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Combinatorial chemistry provides a powerful tool for an
incessant demand of novel chemical entities from medicinal
chemistry and has greatly influenced the whole gamut of
drug discovery process. In recent years it has been experi-
encing a paradigm shift with special emphasis laid on liquid-
phase methodologies.1,2 Though the idea of a macromolecule
acting as a support for organic reactions was born with the
synthesis of peptides,3 it has now grown into an independent
methodology for creating a variety of nonpeptidic, drug-like
molecular libraries,4,5 signaling new vistas in classical and
combinatorial synthesis.6 In an inimitable way the soluble
polymer supported organic synthesis retains the advantage
of the homogeneity of the classical organic reaction whose
progress can be monitored by conventional analytical
techniques.7 In addition to this, the easy product isolation
by precipitation, high yields, and compatibility with micro-
wave (MW) irradiation8,9 have made this method highly
suitable for a multistep organic synthesis involving a variety
of functional group interconversions. Polymer supported
reactions in which the macromolecular carrier does notleaVe
behind any structural imprint on the target molecules are
referred to as traceless syntheses, which are a new trend in
both solid-phase10 and liquid-phase11 methodologies.

Heterocycles are versatile molecular scaffolds, on to which
meaningful structural diversity can be introduced to vary the
stereochemical and physicochemical properties of the result-
ing compounds, thus tailoring them for better membrane
transport and receptor binding in biological systems. Tet-
rahydro-â-carbolines are one such class of semirigidized
tricyclic heterocycles,12 which are found to occur as mam-
malian13 and plant alkaloids, like jafraine,14 exhibiting a wide
range of biological activities.15-17 The tetrahydro-â-carbolines
such as demethoxyfumitremorgins have been isolated from
the fungal species, some of which have been found to exhibit
antiviral,18 topoisomerase II inhibiting,19 and protein kinase
and cell cycle inhibiting20 activities (Figure 1). Because of
their potential biological properties, these tetra- and poly-
cyclic â-carbolines have been synthesized by classical21,22

as well as solid-phase23-26 methods.
The design concept of the presently synthesized molecular

library has originated from the recognition of the biological
role of the thiohydantoin moiety. A large number of
thiohydantoins have been associated with calcium mobiliza-
tion,27 inhibition of glycogen phosphorylases,28 aldose re-
ductase inhibition,29 anti-HIV,30 and anti-leukemic31 activi-
ties. Thus the generation of a combined tetracyclic skeleton
ressembling drug-like molecules has a substantial intellectual
appeal. The present paper demonstrates successful application
of liquid-phase methodologies toward the parallel stereose-
lective synthesis of thiohydantoin fused tetrahydro-â-carbo-
lines powered by the microwave irradiation. Application of
microwave irradiation for organic reactions has emerged as
a practical technique to reduce reaction times and enhance
the yields, thus speeding up the drug discovery process.32,33

It has been applied by our group, leading to the generation
of the molecular libraries of thioxotetrahydro pyrimidinones34

and hydantoins.35

The enhanced loading capacity of the dihydric poly-
(ethylene glycol), PEG-4000(1), has been used in the
stepwise synthesis toward the target molecular libraries
(Scheme 1). The synthesis was initiated by the generation* Corresponding author: cmsun@mail.nctu.edu.tw.
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of the PEG immobilized bis-ester3 from the commerciably
available Boc protectedL-tryptophan2. This esterification
reaction was brought about via the dicyclohexyl carbodiimide
(DCC) activated ester in the presence of catalytic quantities
of (dimethylamino)pyridine (DMAP), in a microwave oven
under open vessel conditions. The power and time variation
studies in this step have lead to an optimized experimental
condition of 100 W power and 20 min as the reaction time
to obtain maximum yields. The reaction time under refluxing
conditions at the same temperature was 48 h to reach
completion and has been brought down to 20 min, which
shows the remarkable power of microwave irradiation.

Construction of theâ-carboline skeleton was perceived
in terms of a [5+1] approach for the six-membered hetero-
cycles, which needed the generation of a nucleophilic amino
group. The preferential cleavage of the amide bond (N-
CO) over the acyl-oxygen bond (O-CO) in the polymer
ester conjugate3 was achieved in microwave cavity with
30% TFA in dichloromethane. The initial study to remove
the Boc group was ensured by the disappearance of the crude
NMR signal of tert-butyl group at 1.4 ppm. The in situ
generated amine was treated with an appropriate aldehyde
to obtain an imine which underwent an acid-catalyzed
intramolecular cyclization.36,37Identical results were observed
with the simultaneous addition of TFA and the aldehydes,
which resulted in the sequential deprotection-nucleophilic
addition and cyclization. The introduction of the first point
of structural diversity was thus accomplished in one pot.

The transient imine was found to undergo an intramo-
lecular electrophilic ring closure at the C-2 position of the
indole nucleus, forming a tricyclic polymer intermediate4.
This cyclization step which required 24 h under refluxing
conditions in chloroform also proceeded remarkably well in
20 min under microwave conditions. Cyclocondensation of
aldehydes with PEG bound tryptophan3 resulted in the
formation of cis and trans diastereomers around 1:1 ratio.
Building up of the terminal thiohydantoin ring across the
N-2/C-3 bond of the tetrahydro-â-carboline skeleton was
achieved by the reaction ofâ-carboline derivatives4 with
various isothiocyanates. This nucleophilic addition was
achieved without the use of any metal salt or activating agent.
The application of MW (200 W) conditions in this step also
resulted in fast completion of intramolecular cyclative
cleavage in 30 min in ethylene dichloride. The reactive
thioureas would induce an acyl-oxygen bond cleavage of
the ester by a SNi reaction via N-CO bond concomitant
formation leading to a traceless and stereoselective synthesis
of substituted indole alkaloids5.

The stereochemical outcome in the Pictet-Spengler
reaction has been of immense interest, since the diastereo-
meric proportion depends on the acidity of the medium, steric
bulk of the ester function, and the substituent on the nitrogen
of the tryptophan moiety.38 We have observed that the ester
polymer conjugates also lead to the formation of a mixture
of cis and trans diastereomer which varies with the nature
of the carbonyl group inp-toluenesulfonic acid (p-TSA)

Figure 1. Naturally occurring tetrahydro-â-carbolines.

Scheme 1.Synthetic Route to Tetracyclic-â-carbolinethiohydantoins5
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catalyzed Pictet-Spengler reaction at room temperature.39

The MW conditions employed during the present work favor
the thermodynamically stabletrans congeners than thecis
isomers.40-42 Further, in the formation of the thiohydantoin
ring D, the orientation of the nitrogen lone pair also requires
the bulkier group to be intrans orientation to keep the
electronic repulsions to the minimum. The unprecedented
100%transdiastereomeric selectivity under the MW condi-
tions has been confirmed by13C NMR and homo- and hetero-

COSY experiments. HPLC analysis of crude products also
indicated only one diastereomer was obtained (Table 1).

Additional support for the configuration of the structure
astransdiastereomer was obtained from the X-ray diffraction
studies which indicatedR,S configuration at the two chiral
centers depicted in the ORTEP diagram (Figure 2). From
the ORTEP diagram for5a, it is also clear that the rings C
and D aretrans fused and are nonplanar. The hydrogens on
C-3 and C-13 are anti-periplanar, and the substituent at C-13
is R-oriented.

In summary, we have demonstrated a microwave-assisted
traceless, liquid-phase methodology43 to assemble substituted
indole alkaloids with exceedingly high stereoselectivity. All
the steps in this synthetic sequence have been accomplished
under focused microwave irradiation, resulting in signifi-
cantly reduced reaction timessfrom hours to minutessand
enhanced yields. It should be noted that polymer supported
intermediates and polymer itself are stable during the harsh
MW irradiation. The presently reported rapid synthesis of
tetracyclic tetrahydro-â-carboline pharmacophores with two
points of diversity has the potential for the creation of a
diverse array of polycyclic fused heterocyclic systems, which
closely resemble biologically active natural products.
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Figure 2. ORTEP diagram of5a (R ) R1 ) CH3-(CH2)3-) with crystallographic numbering system.

Table 1. Synthesis of Tetracyclic Tetrahydro-â-carbolines

a Yields were based on the weight of the isolated crude samples.
b Purity was estimated by HPLC without considering the peak of
excess R-NCS.
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