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ABSTRACT

An acid-promoted novel cascade cyclization is described. Using 8 equiv of trifluoroacetic acid or a catalytic amount of Lewis acid as the promoter,
structurally diverse polycyclic cyclopenta[b]indoles were obtained in moderate to excellent yield. This cascade process was extremely effective
for the synthesis of 8-membered ring-fused cyclopenta[b]indole derivatives.

Fused-polycyclicmolecular frameworkswith indole units
are attractive scaffolds for drug discovery because of their
potentially diverse bioactivities.1 Efficient and divergent
production of such polycyclic indoles is an important
challenge for synthetic and medicinal organic chemists.2

The cyclopenta[b]indole ring system is found in a large
number of biologically active natural products, such as

paspaline,3 yuehchukene,4 and fischerindoles.5 In addition,
cyclopenta[b]indole derivatives I (MK-0524) and II exhibit
prostaglandin D2 receptor antagonist activity

6 and liver-X-
receptor antagonist activity, respectively (Figure 1).7 These
biological and pharmaceutical profiles clearly indicate that
the cyclopenta[b]indole skeleton is a privileged heterocyclic
core for drug design. Therefore, considerable effort has
been devoted to the development of an efficient synthetic
method for functionalized cyclopenta[b]indoles.8

We previously reported a novel method for synthesizing
tricyclic indole derivatives based on an acid-promoted
skeletal rearrangement (Scheme 1a).9 The developed pro-
cess is based on a three-step sequence. Intramolecular
ipso-Friedel�Crafts-type addition of phenol derivatives
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to 3-alkylidene indolenium cations first occurs to form
spirocyclohexadienone intermediates (step A). A subse-
quent C�C bond cleavage through rearomatization of
spirocyclohexadienone units gives iminium cations (step B),
which are then transformed into tricyclic indole derivatives
via an intramolecular Pictet-Spengler reaction (step C).
This mechanistic finding led us to hypothesize that minor
structural modifications of the substrates for this reaction
would drastically change the product structure. That is,
if substrates with a cinnamyl derivative unit are treated
under acidic conditions, the 3-alkylidene indolenium
cations would react with the double bond through an
intramolecular ene-type addition to generate cationic
intermediates stabilized by the aromatic ring,whichwould
be transformed into fused-polycyclic cyclopenta[b]indoles
(Scheme 1b) .10

To explore this hypothesis, model substrate 1a was
treated with various acid promoters in CH2Cl2 (Table 1).
We first examined the reaction using trifluoroacetic acid
(TFA) as a promoter. Increasing the amount of TFA
gradually improved the reactivity (entries 1�3). When
the reaction was performed using 8 equiv of TFA, tetra-
cyclic indole derivative 2a was obtained in 56% yield as a

diastereomerically pure compound (entry 3).11 The yield
improved to 62% when the reaction was carried out
under dilute conditions to prevent the formation of
dimers (entries 5 and 6). The use of TsOH 3H2O as an

Scheme 1. Background and Plan of This Work

Figure 1. Examples of bioactive molecules with a cyclopenta-
[b]indole skeleton.

Table 1. Optimization of the Reaction Conditions

entry acid (equiv) conc. (M) temp (�C)a time (h) yield (%)b

1 TFA (1) 0.1 0 24 7

2 TFA (4) 0.1 0 9 53

3 TFA (8) 0.1 0 2 56

4 TFA (15) 0.1 0 2 46

5 TFA (8) 0.05 0 2 60

6 TFA (8) 0.02 0 2 62

7 TsOH 3H2O (1) 0.1 rt 2 49

8 TsOH 3H2O (8) 0.1 rt 1.5 53

9 TfOH (1) 0.1 0 0.2 trace

10 Tf2NH (1) 0.1 0 0.2 trace

11 BF3 3Et2O (0.2) 0.1 0 7 53

12 Sc(OTf)3 (0.2) 0.1 rt 24 40

13 In(OTf)3 (0.2) 0.1 rt 9 53

14 B(C6F5)3 (0.2) 0.1 rt 9 57

15c B(C6F5)3 (0.2) 0.1 rt 0.5 58

16c B(C6F5)3 (0.2) 0.02 rt 1 64

a rt: 20�25 �C. b Isolated yield. c 400mg/mmol ofMS 4 Å was added.
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acid-promoter slightly decreased the yield (entries 7 and 8).
Reactions using more acidic promoters gave complex
mixtures (entries 9 and 10). The same transformation
was also examined using otherLewis acid catalysts, among
which B(C6F5)3

12 gave the best results. Using 20 mol %
of B(C6F5)3, 2a was obtained in 57% yield (entry 14).
Reactivitywas dramatically affected by the addition ofMS
4 Å (entry 15). Furthermore, the yield improved to 64%
when the reaction was performed under dilute conditions
(entry 16).

With optimum reaction conditions in hand (Table 1,
entries 5 and 16), we next examined the scope and limita-
tions of this cascade cyclization process (Scheme 2a and
Table 2). In addition to 5-membered ring-fused tetracyclic
cyclopenta[b]indoles 2a, 6-membered ring-fused pentacyc-
lic indole derivatives 2b�e were obtained in moderate to
good yield (entries 1�5). Product 2d possesses a bisindole
structural motif found in many natural products such
as yuehchukene, as well as pharmaceutical compounds,

Table 2. Substrate Scope

a Isolated yield. bProduct was isolated as a mixture of diastereomers. Diastereomeric ratio was determined by 1H NMR analysis. We assumed that
the minor diastereomer would be an epimer of the benzylic position in the ring junction moiety. See the Supporting Information. cReaction was
performed using 15 equiv of TFA.
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suggesting its potential utility in medicinal chemistry.
Oxygen-tethered substrate 1e was also converted into the
corresponding pentacyclic indole derivative containing a
chroman moiety 2e in moderate yield (entry 5). Treatment
of substrate 1f, which has a (CH2)2 unit-longer than 1a,
with 15 equiv of TFA, led to a smooth reaction process,
affording the corresponding product with a 7-membered
ring 2f in excellent yield with good diastereoselectivity
(entry 6). It is particularly noteworthy that the present
cascade reaction process was extremely effective for the
synthesis of 8-membered ring-fused cyclopenta[b]indole
derivatives (entry 7�15).13 Sc(OTf)3 was a more reactive
promoter than B(C6F5)3 for this purpose. Substrates with
various protecting groups, such as p-toluenesulfonyl (Ts),
Boc, benzyloxycarbonyl (Cbz), allyloxycarbonyl (Alloc)
and benzoyl (Bz), on the nitrogen atom in the indole unit
were applicable to this reaction and the corresponding
products 2g�kwere obtained in good to high yield (entries
7�11). In addition, substrates bearing electron-donating
and electron-withdrawing functionalities on the indole ring
were tolerant to this reaction, giving the products 2l�n in
high yield (entries 12�14). Simple cinnamylamine-type
substrate 1owas also an effective substrate for this cascade
cyclization, demonstrating the potential for broad sub-
strate applicability of thismethod (entry 15). Furthermore,
when theC-2-substituted substrate 3was reacted under the
optimized reaction conditions, the corresponding penta-
cyclic cyclopenta[b]indole derivative 4 was obtained in
good yield (Scheme 2b). The polycyclic indole framework

of 4 is a ubiquitous structure in many natural products,
as represented by paspaline.
The mode of diastereoselection of this process can be

rationalized as follows (Figure 2).14 First C�C bond
formation: Transition state TS-(i) with minimum allylic
strain is proposed as the transition state model for the
intramolecular C�C bond formation. The cis configura-
tion in the ring junction moiety is constructed during this
process. Second C�C bond formation: Transition state
TS-(iv) suffers from severe allylic strain because the C�C
bond between the phenyl group and the cationic benzylic
carbon has partial double bond characters. Therefore, the
reaction proceeds through the more preferred transition
state TS-(iii) to give the products with a cis-trans relative
stereochemistry on the 5-membered ring core.
In conclusion, we developed an effective method for

synthesizing polycyclic indole derivatives through an
acid-promoted cascade cyclization. Structurally diverse
polycyclic cyclopenta[b]indole derivatives were obtained
in moderate to excellent yield. This reaction system was
extremely effective for the synthesis of 8-membered ring-
fused products. The present method provides access to
polycyclic molecular frameworks that are of potential
interest as scaffolds for drug design.
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Scheme 2. Acid-promoted Cascade Cyclization

Figure 2. Transition state models.
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