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Enantioselective Synthesis of Spiro Cyclopentane-1,3'-indoles and
2,3,4,9-Tetrahydro-1H-carbazoles by Iridium-Catalyzed Allylic
Dearomatization and Stereospecific Migration**

Qing-Feng Wu, Chao Zheng, and Shu-Li You*

The indole nucleus is embedded in numerous natural
products and biologically active compounds, including com-
mercial drugs.!"! Thus, enormous effort has been devoted to
the development of efficient synthetic procedures for the
direct functionalization of this privileged compound.”!
Recently, indoles were found to be suitable nucleophiles for
transition-metal-catalyzed allylic substitution reactions.”!
With an appropriate chiral metal complex, the catalytic allylic
alkylation of indoles led to highly enantioenriched indole
derivatives. Through an elegant intramolecular design, Ban-
dini and co-workers achieved facile access to polycyclic
indoles such as tetrahydro-f3-carbolines, tetrahydro-y-carbo-
lines, and tetrahydro-1H-carbazoles.! Mechanistically, this
intramolecular allylic arylation reaction still requires further
investigation. There are two possible pathways: either
through a direct arylation reaction (Scheme 1, path a) or a
spirolization/migration reaction (path b).
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Scheme 1. Possible pathways for the intramolecular allylic alkylation of
C2 indoles.

Apart from the Friedel-Crafts-type arylation reaction,
indoles can also undergo an allylic dearomatization reaction
in the presence of a metal catalyst. Pioneering studies with
palladium catalysts have been carried out by the research
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groups of Tamaru,” Trost”) and Rawal[’ Recently, we
reported an intramolecular iridium-catalyzed asymmetric
allylic dearomatization of indoles, which provides six-mem-
bered spiroindolenines in a highly enantioselective
manner.’"” When a five-membered ring formation was
attempted, alkylation at the C2 position of the indole
occurred, as was observed by Bandini and co-workers.*!
Intrigued by the five-membered spiroindolenine products
and the mechanism associated with the intramolecular C2
indole alkylation, we recently explored the iridium-catalyzed
intramolecular asymmetric allylic dearomatization of indoles
to form spiro cyclopentane-1,3’-indoles. Interestingly, with an
acid catalyst, we found that stereospecific migration of spiro
cyclopentane-1,3’-indoles can lead to enantioenriched 2,3,4,9-
tetrahydro-1H-carbazoles. To our knowledge, this type of
stereospecific migration of indolenines has not been reported,
and provides direct evidence for the spirolization—migration
pathway of intramolecular C2 indole alkylation. Herein, we
report our preliminary results.

We began our studies by testing carbon-tethered substrate
1a with an iridium catalyst system derived from [{Ir(cod)Cl},]
and phosphoramidite ligand L, (Table 1).""! Reaction of 1ain
the presence of 2 mol % of [{Ir(cod)Cl},], 4 mol % of L,, and
2.0 equiv of Cs,COs;, in THF for 2 h gave the five-membered
spiroindolenine product 2a in 12:1 d.r., 94% ee, and more
than 95% yield (Table 1, entry 1). Screening of phosphora-
midite ligands (Table 1, entries 1-7) led to the identification
of ligand L, as the best one, in terms of d.r. value (Table 1,
entry 1). Substituted phosphoramidite ligands L,, L, and L,
could catalyze the reaction in elevated ee, but with decreased
diastereomeric ratio. The 2-methyl-1,2,3,4-tetrahydroquino-
line-derived phosphoramidite ligands L, previously found to
be the best ligand for the formation of six-membered
spiroindolenines, and L, are not effective for this type of
substrate (Table 1, entries 6 and 7). Systematically screening
solvents and bases showed that reaction in dioxane with
Cs,CO; gave optimal results (> 95 % yield, 16:1 d.r., and 99 %
ee; Table 1, entry 8; for details, see the Supporing Informa-
tion). Reaction in the absence of base led to comparable
selectivity, but a decreased rate.

To test the generality of the reaction, various allyl
carbonates were subjected to the above optimized reaction
conditions (2 mol% of [{Ir(cod)Cl},], 4 mol% of L;, and
2.0 equiv of Cs,CO;, in dioxane). In some cases, the imine
functionality of the indolenine products caused purification
difficulties. Therefore, upon completion of the dearomatiza-
tion reaction, the concentrated reaction mixture was sub-
jected to a NaBH;CN reduction, affording the corresponding
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Table 1: Optimization of reaction conditions.!
MeO,C MeG,C_COMe
CoMe [ircod)Chy] (2 mol%)

i 0
3 \ ligand (4 mol%}) /
N OCO,Me  base solvent N =
H N
2a
OO 9 a ‘O e o
R N
9o LA S 0L
L (S, S, S,), Ar=Ph Ls (S S Sy) Lg (R Ra)
L2 (S, S S,), Ar = 2-MeO-CgH,y L7 (R, Sa)
L3 (S, S, S,), Ar = 2-naphthyl
Ly (R R, S,), Ar=Ph
Entry Ligand Solvent Base Temp t Yield drld e

a [ e)” (%]

1 L, THF Cs,CO; 50 2 >95 1221 94
2 L, THF Cs,CO;, 50 2 >95 81 97
3 L, THF Cs,CO;, 50 2 >95 4:1 96
4 L, THF Cs,CO, 50 12 626 71 9
5 Ls THF Cs,CO; 50 12 21 41 58
6 Lg THF Cs,CO;, 50 12 trace - -
7 L, THF Cs,CO, 50 12 trace - -
8 L, dioxane Cs,CO, 50 2 >95 16:1 99

[a] Reaction conditions: 1a (0.2 mmol) and base (0.4 mmol) in solvent
(2.0 mL). [b] Yield of isolated product. [c] Determined by '"H NMR
spectroscopy of the crude reaction mixture. [d] Determined by HPLC
analysis. [e] Conversion determined by '"H NMR spectroscopy.

indolines as stable compounds. The results are summarized in
Table 2. Reaction of various dimethyl malonate linked
substrates bearing either an electron-donating group (5-
MeO, 6-BnO, 4-Me; Table 2, entries 2-4) or an electron-
withdrawing group (5-Br, 7-Br, 5-F; Table 2, entries 5-7) on
the indole core all led to the corresponding indoline products
in excellent yield, d.r., and ee (78-92 % yield, 5:1-14:1 d.r.,
92-99% ee). Substrates bearing either an ethyl or tert-butyl
ester group on the tether were well tolerated (Table 2,
entries 8 and 9). The stereochemistry of the products was
determined by a single-crystal X-ray analysis of the HCI salt
of enantiopure 3f. The reaction proceeded smoothly for
methylene-tethered substrates with different electronic prop-
erties (Table 2, entries 10-13), affording the five-membered
spiroindoline products in good yield and ee, but with
decreased diastereomeric ratios. Notably, when 2-methyl
and 2-phenyl indolyl allyl carbonates were used, spiroindo-
lenine products were obtained as stable compounds in
excellent yield and selectivity (Table 2, entries 14 and 15).
The formation of five-membered spiroindolenines
encouraged us to examine whether they could be transformed
to the C2 indole alkylation product, namely 2,3,4,9-tetrahy-
dro-1H-carbazoles. If this were the case, we would also be
interested in knowing whether or not the process is stereo-
specific. With five-membered spiroindolenine 2a in hand, we
tested it with a variety of acids. With a catalytic amount of
TsOH (30 mol %), spiroindoline 2a was smoothly isomerized
to the tetrahydrocarbazole 4a in almost quantitative yield.
Fortunately, the ee value of 2a was well preserved during the
migration process. In a one-pot procedure, including asym-
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Table 2: The asymmetric allylic dearomatization reaction.
1y {Ir(cod)CI},] (2 mol%)

R L4 (4 mol%) R R

R R Cs,C03 (200 mol%) R
/\ AN \ dioxane, 50 °C /\ N B

= N\ 2) NaBH,CN _ =

N 0CO,Me MeOH N
1 0°C —RT 3

Entry 1 R R’ 3 d.r® Yield [%]® e [%]1
1 la H CO,Me 3a 16:1 93 98
2 1b 5MeO CO,Me 3b 14:1 91 95
3 1c 6-BnO CO,Me 3c 10:1 89 92
4 1d  4-Me CO,Me 3d 5:1 78d 99
5 le 5-Br CO,Me 3e 13:1 92 96
6 1f 7-Br CO,Me 3f 11:1 90 97
7 1g 5-F CO,Me 3g 12:1 92 97
8 1Th H CO,Et  3h 11:1 93 97
9 1i H CO,tBu  3i 12:1 95 96
10 1j H H 3j 451 71 92/87
1 1k 5MeO H 3k 23:1 60/23 92/86
12 11 4-Me H 31 1.5:1  45/32 92/72
13 Tm 5-Br H 3m 1:1 42740 89/82
14 1n  2-Me CO,Me 2n  15:1 96 97

151 lo 2-Ph CO,Me 20 13:1 94 97

[a] Determined by "H NMR spectroscopy of the crude spiroindolenine
intermediate. [b] Yield of isolated product; for entries 10-13, the yield of
the minor diastereomer is shown after the slash. [c] Determined by HPLC
analysis; for entries 10-13, the ee of the minor diastereomer is shown
after the slash. [d] Yield of the major diastereoisomer. [e] Without
NaBH,CN reduction.

metric allylic dearomatization and treatment with TsOH,
various indolyl allyl carbonates were tested to determine the
generality of the reaction. As summarized in Table 3, the
reaction proceeded well in all cases, affording the corre-
sponding tetrahydrocarbazoles in good to excellent yield and
ee (Table 3, entries 1-13). The absolute configuration of the
tetrahydrocarbazole products was assigned by an X-ray

Table 3: Allylic dearomatization and stereospecific migration.
1) {Ir(cod)CI},] (2 mol%)

R Lq (4 mol%) R’

R R Cs,C03 (200 mol%) R, R

R \ dioxane, 50 °C i A §
= N\ 2) TsOH (30 mol%) = _
B OCOMe THF, RT H =
1 4

Entry 1 R R 4 yield [%]7 e [96]"!
1 1a H CO,Me  4a 92 97
2 1b 5-MeO  CO,Me  4b 92 94
3 1c 6-BnO CO,Me 4c 85 95
4 1d 4-Me CO,Me  4d 80 9%
5 le 5-Br CO,Me 4e 94 93
6 1f 7-Br CO,Me  4f 88 99
7 1g 5.F CO,Me  4g 90 9%
3 1h H CO,Et 4h 92 97
9 1i H CO,tBu 4 90 95
10 1j H H 4j 82 90
1 1k 5-MeO H 4k 72 90
12 11 4-Me H 41 78 91
13 Tm  5-Br H 4m 70 88

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Yield of isolated product. [b] Determined by HPLC analysis.
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analysis of enantiopure 4 f, which was found to be consistent
with that of the spiroindoline products.

To understand the origin of the selective formation of the
five-membered ring during the dearomatization process, a
DFT calculation was carried out.? The results were in good
accord with the experimental observations. As shown in
Scheme 2, the transition states for the nucleophilic attack of

[ir] [

TSl TSI
0.0 (0.0) 44 (4.1)
I /o (S)-BINOLate
M"Ir/P )
= oA Me
HL N\(
Ph
Ph

Scheme 2. Representation and relative energies of TS-Ill and TS-II.
AG,, and AE,, (the latter shown in parentheses), are given in
kcalmol™. Calculated at the M06-2X/SDD/6-31G(d,p) level of theory
(solvent=1,4-dioxane).

the C3 and C2 positions of the indole ring to the iridium-
allylic moiety (TS-III and TS-II) were determined. The
energetic barrier of TS-II is 4.4 kcalmol™" higher than that
of TS-III, indicating that C3 attack is the favored process.
There are two reasons that might account for the energetic
difference between these transition states. The C3 position of
the indole structure, although substituted, still exhibits
stronger nucleophilicity than the C2 position in this case.
Furthermore, the C3 attack makes the indole substrate adopt
a more suitable conformation in TS-III, avoiding steric
congestion with one phenyl group of L;, as shown in TS-IL

Based on the above data, we propose the following
mechanism for the TsOH-catalyzed stereospecific migration.
As depicted in Scheme 3, the protonation of indolenine leads
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Scheme 3. Possible mechanism for the stereospecific migration of spiro cyclopen-

tane-1,3"-indoles.
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to intermediate I or II. Intermediate II most likely undergoes
migration through a three-center two-electron pathway to
generate intermediate IV, which further eliminates a proton
to yield tetrahydrocarbazole product 4. Although the non-
classical carbocation III might account for the stereospecific
migration, further study is needed.

In summary, we have developed a highly enantioselective
synthesis of spiro cyclopentane-1,3'-indoles through an iri-
dium-catalyzed asymmetric allylic dearomatization reaction.
The spiro cyclopentane-1,3"-indoles, in the presence of a
catalytic amount of TsOH, underwent stereospecific migra-
tion to provide 2,3,4,9-tetrahydro-1H-carbazoles. This novel
stereospecific migration of indolenines to tetrahydro-1H-
carbazoles provides direct mechanistic evidence for the
intramolecular Friedel-Crafts-type C2 indole alkylation reac-
tion. Further investigation into the mechanism of the migra-
tion process and applications of this method are currently
underway in our laboratory.

Experimental Section

General procedure for the iridium-catalyzed enantioselective allylic
alkylation: [{Ir(cod)Cl},] (2.7 mg, 0.004 mmol), phosphoramidite
ligand L; (4.2 mg, 0.008 mmol), THF (0.5 mL) and n-propylamine
(0.5mL) were added to a flame-dried Schlenk tube. The reaction
mixture was heated to 50°C for 30 min and then the volatile solvents
were removed under reduced pressure to give a pale yellow solid.
Next, allylic carbonate 1 (0.20 mmol, dissolved in 2.0 mL dioxane)
and cesium carbonate (130.3 mg, 0.40 mmol) were added. The
reaction mixture was heated to 50°C for 2-5 h. After the reaction
was complete (as indicated by TLC), the crude mixture was filtered
through celite and washed with EtOAc. The solvents were removed
under reduced pressure and the diastereomeric ratio of the crude
reaction mixture was determined by '"H NMR spectroscopy. The
residue was then purified by silica gel column chromatography (2:1
petroleum ether/EtOAc) to afford the desired product 2.
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