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ABSTRACT: C(2)—C(3) cyclopentannelated indole
constructs are prepared by either (a) a cyclization cascade
of an alkenyl sulfide tethered to a 2-azido-1-allenylbenzene
core or (b) cationic cyclization of a tethered alkenyl sulfide
with a putative 2-indolidenium cation. In both cases, issues
of C—C versus C—N bond formation emerge, and the
results indicate that the former is favored.

Indolidenes 2 and indolidenium cations 4 have been
occasionally exploited in the service of C—C bond-forming
reactions at the electrophilic C(2) alkylidene position." These
transformations have enabled the synthesis of complex molec-
ular architectures from relatively simple precursors en route to
several natural products.' We recently worked out a novel and
general approach for the synthesis of indolidene inter-
mediates via cyclization of 2-azido-1-allenylbenzenes (1 — 2),>
and in addition, we have identified mild experimental condi-
tions to generate putative indolidenium cations 4 from simple
2-(methylalcohol) derivatives 3, as described in this report
(Scheme 1).

Scheme 1. Indolidene and Indolidenium Electrophiles
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With robust routes to these reactive intermediates in hand, we
have begun exploring their chemical reactivity in C—C bond-
forming processes. Herein we describe a new reaction of these
indolidene and indolidenium cation intermediates: the [3 + 2]
cyclocondensation with a tethered alkene Sa or Sb to generate
cyclopentanylated indole products 6 featuring C—C bond
formation at both the C(2) indolic position and C(3) of the
indole nucleus (Scheme 2). Fundamental selectivity questions,
such as the regiochemical bias for either C—C bond formation
(to give 6) or C—N bond formation (to give 7) as a function of
the nitrogen substituent R, and the stereochemical preference
for either trans (e.g, 6) or cis ring fusion, are explored below.
Earlier work by Moody and co-workers hinted that this process
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Scheme 2. [3 + 2] Cyclocondensation of Indolidene/
Indolidenium Electrophiles with Pendant Alkenes
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was feasible;'™ we have identified an appropriate electronically
matched alkene addend that proceeds in good yield with
moderate diastereoselectivity. The product cyclopentanylated
indole substructure can be found in a range of naturally occurring
alkalmds, such as the fischerindoles® and the indolosesquiter-
penes,* inter alia.

We have observed that when X = S in Scheme 2, both the
indolidene- and indolidenium-mediated transformations pro-
ceed to the desired tetracyclic product. The indolidene chemistry
is illustrated in Scheme 3, where irradiation of a CH;CN solution

Scheme 3. Allenyl Azide Tricyclization via a Putative
Indolidene Intermediate
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of alkenyl sulfide substrate 8> (as a 1.25:1 mixture of geomet-
rical isomers) afforded a suite of products 9—11 that clearly
demonstrated the feasibility of this [3 + 2] approach to indole
C(2)—C(3) cyclopentanylation (Table 1, entry 1). The C—C-
bonded products (major 9a + minor 9b) featured the formation
of three new bonds in this cascade cyclization, including a new
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Table 1. Cascade Tricyclization of Allenyl Azide—Alkenyl
Sulfide Substrate 8

entry solvent 9a 9b” 10¢ 11¢
1 CH;CN 46 9 9 3
2 toluene trace — — 20
3 CH,Cl, trace - 22 -

“Percent yields of isolated, pure products. bPercent yields determined
by 'H NMR integration of 9a/9b mixtures.

C—C bond to C(3); only trace amounts of the C—N-bonded
product (10) and the formal “ene”-type product 11 were
isolated. Within the C—C-bonded product manifold, species 9a
with the trans ring junction was favored over the cis-fused
diastereomer 9b (~5:1). The stereochemical outcome at the
MeS-bearing carbon was mixed, perhaps reflecting either the
initial geometrical mixture of alkenyl sulfides or some
mechanistically based preference during the tricyclization
process. The relative stereochemical assignments of 9a and 9b,
including tentative assignment at the MeS-bearing carbon, were
based upon (1) comparison of the observed "H—'H coupling
between MeS—CH and the adjacent ring juncture proton to the
predicted value for this coupling derived from energy-minimized
structures (see the Supporting Information for calculational
details and observed/predicted J values) and (2) the correlation
of "H NMR spectral data of the products derived from H-for-
SMe reduction (vide infra) w1th data reported for these species
prepared by a different method.™

This transformation clearly demonstrates a strong solvent
effect (Table 1). Only by irradiation in the more polar solvent
CH;CN was the desired reaction course observed; irradiation of
8 in the less polar solvents toluene and CH,Cl, did not lead to
any more than a trace of cyclopentannelated indole products.
Photochemical reaction in the preferred solvent CH;CN at
either (a) lower temperature (0 °C instead of 28 °C asin entry 1)
or (b) at one-third the concentration of entry 1 (3 vs 10 mM)
led to a suite of reaction products identical to those observed in
entry 1. Inclus10n of a catalytic amount of In(OTf); (vide infra)
or Cul® under entry 1 conditions led to complete decom-
position of the starting material, but no characterizable products
formed.

Irradiation of 8 in CH3;OH led to only the methanol adduct 12
(eq 1). Apparently, the internal MeS-substituted alkene does not
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8 hv (850 nm) CH;0H 45% 12
reflux CH3OH 88%
reflux CH3CN 40% of 11

compete with methanol for the putative indolidene intermediate.
The yield of 12 improved to 88% when 8 was heated to reflux in
CH;OH, but substrate 8 was converted largely to alkene 11 upon
heating to reflux in CH;CN.

Mechanistic speculation can extend in two disparate directions
in the absence of any differentiating data: (a) an unprecedented
[107 + 27z] photochemical concerted cycloaddition as per 13
or (b) a stepwise process perhaps promoted by photoinitiated
single-electron transfer (SET) (8 — 14a) (Scheme 4). The inter-
vention of dipolar intermediates such as 15a/b in the latter path-
way is reminiscent of the proposed sequence of steps by which
alkenes combine with fulvenes in a formal [6 + 2] manner.®

Scheme 4. Mechanistic Speculation Governing the Formation
of Cyclized Products
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The observed regiochemical and stereochemical results can
be accommodated through the SET process by invoking an
energetically favorable chairlike transition-state geometry
featuring a pseudoequatorial thioalkenyl appendage (e.g., 15a)
rather than the pseudoaxial alternative (e.g., 15b).

We also examined allenyl azide enol ether 16, the oxygen
equivalent of substrate 8, in both photochemical and thermal
transformations (eq 2). In methanol, the methanol adduct
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17, analogous to 12, was formed in good yield under either
irradiation or heat. On the other hand, irradiation in CH;CN
afforded complex mixtures from which no characterizable
material could be isolated. Apparently there is a mismatch in
reactivity between the putative indolidene intermediate and an
enol ether nucleophile that is overcome by switching to the sulfur
analogue.

The methanol adducts 12 and 17 provided an entry point into
indolidenium chemistry (Scheme 5). Thus, treatment of either

Scheme S. Lewis Acid-Mediated Bicyclizations via Putative
Indolidenium Intermediates
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the sulfur-containing substrate 12 (typically as a 1.3—1.7:1 mix-
ture of alkene E and Z isomers’) or the enol ether analogue 17
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Table 2. Lewis Acid-Mediated Bicyclization of Indole
Substrates 12 and 17

entry  substrate conditions 9a“ 9b” 10/18¢
1 12 In(OTY)s, toluene 52 - 38
2 12 In(OTf),;, CH,Cl, 20 trace decomp
3 12 In(OTf);, CH,CN 38 13 decomp
4 12 Sc(OTf);, CH,CN 42 13 decomp
S 17 In(OTYf),, toluene - - S1

“Percent yields of isolated, pure products. Percent yields determined
by 'H NMR integration of 9a/9b mixtures.

with 20 mol % In(OTf); or Sc(OTf); provided a suite of
tetracyclic products that featured both C—C and C—N bond
formation. The indium-mediated bicyclization of substrate
12 (Table 2, entries 1—3) most likely proceeds through
indolidenium cation Sb en route to highly electrophilic sulfur-
stabilized carbocation 19 (eq 3). Once again, positing the

fc—c bond
+ formation
MeX
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intervention of an intermediate like 19 leads to placement of
the peripheral substituents in either equatorial or axial positions,
and electrophilic capture of an equatorial indole unit by either
a pseudoequatorially aligned S-stabilized carbocation or an
axially oriented alternative rationalizes the results. In toluene,
cyclization is split between C—C and C—N bond formation
(Table 2, entry 1). Exploring this indium-mediated chemistry
with substrate 12 in either CH,Cl, or CH;CN again led to the
formation of the C—C-bonded products 9a/9b (Table 2, entries
2 and 3), but in these solvents any C—N-bonded product 10
decomposed under the reaction conditions (control experi-
ment). The ring juncture stereochemical outcome is completely
selective for the trans configuration in toluene with In(OTf),
mediation, but there is some erosion of this selectivity in the
other solvents examined. Overall, these stereochemical results
are consistent with preferential initial C—C bond-forming
cyclization through an intermediate of the type Sb featuring a
pseudoequatorial alkene unit. Substituting Sc(OTf); for In-
(OTHY), led to essentially the same results (Table 2, entries 3 and 4).

The exclusive formation of C—N-bonded products 18 from
indium-mediated bicyclization of the oxygen-bearing substrate
17 (Table 2, entry S) is noteworthy in light of the strong (Table 1,
entry 1) to moderate (Table 2, entry 1) preference for C—C bond
formation when X = S. These disparate observations may speak to
the intermediacy of species like 15a/b (from 8 through the SET
mechanistic path) or 19 (from 12/17), where the “softer” sulfur-
stabilized carbocation, compared with a “harder” oxygen-stabilized
carbocation, might be a better reactivity match for the softer C(3)
nucleophilic site of the indole unit within 15 and 19. On this point,
the ionization potential of methyl vinyl sulfide is si%niﬁcantly lower
than the ionization potential of methyl vinyl ether,” an observation
consistent with the hypothesis that thio-bearing substrate 8 might
better participate in a (product-forming) SET process.

One obvious way to steer this system completely toward the
C—C-bonded product is to remove the nitrogen as a nucleophilic
option. The N-benzyl substrate 20° accomplishes this goal
(eq 4). The free alcohol in 20 results from the method used in its
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Ny —_— N+ N o
N OH N CH N CH
Bn Bn 8 Bn 8
20 21a 21b

synthesis.” Subjection of N-benzyl substrate 20 to the typical
indium triflate-mediated bicyclization protocol in CH;CN
solvent delivered the expected C—C-cyclized products 21a and
21b exclusive of any C—N-bonded alternatives (Table 3). The

Table 3. Lewis Acid-Mediated Bicyclization of Indole
Substrate 20

entry solvent 21a“ 21b*
1 CH,CN 61 24
2 CH,Cl, 25 19
3 toluene 30 12

“Percent yields determined by integration of the "H NMR spectra of
crude 21a/21b mixtures.

exceptionally high yield in this series (85%; Table 3, entry 1) and
the moderate preference for the trans ring fusion isomer 21a is
noteworthy. Switching to a less polar solvent (CH,CL, or toluene)
led to inferior results (Table 3, entries 2 and 3). Once again, reac-
tion through an indolidenium cation to give a highly electrophilic
sulfur-stabilized carbocationic intermediate (e.g, Sb, R = Bn,
X = S) rationalizes the overall reaction outcome. In addition, the
benzylated substrate 20 and the NH analogue 12 proceeded to
tetracyclic products with similar trans/cis ring juncture stereo-
chemical preferences in CH;CN (~3:1 trans/cis).

Reductive removal of the thiomethyl ether unit from the
major diastereomer of 9a (labeled 9al) proceeded smoothly
using Superhydride as the reductant (eq S). The derived product

MeS H H
LiBEtH
B (5)
Ny THF Ny
N CHj N CHs
H H
9a1 92% 22

22 exhibited a 'H NMR signal for the angular methyl protons at
1.02 ppm (CDCl,). The cis-ring-fused diastereomer of 22 has
been described; the 'H NMR signal of its angular methyl was
reported to appear at 1.29 ppm (CDCI;)."" In that earlier report,
a small amount of the trans-fused species 22 was isolated as a
byproduct; the '"H NMR signal of its angular methyl was given as
0.98 ppm (CDCI3).lh Thus, in conjunction with the 'H coupling
constant analysis described above for 9a/9b, these comparison
data solidify the trans ring juncture assignment for 22 (and by
implication, for 9a as well).

In summary, we have identified a set of experimental
conditions to conduct moderate-to-high-yielding bicyclizations
and tricyclizations of either intermediate indolidenium cations or
indolidenes, respectively, to form tetracyclic cyclopentannelated
indole systems characteristic of the fischerindole and indolo-
sesquiterpene families of natural products. These reactive
intermediates are accessed via substrates derived from either
allenyl azides (for indolidenes) or indole-2-alkanols (for
indolidenium cations). The mechanistic course of the cyclization
is an open question at present; experiments to probe this issue
are ongoing, and the application of this chemistry in natural
product synthesis is planned.
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