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ABSTRACT

Five-membered N-Boc acyliminium ions derived from L-pyroglutamic acid harboring 4-butenyl and 4-butynyl tethers undergo Lewis acid-
mediated halo and tandem Friedel −Crafts carbocyclization within minutes at −78 °C to give stereodefined 6-substituted octahydroindole and
hexahydroindole 2-carboxylic acid methyl esters, respectively. The cyclic vinyl bromides are excellent substrates for Pd-catalyzed Suzuki −
Miyaura, Heck, and Stille couplings. The method also provides access to enantiopure sp 2- and sp 3-arylated azabicyclics that are novel and
versatile scaffolds for chemical diversification.

The octahydrohydroindole ring and related heterocycles are
important components of many natural products and medici-
nally relevant compounds. For example, (6R,2R)-6-hydroxy-
2-carboxy-octahydroindole and its (5R,6R)-dihydroxy variant
are the core subunits of marine metabolites such as aerugi-
nosin 298A1 and dysinosin A,2 respectively. The octahy-
droindole motif is also embedded in the structures of several
polycylic alkaloids and the clinically relevant angiotensin
converting enzyme (ACE) inhibitor perindoprilat.3

The occurrence of this bicyclic heterocycle in the aerugi-
nosin family of cyanobacterial metabolites4 has stimulated
interest in its synthesis by enantioselective methods.5-10 We

recently reported a novel azonia-Prins-type (the prefix azonia
rather than aza is in accord with the IUPAC rules on no-
menclature; Heterocyclic Systems; rule B-6. Cationic hetero-
atoms) halocarbocyclization of readily availableC-branched
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ω-alkenylN-acyloxyiminium ion intermediates such as2 in
connection with the total synthesis and structural confirma-
tion of oscillarin,11 a new member of the aeruginosin family
(Scheme 1). In the presence of SnCl4 or SnBr4 in CH2Cl2,
cyclization occurred within a few minutes at-78°C to afford
the corresponding (2S,6S)-6-halo-octahydroindole 2-carboxy-
lic acid methyl esters3a and3b (Scheme 1). Nucleophilic
displacement with Bu4NOAc and NaN3 gave the (6R)-acetate
and (6R)-azido analogues4a and4b, respectively.

When the reaction was run in toluene as a solvent, a facile
Friedel-Crafts-type tandem carbocyclization took place re-
sulting in the formation of3a, and ano/p-mixture of (6R)-
tolyl-octahydroindole 2-carboxylic acid methyl ester as a by-
product (Scheme 1). Using BF3OEt2 instead of SnCl4 and
using toluene as a solvent gave the Friedel-Crafts product
5 in 78% yield (Scheme 2). The stereochemistry at C-6 was
determined by NOESY experiments and by comparison with
an X-ray structure (see below). Other mono- and disubstituted
benzenes of similar nucleophilicity12 (o-xylene, methylene-
dioxy benzene, isopropylbenzene, anisole, etc.) gave analo-
gous results (Table 1, entries 1-6). Mesitylene andm-xylene
gave single positional isomers as major products (Table 1,
entries 7 and 8). Moderately nucleophilic halobenzenes gave
modest yields of the correspondingo/p-substituted (6S)-
halophenyl adducts, accompanied by 20-30% yield of the
5,6-elimination product and the ene-carbamate arising from
2. Electron-rich aromatics such as 2,4-dimethoxybenzene and
furan added to the iminium ion directly, even in the presence
of excess anisole.13 The formation of5 and related adducts

(Table 1) took place within a few minutes at temperatures
between-15 and-78 °C depending on the freezing tem-
perature of the solvent. Decreasing the amount of the arene
by mixing with increasing volumes of CH2Cl2 progressively
diminished the yield, but the main adducts were the same
as when the arene was used as a solvent. The reaction was
also done with the C-4-epimeric analogue of2 to afford 6
in 74% yield (Scheme 2).

A plausible mechanism takes into account an antiperiplanar
alignment11-14 of theπ-nucleophilic extremity with theendo-
N-acyloxyiminium ion15 in a chairlike conformation16 as
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Scheme 1 N-Acyloxyiminium Ion Azonia-Prins Cyclizations Scheme 2. Tandem Azonia-Prins/Friedel-Crafts Reactions

Table 1. Tandem Azonia-Prins/Friedel-Crafts Reaction of6
with a Variety of Arenes as a Solvent

a Isolated aso/p-mixtures, except for entries7 and8, which were single
adducts.
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shown in7 (Scheme 3). A putativeπ-cationic specie8,17,18

or the cyclic carbenium ion9, is attacked by the solvent in
an equatorial trajectory to afford the observed stereochem-
istry. Vicinal H-abstraction from9 can lead to the 5,6-un-
saturated analogue (in addition to the ene-carbamate of2),
especially in the case of less reactive arenes. A synchronous
formation of a C-C and C-O bonds was originally sug-

gested16a in the formic acid-mediated intramolecular carbo-
cyclization of an iminium ion lactam. Although a similar
pathway as depicted in7a cannot be excluded, it is more
likely that the carbocyclization of2 proceeds in an asyn-
chronous manner especially when weak carbon nucleophiles
are involved.

We then extended the halocarbocyclization reaction to
N-acyloxyiminium ions bearing aC-tethered terminal alkyne19

(Scheme 4). Formation of the Li dianion fromN-Boc di-
methylL-glutamate1, followed by alkylation with 4-trimeth-
ylsilanyl-but-3-yn-1-ol triflate10capitalizing on internal 1,3-
induction,20 gave11as a single isomer. Removal of the TMS,
followed by a two-step lactamization gave12, which was
converted to the 5-acetoxy intermediate13 as previously
reported.11,20Treatment of13 with BF3OEt2 in toluene gave
the vinylic 6-tolyl adduct14, as ano/p-mixture in 69% yield.
An intermediate cyclic vinyl cation,21 15 (or a π-com-
plex),18,22 can be invoked as in the case of the alkene tether
(Scheme 3).23
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Scheme 3. Proposed Reactive Intermediates in the Tandem
Azonia-Prins/Friedel-Crafts Cyclizations

Scheme 4. Terminal Yne Tandem Azonia-Prins/
Friedel-Crafts Cyclization
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In the presence of SnCl4 or SnBr4 in CH2Cl2, 13 was
rapidly transformed into the versatile vinylic 6-halo hexahy-
droindoles16aand16b in 57 and 80% yields, respectively
(Scheme 5). We were then in a position to apply well-known
Pd-catalyzed substitution reactions of vinylic bromides in
an effort to introduce further functional diversification. Thus,
treatment of16b with a variety of commercially available
substituted arylboronic acids in the presence of Pd(PPh3)4

and Cs2CO3 in aqueous THF at reflux temperature gave
excellent yields of the corresponding 6-aryl adducts17-22.
This is a useful and practical alternative to the tandem
Friedel-Crafts azonia-Prins-type carbocyclization described
above (Scheme 4),24 since the latter is limited by the freezing
temperature of the solvent and can giveo/p-mixtures.
Catalytic hydrogenation of21 gave the corresponding (6S)-
phenyl analogue23, whose absolute stereochemistry was
determined by X-ray crystallography.

The Suzuki-Miyaura25 products17-22 are versatile 6-
aryl-functionalized appendages on the original hexahydroin-
dole 2-carboxylic acid core motif. Further exploitation of
the vinylic bromide functionality involved Heck26 and Stille27

coupling reactions (Scheme 6). Thus, treatment of16b with
methyl acrylate in the presence of Pd(OAc)2 and P(o-tolyl)3
in refluxing toluene gave the extended diene ester24. Reac-

tion in the presence of vinyltributylstannane and Pd(PPh3)4

in refluxing toluene gave the exocyclic diene31 in 71% yield.
We have described novel and practical methods for the

synthesis of enantiopure 6-halo, 6-azido, and 6-C-substituted
hydroindole 2-carboxylic acid methyl esters from readily
available 4-ω-butenyl and butynylN-Boc L-pyroglutamic
acid esters in the presence of Lewis acids. The terminal
alkene and alkyne tethers act as latentπ-nucleophiles, which
also undergo concomitant attack by an external nucleophile
such as a halide or an aromatic hydrocarbon, most likely
via cationic intermediates. In the case of an alkene, an intra-
molecular tandem Friedel-Crafts-type carbocyclization takes
place with the creation of a new sp3 stereogenic carbon
bearing an equatorially disposed aryl substituent. Alkynes
lead to vinylic halides or vinylic aryls within the newly
formed 6-substituted hexahydroindole motif. Chemical ma-
nipulation of the vinylic halides and capitalizing on the
orthogonal functionality in the hexahydroindole 2-carboxylic
acids expands their utility as versatile scaffolds toward the
synthesis of pharmaceutically relevant entities and as inter-
mediates in natural product synthesis.
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Scheme 5. Terminal Yne Azonia-Prins Cyclizations and
Suzuki Cross-Coupling with2b

Scheme 6. Heck and Stille Cross-Coupling reactions with22b
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