Copper-Catalyzed Cyclization of
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Synthesis of Pyrroloindoles
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Pyrroloindoles are a key structural motif found in a wide number of biologically active alkaloids. Intramolecular copper-catalyzed coupling of
readily accessible 2-iodo-tryptophan derivatives occurs in excellent yield, affording a wide range of polysubstituted, enantioenriched
tetrahydropyrrolo[2,3-b]indoles. Diketopiperazines are also suitable substrates for this cyclization reaction, which affords a straightforward

entry to tetra- to hepta-polycyclic systems.

The pyrrolo[2,3-b]indole skeleton is a key structural motif"
that appears in the core structure of an impressive number
of biologically active alkaloids such as the potent vasodilator
amauromine 1,> the insecticidal okaramine C 2, the anti-
cancer agent phakellistatin 3 3,* as well as polycyclic
compounds minfiensine 4° and psychotrimine 5° (Figure 1).’
While intense research activity has been devoted to the
preparation of hexahydropyrrolo[2,3-b]indoles (HPI), the
affiliated system possessing an additional unsaturation,
tetrahydropyrrolo[2,3-b]indoles (TPI) 6, has received less
attention. They proved, however, to be especially efficient
and versatile intermediates for assembling various hetero-

(1) For reviews, see: (a) Crich, D.; Banerjee, A. Acc. Chem. Res. 2007,
40, 151. (b) Schmidt, M. A.; Movassaghi, M. Synletr 2008, 313.

(2) Takase, S.; Iwami, M.; Ando, T.; Okamoto, M.; Yoshida, K.; Horiai,
H.; Kohsaka, M.; Aoki, H.; Imanaka, H. J. Antibiot. 1984, 37, 1320.

(3) Hayashi, H.; Fujiwara, T.; Murao, S.; Arai, M. Agric. Biol. Chem.
1991, 55, 3143.

(4) Pettit, G. R.; Tan, R.; Herald, D. L.; Cerny, R. L.; Williams, M. D.
J. Org. Chem. 1994, 59, 1593.

(5) Massiot, G.; Thépenier, P.; Jacquier, M.-J.; Le Men-Olivier, L.;
Delaude, C. Heterocycles 1989, 29, 1435.

(6) Takayama, H.; Mori, I.; Kitajima, M.; Aimi, N.; Lajis, N. H. Org.
Lett. 2004, 6, 2945.

10.1021/018015513 CCC: $40.75
Published on Web 08/06/2008

[0 2008 American Chemical Society

Amauromine 1
O
HO, NH
N
N H

O —
NH
<

Okaramine C 2 N

4

OH

Minfiensine 4 Psychotrimine 5

Figure 1. Representative hexahydropyrroloindole alkaloids.




cyclic compounds, and the presence of the additional
unsaturation is a key element for chemical diversity.® The
current approach toward this polycyclic ring system mainly
relies on Witkop’s oxidative cycloaromatization of tryp-
tophan derivatives.” While this method usually performs well
with simple systems, its use with complex starting materials
can be problematic, and aromatization, protecting group
migration, and oxidation can dramatically lower yields.'® An
alternative and general route to prepare tetrahydropyrrolo[2,3-
blindoles is therefore required.

In this context and in continuation of our studies on
copper-mediated cyclization of modified amino acids and
peptides,'' we envisioned an intramolecular amidation reac-
tion to access substituted TPI 6 from readily available 2-iodo-
tryptophan derivatives 7 (Scheme 1), and we report our
results herein.

Scheme 1. Copper-Mediated Approach to Pyrroloindoles
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To test the feasibility of the cyclization reaction, substrates
7a and 7b, whose amine groups were, respectively, protected
as carbamate and amide, were prepared from L-tryptophan
methyl ester 8. The preparation of these substrates involved:
(i) protection of the amino acid with Boc,O or acetyl
chloride, (ii) phase-transfer introduction of the indole
protecting group, and (iii) regioselective C2-iodination of
the indole (Scheme 2).'* Using this short sequence, multi-
gram quantities of each substrate could be easily prepared
in excellent overall yields.

Scheme 2. Preparation of Iodinated Tryptophan Derivatives
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With homochiral substrates 7a and 7b in hand, we next
focused on the selection of optimal conditions for their
cyclization to 6a and 6b using Buchwald’s combination of
diamines and copper iodide (Figure 2).'> Screening all
possible combinations of N,N'-dimethylethylenediamine and
(£)-trans-cyclohexane-1,2-diamine as ligands, K,COs5 and
K5PO;, as base and toluene, or 1,4-dioxane as solvent revealed
a different reactivity of 7a and 7b toward various catalytic
systems, which is most likely due to their different nucleo-
philicities. However, conversion as well as the amount of
reduced products 9 and 10 could be quickly optimized in
each case. While toluene and potassium phosphate were
found to be superior for both substrates, N,N'-dimethyleth-
ylenediamine and (&)-frans-cyclohexane-1,2-diamine, re-
spectively, gave the highest yields for the cyclization of
carbamate 7a and amide 7b. Since extensive amounts of
epimerization have been observed for related cyclization
reactions,'* we carefully checked the ee of tetrahydropyr-
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Figure 2. Optimization of cyclization conditions. a, Yields determined by '"H NMR analysis of crude reaction mixtures using acetonitrile
as internal standard. b, ED = N,N '-dimethylethylenediamine. ¢, Cy = (&)-trans-cyclohexane-1,2-diamine.
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rolo[2,3-b]indoles 6a and 6b. We were delighted to find that
the conditions used have only a small effect on our system
since 6a and 6b could be isolated with 96% ee.

The scope of the reaction was next investigated with
various 2-iodo-tryptophan derivatives using the optimized
conditions: results are summarized in Table 1. In most cases,
polycyclic products were obtained in good to excellent yields.
Moreover, protecting groups on the nitrogen atoms have little
influence as complete conversion was observed in all cases,

Table 1. Scope and Limitations
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“ Conditions A: Cul (10 mol %), N,N'-dimethylethylenediamine (20
mol %), K3PO4 (2 equiv), toluene (0.1 molL™!), 110 °C, 12—16 h.
Conditions B: Cul (10 mol %), trans-cyclohexane-1,2-diamine (20 mol %),
K3POy (2 equiv), toluene (0.1 molL~"), 110 °C, 12—16 h. * Yield of pure,
isolated product. ¢ Reaction performed on gram scale. ¢ Reaction performed
on a 13 g scale.
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and even substrate 7d possessing two bulky carbamates
cyclized smoothly (entry 4). However, the presence of two
Boc groups (entry 5) or smaller substituents (tryptophanol,
entries 6 and 7, or tryptamine derivatives, entry 8) did result
in a more sluggish cyclization. Interestingly, yields did not
significantly vary upon scaling up the reactions since
substrates 6a, 6b, and 6d were obtained in similar yields
when the reaction was performed on milligram or multigram
scales. It is noteworthy that the absence of a carbamate or
an amide on the indole nitrogen has a dramatic impact on
the reaction, since cyclization is completely inhibited with
such substrates, and reduction is the preferred pathway (entry
9). This indicates that either a deprotonation of the indole
inhibits the cyclization or that a strong ortho effect is
operating.'> The presence of a chelating group close to the
iodide might stabilize the intermediate copper complex,
therefore facilitating the overall cyclization process.

The hexahydropyrrolo[2,3-b]Jindole core being an impor-
tant constituent of various biologically active peptides, the
ability to form the pyrroloindole skeleton within peptides is
very attractive since it offers an interesting alternative to
classical routes that involve its formation prior to peptide
bond formation. The cyclization of iodinated dipeptides 12
and 14 was therefore considered (Scheme 3). Using trans-
cyclohexane-1,2-diamine as ligand, the desired TPI-isoleu-
cine 13 and TPI-phenylalanine 15 cyclized products were
obtained in good yields and without noticeable epimeriza-
tion.'® These results demonstrate the possibility of a late stage
cyclization and should pave the way for its use on more
complex peptidic or cyclopeptidic systems.
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Scheme 3. Cyclization of Iodinated Dipeptides
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To expand the scope of the cyclization and to address its
regioselectivity with systems possessing several amides,

Scheme 4. Cyclization of Iodinated Diketopiperazines
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together with providing a straightforward entry to the
polycyclic skeleton of natural products such as the okaramines
or brevienamides, the cyclization of various iodinated,
tryptophan-derived, diketopiperazines was finally undertaken
(Scheme 4). Such substrates were found to cyclize smoothly,
providing tetra- or pentacyclic products 17,' 19,6 21, and
23, whose structures were ascertained by X-ray diffraction
analysis in the first two cases. For substrates 20 and 22, the
use of DMF as solvent, for solubility reasons, however, led
to the formation of minor amounts (ca. 5%) of epimerized
side products that could easily be separated by column
chromatography.

Interestingly, and to test the cyclization reaction further,
the double cyclization of bisiodinated diketopiperazine 24
was attempted. This substrate was found to cyclize smoothly
to heptacyclic compound 25'® which was isolated in 72%
yield as a single diastereoisomer (Scheme 4). It is noteworthy
that this compound possesses the core structure of hexahy-
dropyrroloindole alkaloids such as amauromine and gypsetin.

One “post-ring forming” reaction was finally attempted.
Treatment of 6b with Adam’s catalyst diastereoselectively
reduced the indole ring to give 26 whose stereochemistry
was ascertained by X-ray analysis (Scheme 5).

Scheme 5. “Post-Ring Forming” Hydrogenation
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In conclusion, we have developed an efficient copper-
catalyzed procedure giving rapid access to a wide range of
enantiopure pyrrolo[2,3-blindoles from readily available
2-iodo-tryptophan derivatives. Further applications of this
method are underway and will be reported in due course.
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