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ABSTRACT: In recent years, several organocatalytic asymmetric hydroarylations of activated, electron-poor olefins with activated,
electron-rich arenes have been described. In contrast, only a few approaches that can handle unactivated, electronically neutral olefins
have been reported and invariably require transition metal catalysts. Here we show how an efficient and highly enantioselective
catalytic asymmetric intramolecular hydroarylation of aliphatic and aromatic olefins with indoles can be realized using strong and
confined IDPi Brønsted acid catalysts. This unprecedented transformation is enabled by tertiary carbocation formation and
establishes quaternary stereogenic centers in excellent enantioselectivity and with a broad substrate scope that includes an aliphatic
iodide, an azide, and an alkyl boronate, which can be further elaborated into bioactive molecules.

A particularly elegant and atom-economical approach to
the catalytic formation of benzylic quaternary stereogenic

centers would be via the protonation of a 1,1-disubstituted
olefin with a chiral acid, followed by an asymmetric
counteranion-directed Friedel−Crafts arylation of the resulting
tertiary carbocation (eq 1). However, to the best of our

knowledge, such a transformation has not yet been realized.1

This discrepancy is even more remarkable, given that
nonasymmetric, catalytic hydroarylations of unactivated olefins
with arenes are common carbon−carbon σ bond-forming
reactions and are applied on a multimillion-ton scale.2 Previous
organocatalytic asymmetric hydroarylations invariably required
electronically activated olefins and arenes,3 while transition-
metal-catalyzed variants typically relied on covalently bound
directing groups.4−8 Notable advances toward less biased
substrates in intramolecular asymmetric hydroarylations with
indoles using π-Lewis acidic Pt- or Ni-catalysts have been
reported by Widenhoefer, Peters, and Cramer.9−11 Addition-
ally, Hartwig and Meek developed enantioselective Ir- and Rh-
catalyzed intermolecular hydroarylations using norbornene and
1-arylbutadienes as olefin components, respectively.12,13

However, the catalytic construction of quaternary stereogenic
centers via hydroarylation of unactivated olefins has remained
elusive to date, using either transition metals or organic
catalysts.8b,14 We have recently discovered that strong and
confined imidodiphosphorimidate (IDPi) Brønsted acid
catalysts can protonate unactivated olefins to engage in highly
enantioselective Markovnikov hydroalkoxylations.15,16 Our
findings suggested the applicability of this unique activation
mode for additional transformations that proceed via
carbocation intermediates,17 and an asymmetric hydroarylation
of simple olefins became particularly intriguing to us. We now
report an intramolecular hydroarylation of unbiased olefins
with indoles, furnishing highly enantioenriched tetrahydrocar-
bazoles possessing a benzylic quaternary stereogenic center (eq
2).
At the onset of our studies, we subjected 1,1-disubstituted

olefin 1a to 2 mol % of various chiral Brønsted acid catalysts at
80 °C for 20 h (Table 1). While weaker acids such as
phosphoric acid (CPA) 3 (pKa = 12.7 in MeCN),18

disulfonimide 4 (pKa > 8.4),15b,19,20 imidodiphosphoric acid
(IDP) 5 (pKa ca. 11.5),

15b,21 iminoimidodiphosphate (iIDP) 6
(pKa ca. 9),

15b,22 gave poor or moderate conversions, yields,
and enantioselectivities (entries 1−4), IDPi catalyst 7a (pKa =
4.5),20 in contrast, furnished an almost racemic product in 90%
yield, suggesting that the key requirement for reactivity is high
acidity (entry 5). Installation of biphenyl substituents at the
3,3′-positions of the BINOL backbone, combined with a
perfluoronaphthalene-2-sulfonyl “inner core” (IDPi 7c),
quickly revealed a significant increase in enantioselectivity
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(entry 7, 88:12 er). Closer inspection of the crystal structure of
catalyst 7c (see Supporting Information) revealed extensive
π−π-interactions between the 3,3′-substituents and the
aromatic inner core, significantly influencing the shape of the
confined, chiral microenvironment. We reasoned that more
electron-rich catalyst substituents could potentially stabilize
both the π−π-interactions and the critical cationic inter-
mediate. Indeed, with methoxy-substituted catalyst 7d, yields
could be increased (entry 8, 93%). Finally, we identified IDPi
7e as the optimal catalyst, which, in addition to the 4′-methoxy
group, features two n-hexyl chains in the 3′- and 5′-positions of
the biphenyl system, affording the tetrahydrocarbazole 2a in
both excellent yield and enantioselectivity (entry 10, 95%, 95:5
er).
The outstanding performance of catalyst 7e was then further

challenged with several different substrates to explore the
scope of the hydroarylation. In general, the reaction tolerates
an array of substituents with differing steric and electronic
properties, in addition to sensitive functional groups. As
displayed in Table 2, irrespective of the alkyl groups attached
to the olefins, the corresponding tetrahydrocarbazoles 2a−2g
were formed in excellent yields and enantioselectivities. The

reaction is not limited to aliphatic olefins, but also the phenyl-
substituted olefin 1h gave the corresponding product 2h in
88% yield and 95:5 er. Methyl substituents at any of the benzo-
positions (4, 5, 6, and 7) of the indole core did not hinder the
recognition with the catalyst, and products 2i−2l formed with
equally high enantioselectivities. The annulated substrates,
benzo[g]indole and tetrahydrocyclopenta[g]indole, also fur-
nished the desired products 2m and 2n in excellent yields and
enantioselectivities. Furthermore, halogen substituents as
potential synthetic handles for future modifications, as well
as electron-rich alkoxy substituents, were well tolerated (2o−
2s). Notably, terminal dioxoborolane-, azido-, and iodo-
substitution at the alkyl chain of the olefin fragment gave
direct and highly enantioselective access to tetrahydrocarba-
zoles 2t−2v, illustrating the somewhat unexpected functional
group tolerance of our strong acid catalysts. The absolute
configuration of boronate product 2t was determined by
single-crystal X-ray diffraction, and the configuration of all
other products was assigned by analogy.
To further demonstrate the synthetic utility of the

hydroarylation products, boronate 2t was oxidatively hydro-
lyzed to the corresponding primary alcohol 2w with complete
retention of enantiopurity. Additionally, a C(sp3)−C(sp2)
Suzuki−Miyaura cross-coupling with 2-bromonaphthalene
provided compound 2x in 77% yield and, once again, without
any erosion of enantiopurity. The subjection of azido-
functionalized tetrahydrocarbazole 2u to a sequential N-
ethylation, azide reduction, and N,N-dimethylation provided
the first enantioselective synthesis of ammonium salt 8, in 41%
overall yield and with retention of enantiopurity, the racemic
mixture of which is being investigated as an antidepressant.23

Keen on understanding the underlying mechanism of our
hydroarylation, we performed several control experiments
(Scheme 1). Moderately acidic chiral Brønsted acid catalysts
such as CPAs have been shown to typically operate via a
bifunctional, double-hydrogen bonding mechanism.18b,c As a
consequence, the enantioselectivity and reactivity of CPA-
catalyzed reactions involving a nucleophilic indole can
massively erode upon N-substitution due to the lack of a
recognition and activation element.24 In contrast, we found
that N-methylated indole 9 readily converted to the
corresponding product under our standard conditions, albeit
with a significantly reduced enantioselectivity of 71:29 er
(Scheme 1A). This observation is consistent with a bifunc-
tional enantiodiscrimination mechanism involving hydrogen
bonding interactions in a putative ion-pairing scenario.
Electrophilic aromatic substitutions of indoles have been

shown to operate through a direct reaction at C-2 or the more
nucleophilic C-3 position, followed by a migratory opening of a
spiroindolenine intermediate.25,26 We approached the impor-
tant mechanistic question of how the cyclization occurs
experimentally in three different ways (Scheme 1B, C, and
D). First, removal of one methylene group from the alkyl
tether between indole and olefin in substrate 11 would lead to
the corresponding tetrahydrocyclopenta[b]indole 12, the
formation of which, if nucleophilic attack would proceed
directly from C-2, would be expected to be kinetically at least
as favorable as the corresponding six-membered ring
formation.27 However, even after stirring olefin 11 at 120 °C
for 2 d in the presence of 5 mol % of catalyst 7e, product 12
could not be observed, excluding direct reaction at C-2. This
result is consistent with the initial C-3 spirocyclization
mechanism, which in this specific case is not viable because

Table 1. Reaction Developmenta

entry catalyst T (°C) conv. (%) yield 2a (%) isom. (%) er

1 3 80 41 34 5 54:46
2 4 80 47 30 trace 44:56
3 5 80 13 <10 trace 53:47
4 6 80 55 45 9 47:53
5 7a 80 95 90 trace 49:51
6 7b 80 full 93  56:44
7 7c 80 full 85  88:12
8 7d 80 full 93  88:12
9 7e 80 full 93  90:10
10b 7e 60 full 95  95:5

aReactions were performed with substrate 1a (0.02 mmol), catalyst (2
mol %) in methylcyclohexane (CyMe, 0.2 mL); conversions (conv.),
yields of 2a, and olefin isomerizations (isom.) were determined by 1H
NMR analysis with mesitylene as an internal standard; enantiomeric
ratios (er’s) were measured by HPLC. When the reaction was not
carried out in the dark, byproducts and lower yields were observed.
b48 h.
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of the high ring strain of the required four-membered
spirocyclic intermediate. Second, addition of a methylene
group to the linkage in substrate 13 afforded the corresponding
seven-membered hexahydrocyclohepta[b]indole 14 in moder-
ate yield and 76:24 er, consistent with a six-membered
spirocyclic intermediate. Third, we subjected terminal olefin 15
to our reaction conditions using IDPi catalysts 7a and 7e,
which would undergo cyclization via a secondary carbocation
intermediate. Remarkably, both reactions went to full
conversion, although catalyst 7a required a slightly elevated
temperature to reach completion. Even more interestingly,
IDPi 7a provided the tetrahydrocarbazole product as a
regioisomeric mixture of 16a/16b = 6.7/1,28 strongly
suggesting an initial spirocyclization followed by competitive
migration of either methylene or methide fragment. Unfortu-
nately, 1H NMR investigations of the cyclization of substrate
1a under standard conditions (see Supporting Information)
did not lead to the detection of a spiroindolenine intermediate,
presumably due to a relatively fast migratory process restoring
indole aromaticity.
Based on these experiments, we propose a catalytic cycle as

depicted in Scheme 1E. Accordingly, the reaction is initiated

by a protonation of the olefin to give ion-pair I, followed by a
nucleophilic attack of the indole directed by the chiral
counteranion, which is coordinating to the substrate via
hydrogen bonding to the indole N−H moiety. This
spirocyclization gives rise to the spiroindolenine cation in
association with the IDPi anion (ion-pair II). Rapid suprafacial
and stereoretentive migration of the most electron-rich alkyl
fragment then liberates tetrahydrocarbazole 2 and, upon
proton transfer, restores catalyst 7e.25b

We speculate that the remarkable substrate scope and
functional group tolerance of our system could result from a
confinement effect, according to which the catalyst recognizes
(or “binds”) the transition state of the cyclization. In contrast,
the olefin substituent is mostly positioned outside of the chiral,
confined active site, well within the solvent. The transition-
state-binding scenario is also typical for even more confined
enzymes, with the important difference that our catalyst’s
incomplete confinement enables a significant “promiscuity”.
Conceptually, these features position our confined acid
catalysts in-between small-molecule catalysts on the one end
and macromolecular catalysts with a substrate-specific active
site on the other end of the spectrum. The peculiar behavior of

Table 2. Scope of the Reactiona

aReactions were carried out with 0.1−0.2 mmol of substrates 1, catalyst 7e (2 mol %) in cyclohexane (0.1 M) at 60 °C unless otherwise noted.
Yields are for the isolated compounds. The enantiomeric ratios (er) were determined by HPLC analysis. bReaction was run at 60 °C for 3 d.
cReaction was run with 3 mol % catalyst at 65 °C for 3 d. dNaBO3·H2O (5 equiv), THF/H2O 1:1, rt, 2 h, 92% yield. e2-Bromonaphthalene (1.05
equiv), Pd(OAc)2 (2.5 mol %), RuPhos (5 mol %), 85 °C, 24 h, 77% yield. f(i) NaH (1.2 equiv), iodoethane (1.2 equiv), 0 °C to rt, DMF, 2 h,
85% yield; (ii) NaBH4 (2 equiv), CoCl2·6H2O (10 mol %), MeOH, 0 °C, 30 min, 84% yield; (iii) NaBH3CN (2 equiv), MeOH, HCHO (37 wt %
in H2O), rt, 3 h, 58% yield; (iv) HCl (1 M in Et2O), quant. THF = tetrahydrofuran; DMF = dimethylformamide.
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our confined catalysts has also been displayed in other
reactions, most notably in our recent hydroalkoxylation
reaction, which has a similar specificity with regard to the
reacting subunit, while tolerating a broad range of (function-
alized) substituents.16

We have developed a perfectly atom-economical and highly
enantioselective catalytic intramolecular hydroarylation of
unactivated olefins with indoles. Our reaction is enabled via
olefin protonation with highly acidic and confined chiral
Brønsted acid catalysts and provides access to valuable
enantiopure tetrahydrocarbazoles.29 The previously unattain-
able activation of 1,1-disubstituted olefin via protonation to the
corresponding tertiary carbocation suggests obvious and
significant potential for other hydrofunctionalization reactions
that provide quaternary stereogenic center-bearing products
and related compounds.
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(2) (a) Olah, G. A.; Molnaŕ, A. Hydrocarbon Chemistry; Wiley-
Interscience: New York, 2003. (b) Perego, C.; Ingallina, P.
Combining alkylation and transalkylation for alkylaromatic produc-
tion. Green Chem. 2004, 6, 274−279. (c) Andreatta, J. R.; McKeown,
B. A.; Gunnoe, T. B. Transition metal catalyzed hydroarylation of
olefins using unactivated substrates: Recent developments and
challenges. J. Organomet. Chem. 2011, 696, 305−315. (d) Cai, X.;
Tohti, A.; Ramirez, C.; Harb, H.; Fettinger, J. C.; Hratchian, H. P.;
Stokes, B. J. Dispersion-Controlled Regioselective Acid-Catalyzed
Intramolecular Hydroindolation of cis-Methindolylstyrenes To Access
Tetrahydrobenzo[cd]indoles. Org. Lett. 2019, 21, 1574−1577.
(3) (a) Paras, N. A.; MacMillan, D. W. C. New Strategies in Organic
Catalysis: The First Enantioselective Organocatalytic Friedel−Crafts
Alkylation. J. Am. Chem. Soc. 2001, 123, 4370−4371. (b) You, S.-L.;
Cai, Q.; Zeng, M. Chiral Brønsted acid catalyzed Friedel−Crafts
alkylation reactions. Chem. Soc. Rev. 2009, 38, 2190−2201.
(c) Terrasson, V.; Marcia de Figueiredo, R.; Campagne, J. M.
Organocatalyzed Asymmetric Friedel−Crafts Reactions. Eur. J. Org.
Chem. 2010, 2010, 2635−2655. (d) Correia, J. T. M.; List, B.; Coelho,
F. Catalytic Asymmetric Conjugate Addition of Indolizines to α,β-
Unsaturated Ketones. Angew. Chem., Int. Ed. 2017, 56, 7967−7970.
(4) For reviews, see: (a) Dong, Z.; Ren, Z.; Thompson, S. J.; Xu, Y.;
Dong, G. Transition-Metal-Catalyzed C−H Alkylation Using Alkenes.
Chem. Rev. 2017, 117, 9333−9403. (b) Coombs, J. R.; Morken, J. P.
Catalytic Enantioselective Functionalization of Unactivated Terminal
Alkenes. Angew. Chem., Int. Ed. 2016, 55, 2636−2649. (c) Newton, C.
G.; Wang, S.-G.; Oliveira, C. C.; Cramer, N. Catalytic Enantiose-
lective Transformations Involving C−H Bond Cleavage by Tran-
sition-Metal Complexes. Chem. Rev. 2017, 117, 8908−8976.
(5) For selected examples using a directing group in Ir-catalysis, see:
(a) Aufdenblatten, R.; Diezi, S.; Togni, A. Iridium(I)-Catalyzed
Asymmetric Intermolecular Hydroarylation of Norbornene with
Benzamide. Monatsh. Chem. 2000, 131, 1345−1350. (b) Shirai, T.;
Yamamoto, Y. Cationic Iridium/S-Me-BIPAM-Catalyzed Direct
Asymmetric Intermolecular Hydroarylation of Bicycloalkenes.
Angew. Chem., Int. Ed. 2015, 54, 9894−9897. (c) Greĺaud, S.;
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(20) Bae, H. Y.; Höfler, D.; Kaib, P. S. J.; Kasaplar, P.; De, C. K.;
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