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ABSTRACT

The catalytic and asymmetric cycloaddition between 3-[1-(silyloxy)vinyl]indoles and electron-deficient olefins gave substituted hydrocarbazoles
in up to 99% yield and 94% ee. This reaction was catalyzed by a novel chiral holmium(III) complex. Alkylation of the cycloadduct gave a tricyclic
compound with four continuous chiral centers, one of which was a quaternary carbon.

Hydrocarbazoles, which possess a heterotricyclic ring
system, are an important class of organic compounds.
This motif is a common scaffold of many natural and
biologically active alkaloids (Figure 1).1 Although

hydrocarbazoles are quite important structures, methods
for constructing them are limited. The most common
approach is the cycloaddition of indole derivatives. Pre-
vious reports have used 3-vinylindoles2 or 2-vinylindoles3

as a diene.4 However, in these cases, the obtained cycload-
ductsmostly suffered fromair-oxidation or a thermal [1,3]-
hydride shift, resulting in the loss of a chiral center (Scheme1,
X = H).5 Therefore, a reliable and versatile method for
obtaining highly substituted chiral hydrocarbazoles in a
single step is still needed.

Figure 1. Selected examples of natural and biologically active
compounds that contain hydrocarbazole.
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Based on our previous studies6 using a Danishefsky
diene,7 we envisioned that 3-[1-(silyloxy)vinyl]indole
(siloxyvinylindole) (1, X=OSi) could be used as a diene,
which would exhibit high reactivity and allow direct
access to hydrocarbazole 2 by [4 þ 2] cycloaddition, as
outlined in Scheme 1. Ordinary transformation of the
cycloadduct provides hydrocarbazolone 3 with a qua-
ternary carbon. To our surprise, there is no synthetically
useful example of the use of siloxyvinyl-substituted
heteroaromatics as a diene for catalytic and enantiose-
lective [4 þ 2] cycloaddition.8 We report here a method
for the catalytic synthesis of optically active hydrocarba-
zoles using siloxyvinylindole as a diene, in which new
holmium (Ho) salt and chiral bis-thiourea complexes
were used as a catalyst.

We initiated screening using our chiral Yb complex,6

fumaric acid derivative 7a, and 1 (X = OSi) with various
N-protectivegroupsandsilyl groups.After concise screening,
N-(p-methoxybenzenesulfonyl)-3-[1-(triisopropylsiloxy)-
vinyl]indole (1a) was found to be both sufficiently stable
and reactive as a diene.9 With our Yb catalyst, 1a and 7a

gave encouraging results (Table 1, entry 1).10Notably, the
silyl enol ether moiety of the adduct 2a was intact under

the reaction conditions as well as under silica gel column
chromatography. The perfect regioselectivity suggested
that the Lewis acidic activation of dienophile 7a occurred
site-specifically at N-acyloxazolidinone. With the use of
bis-thiourea ligand 5 (entry 2), the chemical yield was
dramatically increased to be quantitative and the diaste-
reoselectivity was perfect, yet the ee was still unsatisfac-
tory. By changing the side chain of the ligand, we found
that smaller substituents gave better enantioselectivity,
and amethyl groupgave thebest results: 75%ee (entry 3).11

For the development of a catalytic system with broader
substrate generality, 7b with a simple alkyl chain was used.
However, 2b was obtained in only 9% yield and 16% ee.
Screening of other lanthanide triflates12 revealed that
holmium triflate (entry 5) was the most effective in terms
of enantioselectivity: 32% ee. Further investigation of
metal sources showed that trifluoromethanesulfonimide
salt13 dramatically improved the results: 90% yield,

Scheme 1. Diels�Alder Reaction of 3-Siloxyvinylindole
Followed by Alkylation To Construct Hydrocarbazoles with
Four Continuous Chiral Centers

Table 1. Optimization of the Catalyst

entry R metal salt ligand

time

(h)

yield

(%)

ee

(%)

drb

(exo/endo)

1a 7a Yb(OTf)3 4 5 18 52 9/1

2 7a Yb(OTf)3 5 3 quant 59 exo only

3 7a Yb(OTf)3 6 3 quant 75 exo only

4c 7b Yb(OTf)3 6 2 9 16 exo only

5c 7b Ho(OTf)3 6 2 8 32 exo only

6 7b Ho(NTf2)3 6 2 90 87 exo only

7d 7b Ho(NTf2)3 6 3 86 93 exo only

a 2.0 equiv of 1awas used. bDetermined from the 1HNMRspectrum
of the crudemixture. cCarriedout at rt. d 5mol%ofHo(NTf2)3, 10mol%
of 6, and 10 mol % of DBU were used.
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87% ee (entry 6). When a Ho(NTf2)3/(R)-6/DBU = 1/2/2
complex was used, both the reactivity and enantioselectivity
were improved to give the cycloadduct in 86% yield and 93%
ee even with 5 mol % of the catalyst (entry 7).14 The ee of 2
could be enriched by recrystallization. In particular, with an
86%eesampleof2a,weobtainedoptically enriched2a in99%
ee after a single recrystallization.15 Under these conditions,
we examined the scope and limitations of the dienophile.16

The reaction with thioester 7c proceeded smoothly to
give the desired product in 94% yield, but the enantio-
selectivity decreased to 78% ee (Table 2, entry 2). Acetyl,
cyano, and trifluoromethyl groups gave similarly good
results with respect to reactivity and enantioselectivity
(entries 3�5). A phenyl substituent (entry 6) was associated
witha slightdecrease in enantioselectivity.Alkyl-substituted
dienophiles (7h�j, and 7b, entries 7�10) gave excellent

yields (86�96%) and good ee’s (90�94% ee), although
7i had relatively low reactivity. Acrylate derivative 7k

(entry 11) was unstable under these conditions. Therefore,
the substratewas added at�20 �C, and the reactionmixture
was stirred at the same temperature for 30 min to give the
desired product 2k in 95% yield and 86% ee.
This holmium chemistry could be extended to dienes from

other heterocycles (Figure 2). Pyrrole-type substrate gave
hydroindole 8 in 92% yield, and the enantioselectivity was
still good, i.e., 87% ee. Similar to the results in Table 2, we
didnotobserve thegenerationofanendo isomer.Benzofuran
derivativecouldalsobeused inthis reaction,although10mol%
of the catalyst was required to complete the reaction:
96% yield and 81% ee. The formation of chiral 8 and 9 is
noteworthy, since there is noprevious report on the synthesis
of these skeletons as well as 2 using a single catalytic system.

With cycloadducts in hand, we turned to conversion of
the silyl enol ethermoiety.When the adduct 2awas treated
with methyl iodide and tetrabutylammonium fluoride,
the corresponding methylated product 3a was obtained
as a single isomer (Scheme2, eq1). Similarly, allylationwas
performed, and the product 3bwas obtained in 85% yield.
Cyanomethylation gave 3c in 90% yield. Remarkably,
these compounds 3a�c have a chiral quaternary carbon
among four continuous chiral stereocenters, which were
synthesized in two steps. Compound 3c could be a poten-
tial synthetic intermediate for strychnos alkaloids.17 Re-
ductive cyclization of 3c with Raney-Ni gave 10 and 11

(Scheme 2, eq 2). Compound 10 could be converted to 11

by hydrogenation with Pd(OH)2. Other transformations
are depicted in Scheme 3. Thioesterification of 2b pro-
ceeded smoothly to give12 in quantitative yield.Fukuyama
reduction18 afforded aldehyde 13. Primary alcohol 14

was obtained by the reduction of thioester 12 with LAH.
Deprotection of indole-nitrogene using Na/anthracene19

gave 15 in 84% yield. Neither epimerization nor racemiza-
tion was observed during these transformations.

Table 2. Scope and Limitation of the Substituent on the
Dienophile 7

entry Ra (substrate) conditions

yield of

2b (%)

ee of

2 (%)

1 CO2CH3 7a 0 �C, 30 min 96 87

2 COSPh 7c 0 �C, 30 min 94 78

3 COCH3 7d 0 �C, 30 min 95 90

4 CN 7e 0 �C, 30 min 94 92

5 CF3 7f 0 �C, 1 h 99 94

6c Ph 7g 0 �C, 30 min; rt, 2 h 99 75

7 CH2Cl 7h 0 �C, 1 h 90 94

8c CH2OBn 7i 0 �C, 2 h 92 90

9 Me 7j 0 �C, 2 h 96 90

10 n-Pr 7b 0 �C, 2 h 86 93

11 H 7k �20 �C. 30 min 95 86

a 0.4 mmol of 7 was used in each entry. b In all entries, only the exo
adduct was observed in the crude 1H NMR spectrum. c 0.2 mmol of 7
was used with 10 mol % Ho(NTf2)3, 20 mol % 6, and 20 mol % DBU.

Figure 2. Scope of dienes. The reactions were performed in
CH2Cl2 in the presence of the holmium catalyst.
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To obtain insight into the structure of the catalyst, the
catalyst solutionwasmonitoredbyESI-TOF-MSanalysis.20

In the solution of Ho(NTf2)3 and ligand 6, a peak of Ho
salt/ligand 6 = 1/2 was observed. This observed ratio is
associated with the best catalytic composition (Table 1).
The subsequent addition of DBU induced a significant
change in the MS spectrum and gave a series of peaks
derived from DBU salts. DBU was strongly suggested to
deprotonate NH of ligand. Based on these experimental
results and the high coordination number of lanthanide as
well as flexible coordinationmodes,weoffer thehypothetical
structure of active catalyst complex shown in Figure 3: the
eight-coordinate dienophile adduct of Ho(NTf2)/(6-H)2.

21

In this structure, the diene could approach from only one
side of the dienophile due to the steric barrier of the naphthyl
ring and the thiourea side chain of the ligand, and we can
rationalize the absolute configuration of 2.
In summary, we have developed a new catalytic and

enantioselectivemethod for the synthesis of hydrocarbazoles
by the [4 þ 2] cycloaddition of silyloxyvinylindoles and
electron-deficient olefins. This reaction was catalyzed by a
novel chiral holmium complex to give adduct without the
decomposition of silyl enol ether, which should be useful
for the synthesis of various intermediates with a quaternary
carbon. Synthetic applications of the cycloadducts and a
mechanistic study of the holmium catalyst are underway.
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Scheme 2. Alkylation for the Construction of a Quaternary
Carbon and Further Transformation to a Tetracyclic Skeleton

Scheme 3. Other Transformations and Deprotection

Figure 3. Proposed transition-state model of a holmium cata-
lyst, dienophile 7, and diene 1a complex.
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