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ABSTRACT

A three-step mechanism involving the formation and rearrangement of an intermediate with indoline −azetidine spirocyclic core structure was
shown by DFT computations to account for the electrophilic cyclization of tryptophan derivatives to hexahydropyrrolo[2,3- b]indoles. The
corresponding 3a-bromo derivatives have been obtained in high yields and synthetically useful exo/endo ratios.

The hexahydropyrrolo[2,3-b]indole1 skeleton is found em-
bedded in a number of biologically active alkaloids, such as
ardeemins,2 okaramines,3 sporidesmins,4 brevianamides,5

gypsetins,6 roquefortines,7 and leptosins8 (Figure 1). The
construction of this structural motif has been classically
carried out by treatment of N-protected tryptophan esters with
electrophilic reagents. Presumably, activation of the indole
C2-C3 bond by the electrophile followed by nucleophilic

attack of the tryptophan amine group results in the formation
of the hexahydropyrrolo[2,3-b]indole core, usually as a
mixture of diastereoisomers. Hino and co-workers observed
that NR-methoxycarbonylL-tryptophan methyl ester under-
goes cyclization in strong acidic media to give a mixture of
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Figure 1. Relevant biologically active alkaloids containing a
hexahydropyrrolo[2,3-b]indole motif.
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hexahydropyrroloindoles, which can be trapped by acylation
at the indole nitrogen.9 Dimethyl dioxirane (DMDO) has
been utilized for the preparation of 3a-hydroxypyrroloindoles
with good stereoselectivities.10 More interestingly,N-phe-
nylselenophthalimide (N-PSP)11 effects selenocyclization to
give 3a-(phenylselenyl)hexahydropyrrolo[2,3-b]indoles in
high yields and diastereoselectivities. These seleno interme-
diates have been successfully exploited in the total syntheses
of okaramine C12 1 and 5-N-acetylardeemin13 2 (Figure 1).

First described by Danishefsky and co-workers in 1994,14

the reaction of tryptophan methyl esters withN-PSP has been
studied by Crich, who showed the dependence of the reaction
outcome with the protecting groups used.15 The selenocy-
clization reaction affords a mixture of diastereomeric hexahy-
dropyrrolo[2,3-b]indoles, corresponding to theexo-4 and
endo-5 C2 acyl systems.16 As shown in Table 1, an important

bias exists in favor of theexoproduct, which is considered
kinetically favored. Under basic equilibrating conditions, the
exo products undergo epimerization at the C2 position to
give the thermodynamicendo products.1 This striking
thermodynamic bias for theendoisomer has been attributed
to torsional interactions around the bicyclo[3.3.0]octane

nucleus.17 Table 1 summarizes the reaction conditions and
exo/endoratios reported.

Danishefsky and co-workers have proposed that the
diastereoselectivity obtained in this process could stem from
two equilibrating pre-endoand pre-exoarrangements of the
side chain in the intermediate selenonium ions,13 with the
former undergoing greater destabilization by steric contacts.
Being involved in a project directed toward the synthesis of
natural products containing the hexahydropyrrolo[2,3-b]-
indole core, we decided to carry out a computational study
on this mechanistic hypothesis in order to better understand
the sources of selectivity, optimize the reaction conditions,
and determine the reaction scope with regard to other
electrophilic species. The model system depicted asR in
Scheme 1 was selected as surrogate of the protected
tryptophan3 reacting with the simplified electrophile MeSe+.

Density functional theory18 was employed throughout this
study. Geometry optimizations and frequency calculations
were performed with the B3LYP functional.19 The LANLDZ
ECP20 and its associated basis functions were used for Se
and Br, whereas the 6-31G(d) basis set was assigned to the
remaining atoms. Solvent effects were included through the
PCM21 model with CH2Cl2 parameters. All of these calcula-
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Table 1. Selenocyclization of Tryptophan Derivatives

entry R1 R2 conditionsa

yield
(%)

exo/endo
ratio

1 t-Bu Boc A 65 9:115

2 Me Cbz A 76 12:115

3 Me CO2Me A 83 11:115

4 Me SO2Ph A 40 >98:215

5 t-Bu Boc B 93 18:213

6 Bn Boc B 93 >98:212

a Conditions: A: 1.5 equiv ofN-PSP, 0.1 equiv of PTSA; B: 1.5 equiv
of N-PSP, 1.0 equiv of PPTS.

Scheme 1. Computed Reaction Profile for the
Selenocyclization Reaction ofR, a Model System of3
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tions were performed with the Gaussian03 package.22 Long-
range dispersion interactions were also included through an
energy refinement step with the double hybrid B2PLYP
functional23 in conjunction with a basis set of triple-ú quality
with polarization functions (TZVP)24 for all of the atoms.25

The latter single-point energy refinement was performed with
the Orca package.26

In keeping with the textbook explanation, the first step in
this mechanism is seemingly the activation of the C2-C3
bond ofR by the electrophilic species, with formation of a
charged three-membered ring that is subsequently opened
by the nucleophile. For the case at hand, the activation step
is likely not diastereoselective since the steric cluttering upon
selenonium ion formation is similar on both faces of the
indole side chain due to its considerable flexibility. The good
diastereomeric ratios (dr) of the selenocyclization reactions
(Table 1) argue against the activation step being rate-limiting
since low dr should be expected in that case. The mechanistic
proposal by Danishefsky involves the attack of the carbamate
N lone pair to the C2 position of the electrophile-activated
intermediate. All attempts to locate this transition structure
and its associated cyclic intermediate were unsuccessful.
These calculations, in turn, suggest that the carbamate lone
pair is very compromised in its conjugation with the carbonyl
group and lacks the nucleophilicity required for an effective
attack. Since these cyclization reactions are performed under
acid catalysis (pTSA or PPTS), we instead considered likely
the involvement of the carbamate keto-enol equilibrium,
thus leaving the N lone pair in the enol form isolated from
the carbonyl group and enhancing its nucleophilic character.
In fact, when this tautomer is proposed as the reactive species
of the tryptophan model systemR, the nucleophilic attack

does take place, but the reaction mechanism detours con-
siderably from the direct attack of the carbamate nitrogen
to C2 (see Scheme 1). The electrophilic selenium activates
the indole ring in a first step that occurs with neither facial
nor positional selectivity, in clear contrast with the textbook
hypothesis summoned initially (vide supra). For the very
unsymmetrical indole C2-C3 bond, the activation occurs
by MeSe+ attacking either the C2 or the C3 positions, with
formation of a benzyl carbenium ion or an iminium ion,
respectively (seeA1-A2 andB1-B2 species in Scheme 1).
These four species are dynamically exchanging in fast
equilibrium processes. Actually, it is remarkable that only
the benzyl carbenium ions are active regarding the seleno-
cyclization reaction, whereasA2 and B2 are unproductive
species. Since the carbamate nitrogen captures the benzyl
carbenium ions, the attack occurs on C3 instead of C2, thus
forming a spirocyclic intermediate (Int-1A and Int-1B).
Subsequently, a concerted double rearrangement of the N
and the Se atoms with ring expansion of the azetidine to the
final fused pyrrol unit was located.27

The formation of the azetidine is the rate-limiting step with
an activation barrier of ca. 23 kcal/mol (see Table 2). There

is about 1 kcal/mol difference in activation energy favoring
TS-1A over TS-1B, which we surmise is the source of the
final exo/endoselectivity. Danishefsky’s finding that theexo
adduct is the kinetic product in the rearrangement of3 (Table
1) is in good agreement with our calculations.

After thorough inspection of these two transition structures,
we concluded that there are no obvious structural features
responsible for the difference in activation energies. Both
transition structures exhibit similar geometries (bond lengths,
angles, and dihedrals); in fact, the energy difference between
both transition structures is only∼0.5 kcal/mol in the gas
phase, which means that half of the energy difference
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Table 2. Relative Free Energies in Solution (CH2Cl2) for the
Seleno- and Bromocyclization Mechanismsa

selenocyclization bromocyclization

exo A1 0.00 0.00
A2 1.61 -2.30
TS-1A 23.14 15.69
Int-1A 11.56 -0.41
TS-2A 19.01 18.29
P-1A -5.83 -15.11

endo B1 -3.81 -10.13
B2 -4.12 -3.10
TS-1B 24.16 16.17
Int-1B 11.86 0.22
TS-2B 20.33 19.76
P-1B -6.37 -15.74

a Relative free energies in kcal/mol.
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between TS-1A and TS-1B corresponds to solvation effects.
The rearrangement to the final products preserves the chiral
information created in the cyclization reaction. The spiranic
intermediate formed must have a kinetically insignificant
lifetime since it is only 7-8 kcal/mol lower in energy than
the subsequent transition structures (Table 2). Ring expansion
is probably the driving force for the double concerted
rearrangement and the source of such a low-energy barrier.

The cyclization reaction of tryptophan derivatives has been
typically performed with selenium electrophiles such as
N-PSP, but the latter mechanistic proposal might also be
compatible with reaction conditions using more popular
electrophiles such as NBS. We therefore considered the
development of the bromocyclization as an alternative to the
selenocyclization since the formed 3a-bromohexahydro-
pyrrolo[2,3-b]indole motif can be also synthetically useful.28

In fact, the mechanistic path computed for the activation with
the electrophilic bromine (Table 2) closely resembles the one
depicted in Scheme 1.

Differences are limited to the following: (a) the rate-
limiting step is not the intermediate spirocyclic ring forma-
tion, but the concerted rearrangement with ring expansion
(see Table 2); and (b) the rate-limiting transition structures
exhibit barriers considerably lower (ca. 4-5 kcal/mol) than
those of the selenocyclization. The lower activation energy
at the rate-limiting step should allow the use of shorter
reaction times or milder thermal activation conditions. For
the experimental validation of the computational suggestion,
protected tryptophan3 of the D series was treated with 1
equiv of NBS and 1 equiv of PPTS in CH2Cl2. The results,
listed in Table 3, confirm the feasibility of the bromocy-
clization reaction and the predominance of theexodiaste-
reomer.

In summary, a mechanistic proposal for formation of the
hexahydropyrrolo[2,3-b]indole skeleton by electrophilic ac-
tivation of tryptophan derivatives is suggested based on DFT
computations. It comprises three steps: indol C2-C3 activa-
tion by the electrophile to give diastereomeric carbenium

ions, followed by their capture by the carbamate nitrogen
with formation of spirocyclic skeletons, and last, double
concerted rearrangement of the electrophile and the azetidine
nitrogen to give the hexahydropyrrolo[2,3-b]indole core.
Using an electrophilic halogen species, versatile 3a-bromo
derivatives are obtained efficiently in highexo/endodiaster-
eomeric ratios.
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Table 3. Bromocyclization of Tryptophan Derivatives

3 R1 R2

yield
(%)

exo/endo
ratioa

a t-Bu Boc 85 24:1
b Bn Boc 87 ND
c Me Boc 90 30:1
d t-Bu PhSO2 65 >98:2
e Bn PhSO2 72 ND
f Me PhSO2 83 ND

a The diastereomeric ratio is provided only when the NMR signals do
not overlap. ND: not determined.
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