazinones and pyrazines (Scheme 10).51)

DOS is an emerging field involving the synthesis of combi-
natorial libraries of diverse small molecules for biological
screening.52) Rather than being directed toward a single bio-
logical target, DOS libraries can be used to identify new lig-
ands for a variety of targets. Several different strategies for li-
brary design have been developed to target the biologically
relevant regions of chemical structure space. DOS has pro-
vided powerful probes to investigate biological mechanisms
and also served as a new driving force for advancing synthetic
organic chemistry.52)
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