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Abstract

This article describes the exploration of synthetic methodologies on solid phase for combinatorial

chemistry. Examples will cover various cyclisation strategies that include; the intramolecular Heck cyclisation leading to
the formation of oxindoles, the radical cyclisation mechanism in the synthesis of furans, and a stereoselective cyclisation
to form oxopiperazines. J. Cell. Biochem. Suppl. 37: 28-33, 2001.  © 2002 Wiley-Liss, Inc.
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The 1990s have seen the beginnings of a
transformation of how synthetic organic chemi-
sts prepare compounds for discovery chemistry.
The major driving force for change has been the
need to accelerate and improve the process of
drug discovery, although other fields such as
material science and catalyst discovery have
also seen changesin approach. A significant part
of this advancement has been lead, and conti-
nues to be lead by novel chemical technologies
on insoluble solid supports (the solid phase).
The synthesis of peptides, and nucleic acids on
solid phase is well-understood, established and
automated. However, the more generalised syn-
thesis of organic molecules on solid phase is a
fertile ground for chemical exploration and
challenges. In this article, I describe three solid
phase synthetic methodologies that have been
studied in my group each involving the syn-
thesis of heterocyclic molecules via a distinct
cyclisation chemistry.

Intramolecular Heck Reaction

The Heck reaction [Cortese et al., 1978] has
proven to be a popular and successful strategy
for the formation of carbon—carbon bonds on

Grant sponsor: Astrazeneca; Grant sponsor: EPSRC.
*Correspondence to: Shankar Balasubramanian, Univer-
sity Chemical Laboratory, University of Cambridge, Lens-
field Road, Cambridge, CB2 1EW, UK.

E-mail: sh10031@cam.ac.uk

Received 5 September 2001; Accepted 5 September 2001

© 2002 Wiley-Liss, Inc.
DOI 10.1002/jcbh.10063

solid phase [Yu et al., 1994]. In particular, the
intramolecular Heck reaction is a useful syn-
thetic method for the formation of five, six or
seven membered rings fused to aromatic rings.
Examples of important classes of molecules
prepared by the intramolecular Heck on solid
phase include the synthesis of indoles [Yun
and Mohan, 1996], isoquinolines [Goff and
Zuckermann, 1995], and the synthesis of oxi-
ndoles [Arumugam et al., 1997], which is desc-
ribed below. Oxindoles are known to possess
interesting biological properties, which include
anti-rheumatics, auxin activity in addition to
inhibitors of mandelonitrile lyase and protein
tyrosine kinases. Therefore, they represent an
interesting class of molecular template for a
solid phase synthesis amenable for combinato-
rial variation.

The synthesis was based on first generating
the immobilised iodoaniline (4) by the route
shown in Figure 1. Alkylation of 3-iodo-4-nitro-
phenol (1) with ethylbromoacetate followed by
hydrolysis afforded the acid (2), which was
immobilised on Rink amide resin to give the
nitro derivative (3), which could be reduced
with SnCl; to form (4). The most challenging of
these reactions proved to be the Sn(II) reduc-
tion, which has been somewhat variable for the
reduction of nitroaromatic molecules on solid
phase by a number of groups pursuing other
targets. An alternative approach would be
to directly load an N-Boc protected 3-iodo-4-
aminophenol [Gordon and Balasubramanian,
2001], which would circumvent the need for
reduction of the nitro group on solid phase.
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Fig. 1. (i) Ethylbromoacetate, K,CO3, DMF (95%); (i) 1 N

NaOH, MeOH, reflux; (iii) Conc. HCI (90%); (iv) Deprotected
Rink amide resin, DIC, DMAP, NMM, DMF (quantitative); (v)
SnCl,.2H,0, DMF, (70%).

The synthetic route from iodoaniline to oxin-
dole is shown in Figure 2. The steps comprise
reductive alkylation of aniline (4) with an alde-
hyde to give resin-bound secondary amine (5),
which is then acylated with an o,B-unsaturated
acyl chloride to give tertiary amide (6). The
intramolecular Heck cyclisation of (6) to give
oxindole (8) proceeds in 90% yield for the case
(R! = cyclohexyl, R = methyl). The proof of con-
cept for expansion of this synthesis was carried
out using three commercially available alde-
hydes and three o,-unsaturated acid chlorides
to generate the nine oxindoles (8a—8i) shown in
Table I in respectable yields and variable puri-
ties after cleavage.

Further elaboration of such oxindoles was
also demonstrated by the efficient 1,4-conjugate
addition of soft nucleophiles, e.g., thiophenol,
benzylmercaptan or diethyl malonate, onto the
resin-bound oxindole (7) (R'=CHyCH(CHj),
Ry =Ph)[Arumugam et al.,, 1997]. This is a
robust example of the application of the intra-
molecular Heck cyclisation on solid phase,
which could be expanded into a broader combi-
natorial synthesis.
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Fig. 2. Yields refer to the case, where R'=cyclohexyl and
R?=CHs. (i) R"CHO, DCM, sonnicate; NaBH(OAc);, DCM,
(95%); (ii) RACH=CHCOCI, DIPEA, DMAP, DMF, (90%);
(iii) Pd(OAc),, AgaCOs, PPhs, DMF, (88%); (iv) 25% TFA,
DCM, (92%).

Radical Cyclisation on Solid Phase

The application of carbon radical chemistry to
solid phase organic synthesis presents intri-
guing possibilities for differences and potential
advantages over the same chemistries carried
out in a solution phase reaction. We setout to
explore carbon radical chemistry on solid phase
using the intramolecular radical cyclisation to
form furans as a model reaction.[Routledge
et al., 1997] Indeed, the intramolecular radical
cyclisation has proved to be a valuable chemical
reaction in the solution phase synthesis of
carbocyclic and heterocyclic rings systems
[Curran, 1988].

Figure 3 shows a reaction sequence for a
model radical cyclisation in which radical
initiator AIBN leads to the generation of a
tributyl tin radical, which abstracts the bro-
mine atom from substrate (9) to generate the
aryl radical (10). Intramolecular radical cycli-
sation leads to formation of the alkyl radical
(11), which can then abstract a hydrogen atom

TABLE 1. Synthesis of Oxindole Analogues

Entry R! R? Yield? Purity® E:Z°¢
8a H CHj; 91 65 3:1
8b H Ph 92 76 5.5:1
8c H H 65 10 —
8d CH,CeH1, CH, 92 70 2.7:1
8e CH,CgHy, Ph 90 71 5.8:1
8f CH,CgHy, H 70 17 —
8h CH,;CH(CHjy), Ph 90 70 5.9:1
8i CH,;CH(CHjy), H 75 16 —

2% mass recovered based on initial loading of resin.

b9, Purity refers to the mixture of isomers and was determined by C-18 reverse phase HPLC
(20-80% CH3CN in H50 containing 0.1% TFA), monitored at 254 nm using a UV detector and
by a SEDEX Evaporative Light Scattering Detector.

“(E):(Z) ratio was determined from NOSEY spectra and HPLC chromatograms. All compounds
were characterised by 'H NMR spectroscopy and by mass spectrometry.
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from tributyl tin hydride both generating dihy-
drobenzofuran product and also propagating
the tributyl tin radical for another round of
radical cyclisation. The precursor (9) for solid
phase dihydrobenzofuran synthesis was pre-
pared on polystyrene resin via an ester linkage
to the carboxy resin [Routledge et al., 1997].
The cyclisation reaction was carried out under
standard conditions using <1 mol equivalent
(~5mol %) of AIBN initiator and an excess (20—
25-fold) of BusSnH in toluene and methanol.
The reaction was monitored by cleavage of the
substrate/product, and showed that substrate
turnover was low. Interestingly, increasing
the quantity of AIBN lead to higher turnover
with > 1 mol equivalent of AIBN being required
for complete turnover of substrate. This sug-
gested that the radical propagation during each
reaction cycle was unsuccessful. The analogous
cyclisation reaction was carried out using the
precursor (9), but using Tentagel resin. In this
case, complete cyclisation was observed using
excess BusSnH, but only 6 mol% of AIBN. These
observations suggested a clear advantage pro-
vided by the polyethylene glycol matrix of
Tentagel as compared to polystyrene for this
reaction. A possible explanation might well be
competitive hydrogen atom abstraction by the
benzylic positions of polystyrene resin that
does not occur as easily for Tentagel. A second
possibility could be more favourable partiti-
oning of BusSnH into the matrix of Tentagel
as compared to polystyrene. This is one of a
series of clearly documented cases in the lite-
rature that demonstrate the potential im-
portance of the resin matrix for solid phase
synthetic chemistry. Prior to the synthesis, a
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Fig. 3. Radical cyclisation leading to formation of dihydro-
benzofuran product.

potential concern was that carbon radicals are
sufficiently reactive to be diverted by alter-
native pathways resulting in reduction of the
aryl halide or intermolecular transfer of the
bromine atom. However, only a single major
product was obtained by this solid phase route.

These observations were exploited to demon-
stratethesolid phase synthesisof furans (Fig.4).
Precursors (12) were generated by coupling
2-butyne-1,4-diol to carboxy Tentagel, then tre-
atment of commercially available alkenes under
iodoetherification conditions [Routledge et al.,
1997]. The radical cyclisation was carried out
using 20—25 equivalents of BusSnH and 5 mol%
of AIBN to give the alkylidene tetrahydrofurans
shown in Figure 4. It is noteworthy that cycli-
sation of an alkyl radical to a triple bond is about
four orders of magnitude slower than the cor-
responding cyclisation of an aryl radical to a
double bond (Fig. 3) [Beckwith and Schiesser,
1985]. Therefore, one might expect a greater
tendancy to form byproducts in the presence of
BusSnH [Routledge and Weavers, 1993]. How-
ever, no byproducts were detected on the solid
phase cyclisation. Indeed the solution phase
reaction did show evidence of side reactions, for
example the analogous solution phase synthesis
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Fig. 4. Preparation of furans by solid phase radical cyclisation.
“Isolated yield based on loading of the corresponding iodoace-
tylenic ether. "Determined by 'H NMR spectroscopy.
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of (13) gave a mixture of the desired product and
the corresponding iodo alkylidene tetrahydro-
furan product which has presumably resulted
from iodine atom transfer [Routledge et al.,
1997]. We attribute this significant difference
to site isolation of the resin bound substrate
radical, which would prevent the intermolecu-
lar iodine atom transfer in the solid phase case.
A further feature that is noteworthy with this
chemistry is that the excess tin residues could
be removed from the resin with relative ease by
cycles of washing and filtering, as compared to a
more challenging purification that is normally
required in solution phase. This was the first
reported radical cyclisation on solid phase and
it has been followed up by several other reports
on resin-bound radical cyclisations [e.g. see Du
and Armstrong, 1997; Miyabe et al., 2001].

Stereoselective Cyclisation

The oxopiperazines are an important class
of constrained peptide mimics that constitute
a significant number of bioactive compounds
that target protein receptors in particular, for
example Leu-Enkaphalin analogs, cholecysto-
kinin receptor antagonists, and neurokinin-2
receptor ligands. Diketopiperazines have been
observed as a byproduct during solid phase
peptide synthesis in cases where an ester linker
can be cleaved with cyclisation by attack of the
deprotected N-terminus. This has been explo-
ited in a synthesis of diketopiperazine libraries
on solid phase [Gordon and Steele, 1995]. We
planned an oxopiperazine synthesis based on
analogous chemistry except generating a pse-
udodipeptide of lower oxidation level by the
reductive alkylation of an N-protected o-amino
aldehyde onto a resin-bound amino acid (Fig. 5).
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The pseudodipeptide (14) can be N-functio-
nalised for example by acylation. Deprotection,
acid cleavage, and overnight reflux then resu-
Its in complete cyclisation to form oxopiperazine
(15) in reasonable yields. The s-amino alde-
hyde is configurationally unstable to the reduc-
tive alkylation conditions employed, which
leads to the formation of a mixture of diaster-
eoisomers. Otherwise this synthetic route is
robust and valid for a wide range of substi-
tuents (R', R?, R®). Figure 6 shows a potential
variation if one acylates the protected pseudo-
dipeptide with a-chloroacetyl chloride to gen-
erate the intermediate (16), which can now
undergo one of two possible cyclisations. If the
protecting group is Boc, one can cleave/depro-
tect and cyclise to generate a “type I” oxopiper-
azine akin to (15). Alternatively, it should be
possible to use Fmoc chemistry and carry out a
deprotection of (16) with mild base followed by
intramolecular Sy2 chemistry to form a “type
II” oxopiperazine on-resin (17). Resin-bound
type II oxopiperazines can be further N-functio-
nalised on resin to generate 1,4,5-substituted
oxopiperazines.

To test the on-bead cyclisation approach
shown in Figure 6 (L) isoleucine (S-configura-
tion) was loaded onto Tentagel using a Wang
linker and the pseudo dipeptide was generated
by reductive alkylation of Fmoc-protected phe-
nylalinal (S-configuration) onto the deprotected
amino acid. Acylation with chloroacetyl chloride
gave the intermediate (18) (Fig. 7). In accor-
dance with expectations, (19) was in fact a
mixture of diatereoisomers owing to some
epimerisation of the phenylalinal derived
stereogenic center during reductive alkylation.
A rapid removal of Fmoc using piperidine, was
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Synthesis of oxopiperazines on solid phase.
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Fig. 6. Alternative cyclisation pathways leading to different oxopiperazines.

followed by a slower DIPEA promoted Sy2
intramolecular cyclisation to generate the type
II oxopiperazine (19) in 35% yield. (19) was
characterised by LC—MS, NMR spectroscopy
and by X-ray crystallography of the N-toluene
sulphonyl derivative. Surprisingly, (19) was
found to be a single pure diastereoisomer of (S,
R) configuration as shown (Fig. 7), in spite of
being formed from a disatereoisomeric precur-
sor. Amechanistic rationale for this observation
was provided by analysis of the residual solu-
tion after the DIPEA promoted cyclisation. The
residues off resin contained significant quan-
tities of type I oxopiperazine (20) comprising
major and minor diastereoisomers by LC-MS
analysis, which we have presumed to be the
(28, 5S) and (2S, 5R), respectively. It appears
that upon deprotection of the N-terminus of
intermediate (18), one diastereoisomer (S, S)
preferentially undergoes cyclisation and pre-
mature cleavage to generate the type I oxopi-
perazine (20), whilst the other diastereoisomer
(S, R) cleaves relatively slowly, but prefers to
undergo on-bead cyclisation to form a type II

oxopiperazine (19). The apparent kinetic pre-
ferences for cyclisation by each of the diaster-
eoisomers are illustrated in Figure 8. This
mechanistic hypothesis is supported by the
observation that when repeating the reaction
sequence with (1) Isoleucine (S-configuration)
and Fmoc-protected phenylalinal (R-configu-
ration), the yield of oxopiperazine (19) increa-
ses from 35-75%. This is presumably due to
incomplete epimerisation of the R-configuration
stereocenter derived from phenylalinal which
leads to the (S, R) diastereoisomer as the major
intermediate, which favours on-bead cyclisa-
tion (Path B, Fig. 8). This is the first example we
are aware of, of a “self-purifying” reaction path-
way that results from stereoselective cyclisation
on solid phase. The full details of this stereo-
selective cyclisation with more examples will be
reported in due course [Khan et al., 2001].

Future Prospects

This article has discussed three examples of
cyclisation chemistries that have been studied
on solid phase. Such studies contribute to the
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proof of concept of new chemical technologies
that provide an ever broadening toolkit for
chemists to generate compounds of potential
interest for discovery chemistry. It is note-
worthy that new directions in the field, now
more broadly referred to as “high speed chem-
istry”, include technological advances that
exploit solid phase catalysts and reagents, and
resin capture as approaches to assist solution
phase synthetic organic chemistry. These adva-
nces should be seen as complementary to the
continuing developments in the field of solid
phase organic synthesis and together such tech-
nologies will provide a set of tools to assist and
enable discovery chemistry in the future.
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