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ABSTRACT: A serendipitous synthesis of N-substituted 2-amino-
2′-hydroxy-1,1′-biaryls through an aryne annulation with indolyl β-
ketonitrile/ester in a cascade manner is demonstrated. The
reaction sequence involves benzyne-mediated [2 + 2] Stoltz-type
cycloaddition−cleavage and intramolecular Michael addition
followed by C−N bond cleavage under transition-metal-free
reaction conditions. Interestingly, while [4 + 2] Diels−Alder
reaction is a possible pathway, no traces of the regioisomer was
isolated.

Functionalized biaryl structural motifs are found in a variety
of natural products including bioactives and catalysts.

They have a wide range of applications in pharmaceuticals,
agrochemicals, and novel organic materials such as liquid
crystals and conducting polymers.1 The presence of hindered
C−C bond rotation in biaryl compounds (e.g., BINAP,
BINOL, NOBIN, and their derivatives, etc.) imparts them
the property of becoming excellent ligands in asymmetric
catalysis and chiral drugs (Figure 1) such as TMC-95A, (R)-
streptonigrin, etc.2 Most of the axially chiral biaryls have
naphthalene rings connected by a rotationally restricted bond

or naphthalene/indole ring connected to a substituted benzene
ring with rotational restriction.
The methods for the synthesis of this class of compounds

include transition-metal-catalyzed cross couplings (e.g., Miz-
oroki−Heck, Suzuki−Miyaura, etc.), C−H oxidative direct
arylation, acid-mediated reactions, etc. with the use of a
naphthalene core as one of the partners.3−5 The naphthalene
partner is usually obtained from coal tar or by annulation of
benzyne through a cycloaddition process.6−8 Recently, Shu et
al. have demonstrated the use of a multicomponent reaction to
initiate Stoltz’s β-keto ester insertion to benzyne, followed by
cycloaddition to generate a substituted naphthalene skeleton
(Scheme 1a).9 Dubrovskiy and Larock were able to synthesize
chromanones and flavanones via an aryne insertion/annulation
strategy (Scheme 1b).10 Our research group has been engaged
in developing new applications for Stoltz’s β-keto ester
insertion onto arynes.11 Toward this end, we envisaged that
β-keto ester/nitrile appended onto the indole ring allowing the
insertion−Michael addition−aromatize deamination (C−N
bond cleavage)12 reaction sequence to provide 2-amino-2′-
hydroxy-1,1′-biaryl skeleton 3 under transition-metal-free
catalysis (path A) (Scheme 1c). The formation of biaryl
skeleton 3′ is also possible if the reaction goes through [4 + 2]
cycloaddition followed by aromatization via C−N bond
cleavage13 (path B) (Scheme 1c). Pleasantly, we encountered
the formation of biaryl 3 exclusively, indicating that Stoltz’s β-
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Figure 1. Representative examples of biaryl motif ligands and
bioactive compounds.
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keto ester/nitrile insertion onto arynes is dominating against
the inverse Diels−Alder reaction in the present annulation
reaction conditions. The product thus obtained has an
electron-withdrawing group and electron-donating phenol
group para to each other instead of ortho to each other if
the reaction has to operate by [4 + 2] cycloaddition. The
details are presented herein.
Initially, the cascade aryne annulation reaction of in situ

generated benzyne from 2a with N-Boc indole β-ketonitrile 1a
was carried out in THF as solvent using 3.0 equiv of CsF as a
fluoride source at 60 °C. To our delight, the desired product
3a was obtained in 68% yield (Table 1, entry 1). The
optimization of conditions was attempted to improve the yield.
The yield of the product 3a slightly increased with the addition
of 18-crown-6 to reaction mixture (Table 1, entry 2). We did
not observe any improvement of yield with 1.5 equiv of
benzyne precursor 2a (Table 1, entry 3). However, the
reaction with different fluoride sources such as KF and TBAF
failed to improve the yield (Table 1, entries 4−6). Screening of
solvents such as acetonitrile, 1,4-dioxane, and toluene were
found to be inefficient to increase the product yield when
compared to the THF (Table 1, entries 7−9). Increasing the
reaction temperature led to a decrease in the product yield
(Table 1, entry 10). Control experiments revealed that
temperatures higher than ambient and CsF were needed for
the present cascade aryne annulation reaction (Table 1, entries
11−13). Overall, a combination of N-Boc indole β-ketonitrile
1a (1.0 equiv), aryl triflate 2a (1.2 equiv), CsF (3.0 equiv), and
18-crown-6 (3.0 equiv) in THF at 60 °C for 16 h were found
to be the optimum reaction conditions.
With the optimized conditions in hand, we then examined

the scope of present cascade reaction with a variety of
substitution patterns. As summarized in Table 2, the
annulation of N-Boc indole β-ketonitrile 1 with arynes
proceeded smoothly, irrespective of substitution patterns on
both substrates. The reaction with dimethyl-substituted aryne
participated in the aryne annulation reaction smoothly to
provide the desired compound 3b in 56% yield. Moreover,

methoxy-substituted arynes also tolerated the reaction
conditions well to produce the corresponding compounds 3c
and 3d in good yields. The electron-poor difluoro-substituted
aryne gave slightly lower yield (Table 2, entry 3e). Further, we
turned our attention to examine the substitutions on phenyl
ring in N-Boc indole β-ketonitrile 1. The halogen-substituted
indoles 1 (6-Cl, 5-Br and 4-Br), also underwent the reaction,
without any electronic effect, to deliver the required
compounds 3f−3n in good yields (59−72%). The compound
with an electron-donating group on indole 1 (5-OMe) also
participated in the reaction very well to provide the desired
compound in good yield (Table 2, entry 3o). Notably, 2-
methyl-substituted indole 1 delivered the corresponding
product 3p in 58% yield without any steric hindrance. The
reaction of unsymmetrical aryne precursors such as 3-methoxy
aryl triflate, 3-methoxy-5-methyl aryl triflate, and naphthyl
triflate provided the regioisomeric products that are consistent
with the literature reports.14 The molecular structure of a
representative compound 3a was confirmed by single-crystal X-
ray crystallography (Table 2).
To expand further the scope of the present annulation,

reaction of N-alkyl indole β-ketonitrile 1 with benzyne
precursors 2 were investigated. Under optimized reaction
conditions, N-methyl indole β-ketonitrile 1g with benzyne
precursor 2a resulted in a mixture of the insertion product 5
and arylation product 6 (Scheme 2a). The reason might be the
less electrophilic nature of C-2 position in N-methyl indole
compared to N-Boc indole due to the inductive effect of
corresponding groups. To overcome this problem, reaction
temperature was increased to 105 °C and 1,4-dioxane was used
as a solvent, which furnished the desired product 3q in good
yield (Scheme 2b). Next, we investigated the generality of the
reaction with respect to diversely substituted alkyl indoles
(Table 3). The substitutions such as methyl, benzyl, and allyl
groups on indole nitrogen were well tolerated and afforded the

Scheme 1. Previous and Present Aryne Insertion/
Annulation

Table 1. Optimization of Reaction Conditionsa

entry fluoride source additiveb solvent yieldc (%)

1 CsF THF 68
2 CsF 18-crown-6 THF 72
3d CsF 18-crown-6 THF 72
4 KF THF 56
5 KF 18-crown-6 THF 63
6 TBAF THF e
7 CsF CH3CN 64
8 CsF 1,4-dioxane 58
9 CsF Toluene 48
10f CsF 18-crown-6 THF 51
11g CsF 18-crown-6 THF 20
12h CsF 18-crown-6 THF
13i THF

aStandard reaction conditions: 1a (1.0 equiv), 2a (1.2 equiv), and
fluoride source (3.0 equiv) in solvent (0.1 M) at 60 °C for 16 h. b3.0
equiv used. cYield of isolated product. d1.5 equiv of 2a used.
eComplex mixture. fReaction performed at 80 °C. gReaction time 3 h.
hReaction performed at room temperature. iWithout CsF.
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corresponding biaryls 3q−3u in good yields (49−68%). The
benzo[g]indole β-ketonitrile involved in aryl annulation
provided the binaphthyl product 3v in 56% yield. The indole

having a β-ketoester also participated well and gave the desired
product 3w in 45% yield, while the indole having 1,3-diketone
failed to produce the desired product 3x.15 It is worth
mentioning that when the reaction was performed with indole
β-ketonitrile 4 without N-protection in the presence of excess
benzyne precursor 2a, the desired biaryl products with N-
arylation 3y and 3z were observed in 57% and 52% yields,
respectively (Scheme 3).

A gram-scale synthesis of compound 3a was also
demonstrated in Scheme 4a. To see the distribution of
deuterium atoms in the product, a control experiment was
performed using 2 equiv of D2O in the reaction mixture, and
no deuterium incorporation was found in the product (Scheme
4b). Further, an aryne insertion intermediate 5 was converted
to compound 3q under standard conditions in 81% yield
(Scheme 4c). It clearly indicated that the reaction is going
through β-ketonitrile insertion onto arynes. Based on the
outcome of above experiment (Scheme 4c) and known
literature,6,8 a plausible reaction mechanism was proposed
(Scheme 5). The mechanism involves the [2 + 2] cyclo-
addition of transient benzyne A, generated in situ from o-silyl
aryl triflate 2a and N-Boc indole β-ketonitrile 1a to give a
strained four membered ring intermediate, B. The ring opening
of intermediate B generates the insertion product C, which
would further undergo intramolecular Michael addition to give
tetracyclic intermediate D, followed by aromatization via C−N

Table 2. Substrate Scope of N-Boc-indole (1) and Benzyne
Precursors (2)a,b

aReaction conditions: 1 (1.0 equiv), 2 (1.2 equiv), CsF (3.0 equiv),
and 18-crown-6 (3.0 equiv) in THF (0.1 M) at 60 °C for 16 h. bYield
of isolated product.

Scheme 2. Reaction of N-Methylindole (1g) and Aryl
Triflate (2a)

Table 3. Substrate Scope of N-Alkylindole (1) and Benzyne
Precursors (2)a,b

aReaction conditions: 1 (1.0 equiv), 2 (1.2 equiv), CsF (3.0 equiv),
and 18-crown-6 (3.0 equiv) in 1,4-dioxane (0.1 M) at 105 °C for 16
h. bYield of isolated product.

Scheme 3. Reaction of Indole (4) and Aryl Triflate (2a)
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bond cleavage leads to N-Boc-2-amino-2′-hydroxy-1,1′-biaryl
3a.
In summary, we have developed a simple protocol for the

synthesis of N- substituted-2-amino-2′-hydroxy-1,1′-biaryls
using a one pot aryne annulation strategy. Intramolecular
Michael addition and subsequent C−N bond cleavage are key
reactions in this annulation.
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