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Abstract: Vinylidene ortho-quinone methides (VQMs) are one-carbon elongated homologues of ortho-quinone
methides (QMs), well-known as useful reaction intermediates in organic transformations. These related quinone
methides are quite distinct in terms of stereochemistry. Namely, VQMs are characterized by an exocyclic al-
lenyl ketone unit merged with a dearomatized ring system and thus, can be rendered axially chiral by locating
a substituent properly at the terminal methylene group of the allene moiety. It should be also noted that VQMs
are tautomers of ortho-ethynylphenols and these isomeric species are correlated through a proton-shift (tau-
tomerization). Focusing on these stereochemical and structural features, we have pursued the development of
unprecedented asymmetric reactions involving enantioenriched VQM intermediates generated by chiral-base-
catalyzed tautomerization of the ethynylphenol precursors. Indeed, commonly used chiral base catalysts such
as cinchonine (CN) and cinchonidine (CD) have been successfully demonstrated to be effective to this end.
In this account, we wish to briefly describe our recent studies on the asymmetric syntheses of optically ac-
tive indeno[1,2-c]chromenes, benzofuro[3,2-b]indeno[1,2-c]chromenes, and benzo[a]carbazoles, based on the
catalytic enantioselective generation of VQMs with CN or CD and the stereocontrolled intramolecular follow-up
cyclization with tethered alkynes, benzofurans, and indoles, respectively.
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1. Introduction

ortho-Quinone methides (QMs) have
long been known as versatile reaction in-
termediates and involved in many organic
transformations, including those for chem-
ical synthesis, biosynthesis, and chemical
biology.[1] This is a result not only of the
convenient generation of QMs through
dearomatization of the corresponding phe-
nol derivatives, but also their high reactiv-
ity (Scheme 1). Namely, QMs comprise a
carbonyl and methylene group attached to

a dearomatized ring system and accord-
ingly serve as excellent Michael acceptors
that readily undergo conjugate addition
reactions with a variety of nucleophiles,
owing to the driving force for rearomatiza-
tion (path a in Scheme 1). Furthermore,
the exocyclic enone substructure fixed to
an s-cis conformation permitsQMs to play
the role of an electrophilic heterodiene in
inverse-electron-demand [4+2] cycloaddi-
tionswith electron-rich dienophiles, restor-
ing the aromatic ring (path b in Scheme 1).

In contrast to the well-investigated
QMs,[1] their one-carbon elongated ho-
mologues, vinylidene ortho-quinone me-
thides (VQMs), have been far less studied
(Scheme 2). VQMs are characterized by
an exocyclic allenyl ketone unit and quite
distinct fromQMs in terms of stereochem-
istry. UnlikeQMs,VQMs can be rendered
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Scheme 1. ortho-Quinone methides (QMs): Outline of preparation and reactivity.
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axially chiral by locating a substituent
properly at the terminal methylene group
of the allene moiety. Furthermore, VQMs
are tautomers of ortho-ethynylphenols
(Scheme 3). Focusing on these stereo-
chemical and structural features, we envi-
sioned the development of unprecedented
asymmetric reactions involving enantio-
enriched VQM intermediates generated
by enantioselective tautomerization of the
ethynylphenol precursors with a chiral
catalyst and the stereocontrolled follow-
up reactions.

At the outset of the study, there were
only a few reports on the manipulation of
VQMs for non-asymmetric synthesis.[2]
Youngs and co-workers first proposed the
involvement of a VQM intermediate (I) in
the tandem one-pot bicyclization of A and
B toC (Scheme 4a):[2a] the primary product
from the double Sonogashira coupling of
A and B underwent a rapid proton-shift[3]
to provide VQM (I) followed by intra-
molecular inverse-electron-demand [4+2]
cycloaddition with the adjacent alkyne,
leading to C. A photochemical method
for generating VQMs was also disclosed
by Freccero and co-workers.[2b] They in-
duced an excited-state intramolecular
proton-transfer (ESIPT) process in simple
ortho-ethynylphenols by UV-irradiation to
obtain the corresponding VQMs,[4] which
were reactive to external nucleophiles.
For example, VQM (II), converted from
D by ESIPT, underwent intermolecular
conjugate addition by nPrNH

2
to primar-

ily afford the enamine, which was finally
transformed to imine E through tautomer-
ization (Scheme 4b). On the other hand, a
different approach based on a thermal acyl
transfer to generating aVQMwas reported
byVedejs and co-workers.[2c]They implied
that the O-acetyl group in starting material
F was transferred to the alkyne moiety at
high temperature,[5] leading to the forma-
tion of VQM (III), which further under-
went formal [4+1] cycloaddition to pro-
duce phospha-heterocycle G (Scheme 4c).

Among these precedented methods to
generate VQMs,[6] the most interesting was
in the proton-shift with a base catalyst that
was implicated in Youngs’ report.[2a] The
potential base catalysis was more clearly
shown in the course of our separate study
on the Pd-catalyzed tandem cyclodehy-
drogenation[7] of ortho-phenylene-linked
bis(naphthol) H to oxa-heterohelicene I
(Scheme 5, path a). In this system, a side
reaction to afford indeno[1,2-c]chromene J,
which was reasonably ascribed to the sim-
ple base-catalyzed generation of a VQM
intermediate IV from H, was also noted
(Scheme 5, path b).[7b] This preliminary
result encouraged us to launch the system-
atic research on the chiral-base-catalyzed
enantioselective proton-shift of the ethy-
nylnaphthol to manipulate the enantioen-
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C-deuterated VQM-d, which would un-
dergo intramolecular [4+2] cycloaddition
with the tethered alkyne to provide 2a-d.

We further attempted to render the re-
action catalytic and identified Et

3
N to be an

effective catalyst: treatment of 1a with 10
mol % of Et

3
N in CHCl

3
at room tempera-

ture for 24 h provided 2a in 96% (Scheme
8). It should be also noted that 2a is axially
chiral and stereochemically stable enough
not to suffer from racemization at room
temperature. Thus, we surveyed various
chiral amines for the catalytic asymmetric
cyclization of 1a and found that the com-
mon cinchona alkaloids, including cincho-
nine (CN), cinchonidine (CD), quinidine
(QD), and quinine (QN), displayed mod-
erate levels of enantioselectivity (Scheme
8). For example,CNwas used as the chiral
base catalyst (10 mol %) to obtain (–)-2a
in 60% ee and 90% yield.[10] This should
indicate thatCN converts 1a to an enantio-
enriched VQM followed by the stereocon-
trolled cyclization, leading to the forma-
tion of 2a with the axial chirality defined
by that of the VQM. Notably, the O-acetyl
derivative of CN (CN-OAc) showed much
lower catalytic activity and enantioselec-
tivity (40% yield, 32% ee), implying that
besides the tertiary amino group, the sec-
ondary hydroxy group of CN may play a
pivotal role in the enantioselective VQM-
generating step.[7c]

ment. When the reaction was carried out
in the presence of D

2
O, the deuterated

product, 2a-d with 50 atom % D, was ob-
tained (Scheme 7). This can be ascribed
to the preformation of the O-deuterated
1a-d upon H–D exchange of 1a, followed
by the deuterium shift to generate the

riched VQM intermediate thus generated
for the following stereocontrolled intra-
molecular cyclizations. Indeed, commonly
used chiral base catalysts such as cincho-
nine (CN) and cinchonidine (CD) have
been demonstrated to be effective to this
end.[8] In this account, we wish to briefly

describe our recent studies on the asym-
metric syntheses of optically active indeno
[1,2-c]chromenes,[7c,9a] benzofuro[3,2-b]
indeno[1,2-c]chromenes,[7c,9b] and benzo[a]
carbazoles[9c] based on the catalytic enan-
tioselective generation of VQMs with CN
or CD and the stereocontrolled intramo-
lecular follow-up cyclization with tethered
alkynes, benzofurans, and indoles, respec-
tively (Fig. 1).

2. Asymmetric Synthesis of
Indeno[1,2-c]chromenes with Axial
Chirality[9a]

Following theunexpectedresults shown
in Scheme 5, we examined various bases to
effect the selective VQM-mediated cycli-
zation. Consequently, the treatment of 1a
(≡ H in Scheme 5) with K

2
CO

3
in AcOEt

very effectively provided indeno[1,2-c]
chromene 2a (≡ J in Scheme 5) as the sole
product in 97% yield (Scheme 6). Related
unsymmetrical substrates 1b–e bearing
ethynylnaphthol and ethynylphenol units
were also transformed into the correspond-
ing products 2b–e, respectively, all in ex-
cellent yields (97–99%).

The involvement of a VQM interme-
diate in the cyclization of 1a to 2a was
supported by a deuterium-labeling experi-
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Indeed, we treated ortho-phenylene-
linked ethynylnaphthol-benzofurans 3a,
3b, 3c, and 3d with CD (10 mol %) in
CHCl

3
at 50 °C and obtained the enantio-

enriched benzofuro[3,2-b]indeno[1,2-c]
chromene derivatives,[14] (−)-4a (78% ee),
(−)-4b (74% ee), (−)-4c (71% ee), and (−)-
4d (52% ee), respectively, as single diaste-
reomers in good to high yields (Scheme
11).[15] The absolute configuration of
(−)-4d was unambiguously determined
to be (S,S) by X-ray crystallography and
the same stereochemical assignment has
been tentatively applied to the other levo-
rotatory products. Furthermore, CN also
served as an effective catalyst, converting
3a and 3b to the opposite enantiomers,
(+)-4a (75% ee) and (+)-4b (70% ee), re-
spectively.

The involvement of a VQM interme-
diate was supported by DFT calculations
on the reaction pathway from simple sub-
strate 3e with a basic benzofuran ring to
4e (Fig. 2). Furthermore, the follow-up
intramolecular [4+2] cycloaddition was
calculated to proceed through a con-
certed but asynchronous transition state,
in which C(2) (benzofuran)–C

sp
(VQM)

bond formation precedes C(3)–O bond
formation (C(2)–C

sp
1.97 Å vs. C(3)–O

2.72 Å). On the basis of the experimental
and theoretical outcomes (Scheme 10 and
Fig. 2), a chirality-relay mechanism for
the stereochemical course of the enanti-
oselective cyclization from 3 to 4 is pos-
tulated (Scheme 12): (i) the enantioselec-
tive proton-shift of 3 to generate the en-
antioenriched VQM intermediate with an
a
1
S configuration at the allene moiety by

using CD and with an a
1
R configuration

by using CN, respectively; (ii) the axial
chirality of a

1
defines that of a

2
at the ben-

zofuran moiety to set up the (a
1
S,a

2
S)- or

(a
1
R,a

2
R)-VQM, which leads to the prop-

er transition state for the [4+2] cycloaddi-
tion (see Fig. 2); and (iii) the VQM adds
across the furan C(2)–C(3) double bond
in a stereospecific syn fashion to deter-
mine the absolute configurations at the
two consecutive asymmetric carbon at-
oms of the final product, producing (S,S)-
5 from (a

1
S,a

2
S)-VQM and (R,R)-5 from

(a
1
R,a

2
R)-VQM.

4. Asymmetric Synthesis of Axially
Chiral Benzo[a]carbazoles[9c]

It should be noted that although the
treatment of 3 with a base catalyst mostly
produces 4, it occasionally yields minor
byproduct 5 through C(3)–C

sp
(VQM)

bond formation (Scheme 13, X = O).[9b]
This alternative reaction is formally the
electrophilic aromatic substitution of the
benzofuran. Despite its limited availabil-
ity, 5 was fascinating due to its unique

for this drawback. QM is one of such di-
enes, and benefits reactions with electron-
rich arenes due to its electrophilic nature.[1]
Thus, it was conceived that tethering a
VQM to a nucleophilic aryl group would
allow the stereocontrolled intramolecular
inverse-electron-demand [4+2] cycloaddi-
tion to assemble elaborate chiral polycy-
clic structures otherwise difficult to access
(Scheme 9b).[12]On the basis of this work-
ing hypothesis, linked ethynylnaphthol-
benzofuran systems were designed for the
chiral-base-catalyzed generation of VQMs
and the follow-up dearomatizative cycload-
ditions to provide enantioenriched dense-
ly-fused oxa-polyheterocyclic compounds
with consecutive quaternary and tertiary
asymmetric carbon atoms (Scheme 10).[13]

3. Asymmetric Synthesis of
Benzofuro[3,2-b]indeno[1,2-c]
chromenes[9b]

Catalytic enantioselective dearomati-
zative [4+2] cycloaddition is synthetically
highly attractive as a route to the con-
struction of diverse, chiral cyclic struc-
tures with a fused six-membered ring,
increasing molecular complexity.[11] We
are particularly interested in variations of
aromatic double bonds (2π synthons) and
dienes (4π synthons), which have been
less explored and remain formidable chal-
lenges (Scheme 9a).

Dearomatization is usually an energeti-
cally disfavored process, and the dienes
should be reactive enough to compensate
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stereochemical feature, axial chirality.
Thus, we addressed the development of
a new VQM system to permit the cata-
lytic asymmetric synthesis of axially chi-
ral compounds related to 5. Benzofuran

generally reacts with an electrophile at
the C(2) position rather than the C(3)
position, as described above,[16] which
explains why VQMs derived from 3 ba-
sically prefer the formation of 4 over 5.

In contrast, the isoelectronic 1H-indole
is in general more reactive at the C(3)
position.[15] 1H-Indole is also distinct
from benzofuran in that it displays lower
reactivity in dearomatization reactions,
owing to its larger aromatic stabilization
energy.[17]We accordingly conceived that
a chiral VQM intermediate from 6, the
indole counterpart of 3, should result in
electrophilic aromatic substitution at the
C(3) position, that is, hydroarylation of
alkynes with indoles, to afford the axially
chiral benzo[a]carbazoles 7 (Scheme 13,
X = NR).[18–21]

The working hypothesis on the regi-
oselectivity was proven by using an achi-
ral base. The treatment of benzofuran 3a
with 10 mol % of NEt

3
afforded 4a in 68%

yield along with 5a in 23% yield (Scheme
14, X = O). In sharp contrast, the reaction
of 1H-indole 6a (X = NH) under similar
conditions produced 8a in 93% yield with-
out any trace of 7a (Scheme 14, X = NH).
It is also remarkable that 8a is stereochem-
ically stable enough for optical resolution
by chiral HPLC at room temperature. Its
energy barrier to racemization was de-
termined to be 38.8 kcal/mol by kinetic
analysis.

Next the enantioselective transforma-
tion of 6a by using CD as a chiral base
catalyst in CH

2
Cl

2
was attempted (Table 1).

Disappointingly, (–)-8a was obtained with
low enantioselectivity (20% ee), although
the reaction proceeded under very mild
conditions in high yield (95%) (entry 1). In
contrast, it was found that enantioselectivi-
ty was dramatically enhanced forN-methyl
indole 6b, which gave (–)-8b in 95% ee
and 93% yield (entry 2). The high enantio-
selectivity and chemical yield (94% ee,
97%) were also attained with only 1 mol
% of catalyst, despite requiring a longer re-
action time (entry 3). Furthermore, a gram-
scale synthesis of (–)-8b was successfully
demonstratedwithout decay of the enantio-
selectivity and chemical yield (entry 4).
CN was also an effective catalyst, convert-
ing 6b to enantiomeric product (+)-8b in
90% ee and 94% yield (entry 5). The treat-
ment of related indoles 6c–g having differ-
ent N-substituents with CD also produced
the highly enantioenriched products 8c–g,
respectively (90–95% ee, 94–97% yields,
entries 6–10). In addition, N-methyl de-
rivatives 6h–kwith various substituents on
the indole ring underwent hydroarylation
to provide 8h–k in very high enantioselec-
tivities (94–96% ee) and chemical yields
(95–96%) (entries 11–14).

On the other hand, whereas 6l (R2, R4

= Me) was converted to highly enantioen-
riched 8l (82% yield, 96% ee), significant
formation of by-product 7l (14% yield,
64% ee) was also observed (entry 15, Fig.
3). Similarly, 6m (R2 = OMe) furnished a
mixture of 8m (48 yield, 96% ee) and 7m
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migration, should proceed in a stereospe-
cific fashion to produce enantioenriched 8,
the axial chirality of which is defined by
that of the VQM.

Notably, the present catalytic asymmet-
ric hydroarylation can be performed under
previously unknown transition-metal-free
conditions.[19] Since benzo[a]carbazole is a
conspicuous π-conjugated framework that
exhibits remarkable physical characteris-
tics,[22] this study provides a platform for the
development of organic molecules with chi-
roptical properties, and suggests a significant
impact in the field of materials science.[23]

5. Conclusion

This report introduces a unique method
for catalytic asymmetric synthesis based
on the enantioselective generation of axi-
ally chiral VQM intermediates and the
stereocontrolled follow-up cyclization.[7c,9]
Although VQMs had not been employed
for asymmetric catalysis at the outset of our
study,[2] they are currently being applied
in various asymmetric transformations,
including intramolecular [4+2] cycloaddi-
tions.[9a–c,10,15] alkyne hydroarylations,[9d]
and intermolecular Michael additions,[24]
which will rapidly expand their synthetic
utility. Further investigations are in prog-
ress in our laboratory to discover new
VQM-mediated asymmetric transforma-
tions, clarify their reaction mechanisms,
and develop their applications for the syn-
thesis of useful chiral functional materials.

Acknowledgements
This work was financially supported by a

Grant-in-Aid for Scientific Research (C) (No.
17K05788) from JSPS, and the Cooperative
Research Program of “NJRC Mater. & Dev.”,
and the Research Program for CORE lab of
‘Five-star Alliance’ in ‘NJRC Mater. & Dev.’

Received: August 18, 2018

[1] For reviews, see: a) R. W. Van De Water, T.
R. R. Pettus, Tetrahedron 2002, 58, 5367; b)
‘Quinone Methides’, Ed. S. E. Rokita, John
Wiley & Sons, Inc., 2009; c) N. J. Willis, C. D.
Bray, Chem. Eur. J. 2012, 18, 9160; d) M. S.
Singh, A. Nagaraju, N. Anand, S. Chowdhury,
RSC Adv. 2014, 4, 55924; e) A. A. Jaworski, K.
A. Scheidt, J. Org. Chem. 2016, 81, 10145.

[2] a) M. Chakraborty, D. B. McConville, T. Saito,
H. Meng, P. L. Rinaldi, C. A. Tessier, W. J.
Youngs, Tetrahedron Lett. 1998, 39, 8237; b) F.
Doria, C. Percivalle, M. Freccero, J. Org. Chem.
2012, 77, 3615; c) E.Vedejs, P. L. Steck, Angew.
Chem. Int. Ed. 1999, 38, 2788.

[3] iPr
2
NH, which is necessarily included to pro-

mote the initial Sonogashira coupling step, is
implicated to act as a base catalyst.

[4] VQMs are only detectable by laser flash pho-
tolysis in dry organic solvents.

[5] The acyl-transfer may be promoted by the in-
ternal phosphine and proceed through an acyl
phosphonium intermediate as suggested by the
authors.

regardless of their signs of specific rota-
tion. This indicates that, as is the case for
the furan system 3, CD and CN convert
the indole system 6 to the enantioenriched
VQM intermediate with an absolute
configuration of S

a
and R

a
, respectively

(Scheme 15). The follow-up intramolecu-
lar electrophilic aromatic substitution,
including the two steps of the C–C bond-
forming addition reaction and the proton

(41% yield, 23% ee, entry 16). These re-
sults are ascribed to the electron-donating
effects of the R2 and R4 substituents, which
increase the nucleophilicity of the C(2)
carbon atom of the indole ring, thereby
prompting the dearomatizative cycloaddi-
tion pathway to furnish 7.

The absolute configurations of (–)-8b,
(+)-8e, and (–)-8h were all determined to
be S

a
by X-ray crystallographic analysis,

•O

H

O

a1S
O

OH

H

S
S[4+2]

3
(a1S,a2S)-VQM (S,S)-4

O

•
H O

a1R
[4+2]

(R,R)-4

O

OH

H

R
R

(a1R,a2R)-VQM
R

a2S

a2R

2

3

2

3

CD

CN

R R
R

R

Scheme 12. Plausible
stereochemical
courses of the asym-
metric cycloaddition
of 3 to 4.

2
3

O

•

H

X

O

X

X

X
HO

H

H

H

H

3 (X = O)
6 (X = NR)

4 (X = O)
7 (X = NR)

5 (X = O)
8 (X = NR)

VQM
Ar

23

2
3

with axial(�)-to-axial(�)
chirality transformation

with axial(�)-to-central(�)
chirality transformation

*

*
*

*

HO

2
3

chiral base cat. for
enantioselective
proton-shift

X = O for cycloaddition
(C2-attack)

X = NR for hydroarylation
(C3-attack)

•

•

•

Scheme 13. Contrasting cyclization pathways of benzofurans 3 (cycloaddition) and indoles 6
(hydroarylation).

O

X

H

X
HO

NEt3
(10 mol %)

+

4a (X = O) / 7a (X = NH)
via [4+2] cycloaddition

X

5a (X = O) / 8a (X = NH)
via hydroarylation

HO

CHCl3
time, 50 ºC

substrate time isolated yield (%)

68 (4a)
<1 (7a)

O (3a)
NH (6a)

48
15

[4+2] hydroarylation

23 (5a)
93 (8a)

(X) (h)

3a (X = O)
6a (X = NH)

Scheme 14. NEt3-
catalyzed hydroaryla-
tion of benzofuran 3a
and indole 6a.



898 CHIMIA 2018, 72, No. 12 Chemistry ties Linking Japan to switzerLand

[6] VQMs have not been isolated so far, but their
involvement as reaction intermediates have
been validated by various experimental evi-
dences and theoretical calculations.

[7] a) R. Irie,A. Tanoue, S. Urakawa, T. Imahori, K.
Igawa, T. Matsumoto, K. Tomooka, S. Kikuta,
T. Uchida, T. Katsuki, Chem. Lett. 2011, 40,
1343; b) M. Furusawa, T. Imahori, K. Igawa, K.
Tomooka, R. Irie, Chem. Lett. 2013, 42, 1134;
c) R. Irie, M. Furusawa, K. Arita, K. Igawa, K.
Tomookai, Yuki Gosei Kagaku Kyokaishi 2014,
72, 1131; d) S. Arae, T. Mori, T. Kawatsu, D.
Ueda, Y. Shigeta, N. Hamamoto, H. Fujimoto,
M. Sumimoto, T. Imahori, K. Igawa, K.
Tomooka, T. Punniyamurthy, R. Irie, Chem.
Lett. 2017, 46, 1214.

[8] For reviews, see: a) C. Palomo, M. Oiarbide,
R. López, Chem. Soc. Rev. 2009, 38, 632; b) R.
P. Singh, L. Deng, ‘Cinchona alkaloid organo-
catalysts’ in ‘Science of Synthesis, Asymmetric
Organocatalysis’, Eds. B. List, K. Maruoka,
Georg Thieme Verlag, Vol. 2, 2012, p. 41.

[9] a) M. Furusawa, K. Arita, T. Imahori, K. Igawa,
K. Tomooka, R. Irie, Tetrahedron Lett. 2013,
54, 7107; b) S. Beppu, S.Arae, M. Furusawa, K.
Arita, H. Fujimoto, M. Sumimoto, T. Imahori,
K. Igawa, K. Tomooka, R. Irie, Eur. J. Org.
Chem. 2017, 6914; c) S. Arae, S. Beppu, T.
Kawatsu, K. Igawa, K. Tomooka, R. Irie, Org.
Lett. 2018, 20, 4796.

Table 1. Enantioselective hydroarylation of indoles 6 with CD or CN as a chiral base catalysta

RN
HO

6a–m

CD or CN
(10 mol %)

CH2Cl2, rt, 24 h
(144 h for 1 mol % catalyst)

RN

8a–m

R1

R2 R3

R4 R1

R2 R3

HO
R4

Entry Substrate Catalyst RN R1 R2 R3 R4 Product Yield [%] Ee [%]

1 6a CD H H H H H (–)-8a 97 20

2 6b CD Me H H H H (S
a
)-(–)-8b 93 95

3b 6b CD Me H H H H (S
a
)-(–)-8b 97 94

4c 6b CD Me H H H H (S
a
)-(–)-8b 92 95

5 6b CD Me H H H H (R
a
)-(+)-8b 94 90

6 6c CD Et H H H H (–)-8c 97 94

7 6d CD MOM H H H H (+)-8d 95 95

8 6e CD Bn H H H H (S
a
)-(+)-8e 97 90

9 6f CD PMB H H H H (+)-8f 94 91

10 6g CD Ph H H H H (+)-8g 95 91

11 6h CD Me Cl H Cl H (S
a
)-(–)-8h 96 94

12 6i CD Me H H Me H (–)-8i 95 96

13 6j CD Me Me H H H (+)-8j 96 95

14 6k CD Me Me H Me H (+)-8k 96 96

15d 6l CD Me H Me H Me (+)-8l 82 96

16d 6m CD Me H OMe H H (+)-8m 48 96

aReactions were carried out with 6 (0.1 mmol) and catalyst (10 mol %) unless otherwise mentioned. bReaction was carried out with CD (1 mol%).
cReaction was carried out with 6b (1.10 g, 3 mmol). dA significant amount of by-product from the intramolecular dearomatizative [4+2] cycloaddition
was also obtained.

O

N

H

Me

O

N

H

Me
MeO

7l 7m

Fig. 3. Structures of
7l and 7m.

6

RN
HO

RN

OH

Sa

Ra

R'

R'

H

H

Ra-8

Sa-8

CD

CN

enantioselective
proton-shift

stereospecific C-C bond-formation/
proton-migration

Sa

Ra-VQM

•
H

O

Sa-VQM

•
H O

Ra

RN H

R'

RN

H

R'

Scheme 15. Plausible
stereochemical
courses of the asym-
metric hydroarylation
of 6 to 8.



Chemistry ties Linking Japan to switzerLand CHIMIA 2018, 72, No. 12 899

Lim, S. J. Miller, Science 2010, 328, 1251; b)
K. Mori,Y. Ichikawa, M. Kobayashi,Y. Shibata,
M. Yamanaka, T. Akiyama, J. Am. Chem. Soc.
2013, 135, 3964; c) R. Miyaji, K. Asano, S.
Matsubara, J. Am. Chem. Soc. 2015, 137, 6766.;
d) Y.-H. Chen, D.-J. Cheng, J. Zhang, Y. Wang,
X.-Y. Liu, B. Tan, J. Am. Chem. Soc. 2015, 137,
15062; e) J.-Z.Wang, J. Zhou, C. Xu, H. Sun, L.
Kurti, Q.-L. Xu, J. Am. Chem. Soc. 2016, 138,
5202; f) L.-W. Qi, J.-H. Mao, J. Zhang, B. Tan,
Nat. Chem. 2018, 10, 58.

[21] For selected reviews on catalytic asymmetric
synthesis of axially chiral biaryl compounds,
see: a) G. Bringmann, A. J. Price Mortimer, P.
A. Keller, M. J. Gresser, J. Garner, M. Breuning,
Angew. Chem. Int. Ed. 2005, 44, 5384; b) J.
Wencel-Delord, A. Panossian, F. R. Leroux, F.
Colobert, Chem. Soc. Rev. 2015, 44, 3418; c) A.
Link, C. Sparr, Chem. Soc. Rev. 2018, 47, 3804.

[22] Benzo[a]carbazoles have been reported to ex-
hibit remarkable photo and electronic properties
such as high hole mobility and luminescence.
See: a) M. Paramasivam, A. Gupta, A. M.
Raynor, S. V. Bhosale, K. Bhanuprakash, V. J.
Rao, RSC Adv. 2014, 4, 35318; b) X. Qian,Y.-Z.
Zhu,W.-Y. Chang, J. Song, B. Pan, L. Lu, H.-H.
Gao, J.-Y. Zheng, ACS Appl. Mater. Interfaces
2015, 7, 9015; c) M. C. Suh, S.-R. Park, Y. R.
Cho, D. H. Shin, P.-G. Kang, D. A. Ahn, H. S.
Kim, C.-B Kim, ACS Appl. Mater. Interfaces
2016, 8, 18256; d) K. Ivaniuk, V. Cherpak, P.
Stakhira, Z. Hotra, B. Minaev, G. Baryshnikov,
E. Stromylo, D. Volyniuk, J. V. Grazulevicius,
A. Lazauskas, S. Tamulevicius, B. Witulski, M.
E. Light, P. Gawrys, R. J. Whitby, G. Wiosna-
Salyga, B. Luszczynska, J. Phys. Chem. C 2016,
120, 6206; e) G. Sivakumar, M. Sasikumar, V. J.
J Rao, Heterocycl. Chem. 2017, 54, 1983. See
also ref. [18g].

[23] For studies on physical properties of carbazole
derivatives with axial chirality, see: a) N.-X.
Hu, S. Xie, Z. Popovic, B. Ong, A.-M. Hor, S.
Wang, J. Am. Chem. Soc. 1999, 121, 5097; b)
G. Bringmann, S. Tasler, H. Endress, J. Kraus,
K. Messer, M. Wohlfarth, W. Lobin, J. Am.
Chem. Soc. 2001, 123, 2703; c) M. Dubois, A.
Grandbois, S. K. Collins, A. R. J. Schmitzer,
Mol. Recognit. 2011, 24, 288; d) J. Buenda, E.
E. Greciano, L. Sanchez, J. Org. Chem. 2015,
80, 12444.

[24] S. Jia, Z. Chen, N. Zhang, Y. Tan, Y. Liu, J.
Deng, H. Yan, J. Am. Chem. Soc. 2018, 140,
7056.

[16] a) R. D. Brown, B. A. W. Coller, Aust. J. Chem.
1959, 12, 152; b) A. Martí-nez, M.-V. Vázquez,
J. L. Carreón-Macedo, L. E. Sansores, R.
Salcedo, Tetrahedron 2003, 59, 6415.

[17] J. Aihara, Bull. Chem. Soc. Jpn. 2008, 81, 241.
[18] Previously, only transition metal-catalyzed non-

enantioselective methods were known for the
intramolecular hydroarylation of alkynes with
indoles: a) V. Mamane, P. Hannen, A. Fürstner,
Chem. - Eur. J. 2004, 10, 4556; b) K. Hirano,Y.
Inaba, N. Takahashi, M. Shimano, S. Oishi, N.
Fujii, H. Ohno, J. Org. Chem. 2011, 76, 1212;
c) C. Praveen, P. T. Perumal, Synlett 2011,
521; d) T. Suzuki, Y. Sakano, Y. Tokimizu, Y.
Miura, R. Katoono, K. Fujiwara, N. Yoshioka,
N. Fujii, H. Ohno, Chem. - Asian J. 2014, 9,
1841; e) Y. Yamamoto, K. Matsui, M. Shibuya,
Chem. - Eur. J. 2015, 21, 7245; f) T. Suzuki,
W. Nojo,Y. Sakano, R. Katoono,Y. Ishigaki, H.
Ohn, K. Fujiwara, Chem. Lett. 2016, 45, 720; g)
K. Ivaniuk, V. Cherpak, P. Stakhira, Z. Hotra,
B. Minaev, G. Baryshnikov, E. Stromylo, D.
Volyniuk, J. V. Grazulevicius, A. Lazauskas,
S. Tamulevicius, B. Witulski, M. E. Light, P.
Gawrys, R. J. Whitby, G. Wiosna-Salyga, B.
Luszczynska, J. Phys. Chem. C 2016, 120,
6206.

[19] Previously reported asymmetric hydroarylation
of alkynes were all based on chiral transition-
metal catalysis. See: a) T. Shibuya, Y. Shibata,
K. Noguchi, K. Tanaka, Angew. Chem., Int. Ed.
2011, 50, 3963; b) T. Shibuya, K. Nakamura,
K. Tanaka, Beilstein J. Org. Chem. 2011, 7,
944; c) N. Kadoya, M. Murai, M. Ishiguro, J.
i. Uenishi, M. Uemura, M. Tetrahedron Lett.
2013, 54, 512.; d) K. Nakamura, S. Furumi, M.
Takeuchi, T. Shibuya, K. Tanaka, J. Am. Chem.
Soc. 2014, 136, 5555; e) T. Shibata, N. Uno, T.
Sasaki, K. S. Kanyiva, J. Org. Chem. 2016, 81,
6266; f)A. Urbano, G. Hernandez-Torres,A. M.
del Hoyo, A. Martinez-Carrion, M. C. Carreño,
Chem. Commun. 2016, 52, 6419; g) M. Tanaka,
Y. Shibata, K. Nakamura, K. Teraoka, H.
Uekusa, K. Nakazono, T. Takata, K. Tanaka,
Chem.-Eur. J. 2016, 22, 9537; h) M. Satoh,
Y. Shibata, Y. Kimura, K. Tanaka, Eur. J. Org.
Chem. 2016, 4465; i) E. González-Fernández,
L. D. M. Nicholls, L. D. C. Schaaf, Farès, C.
W. Lehmann, M. Alcarazo, J. Am. Chem. Soc.
2017, 139, 1428.

[20] For representative examples of asymmetric
synthesis of axially chiral compounds by or-
ganocatalytic enantiocontrolled aromatic elec-
trophilic substitution, see: a) J. L. Gustafson, D.

[10] Quite recently, an extended study was reported
by others. See: Y. Liu, X. Wu, S. Li, L. Xue, C.
Shan, Z. Zhao, H. Yan, Angew. Chem. Int. Ed.
2018, 57, 6491

[11] For a recent review on dearomatizative cyclo-
addition reactions, see: S. P. Roche, J.-J. Youte
Tendoung, B. Tréguier, Tetrahedron 2015, 71,
3549.

[12] For related studies on the chiral phosphoric
acid-catalyzed asymmetric [4+2] cycloaddition
with QMs, see: a) Y. Zhang, Y. Guo, Z. Li, Z.
Xie, Org. Lett. 2016, 18, 4578; b) T.-Z. Li, C.-
A. Geng, X.-J.Yin, T.-H.Yang, X.-L. Chen, X.-
Y. Huang, Y.-B. Ma, X.-M. Zhang, J.-J. Chen,
Org. Lett. 2017, 19, 429; c) Y. Xie, B. List,
Angew. Chem., Int. Ed. 2017, 56, 4936.

[13] Despite the high synthetic potential, the dearo-
matizative cycloaddition of benzofurans as di-
enophiles has been less explored. For the lim-
ited examples where QMs are used as heterodi-
enes, see: a) E. Foresti, P. Spagnolo, P. Zanirato,
J. Chem. Soc., Perkin Trans. 1 1989, 1354; b)
J.-P. Lumb, K. C. Choong, D. Trauner, J. Am.
Chem. Soc. 2008, 130, 9230; c) Y. Sawama, T.
Kawajiri, S. Asai, N. Yasukawa, Y. Shishido, Y.
Monguchi, H. Sajiki, J. Org. Chem. 2015, 80,
5556; d) E. E. Allen, C. Zhu, J. S. Panek, S. E.
Schaus,Org. Lett. 2017, 19, 1878; e) C. Lin, H.-
J. Du, H. Zhao, D.-F.Yan, N.-X. Liu, H. Sun, X.
Wen, Q.-L. Xu, Org. Biomol. Chem. 2017, 15,
3472 and also refs. 12a,b.

[14] The relevant benzofuro[3,2-b]chromene struc-
ture is found in some classes of bioactive natu-
ral products. See: a) M. Kuroyanagi, H. Naito,
T. Noro, A. Ueno, S. Fukushima, Chem. Pharm.
Bull. 1985, 33, 4792; b) Y. F. Qiao, K. Takeya,
H. Itokawa,Y. Iitaka, Chem. Pharm. Bull. 1990,
38, 2896; c) H. Itokawa, Z. Z. Ibraheim, Y. F.
Qiao, K. Takeya, Chem. Pharm. Bull. 1993,
41, 1869; d) X.-B. Sun, Y.-J. Xu, D.-F. Qiu,
C.-S. Yuan, Helv. Chim. Acta 2007, 90, 1705;
e) A. Arciniegas, A. L. Perez-Castorena, A.
Nieto-Camacho, J. L. Villasenor, A. Romo de
Vivar, J. Mex. Chem. Soc. 2009, 53, 229; f) A.
Arciniegas, A. L. Perez-Castorena, A. Nieto-
Camacho, J. L. Villasenor, A. Romo de Vivar, J.
Braz. Chem. Soc. 2013, 24, 92; g) W.-J. Liang,
C.-A. Geng, X.-M. Zhang, H. Chen, C.-Y.Yang,
G.-Q. Rong, Y. Zhao, H.-B. Xu, H. Wang, N.-J.
Zhou, Y.-B. Ma, X.-Y. Huang, J.-J. Chen, Org.
Lett. 2014, 16, 424.

[15] Recently, very similar results were reported.
See: X.Wu, L. Xue, D. Li, S. Jia, J. Ao, J. Deng,
H.Yan, Angew. Chem., Int. Ed. 2017, 56, 13722.


