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ABSTRACT: Although the aromatic aza-Claisen rear-
rangement is a general strategy for accessing substituted
aromatic amines, there are no highly enantioselective
examples of this process. We report the first Brønsted acid
catalyzed enantioselective indole aza-Claisen rearrange-
ment for the synthesis of chiral 3-amino-2-substituted
indoles. We present evidence for an arene CH−O
interaction as a source of activation and stereoinduction,
which is an unprecedented phenomenon in enantioselec-
tive Brønsted acid catalysis. The products of this reaction
can be transformed into 3-aminooxindoles, which are
prevalent in many biologically active small molecules.

Despite the development of several catalytic enantioselective
aliphatic aza-Claisen rearrangements in recent years,1−3

the asymmetric catalysis of aromatic aza-Claisen rearrangements
remains an underdeveloped area (Scheme 1a). The paucity of

enantioselective aromatic aza-Claisen rearrangements may be
partially attributed to the absence of a secondary interaction for
two-point binding in an aromatic amine that only contains one
basic functional group. This hypothesis is supported by the
observation that most enantioselective examples of aromatic oxa-
Claisen rearrangements require a chiral substrate or a function-
alized substrate that can undergo two-point binding with a
catalyst.4−8

We were drawn to the aromatic aza-Claisen rearrangement
because of its potential for generating medicinally valuable

aromatic amines.9 Given the prevalence of indoles in biologically
active molecules,10 we were interested in developing an
enantioselective [3,3]-rearrangement around the indole scaffold
(Scheme 1b).6b−d,11 The discovery of a catalytic enantioselective
variant of this reaction could provide a novel approach to chiral 2-
subsitituted indoles.12

Here, we describe the first Brønsted acid catalyzed
enantioselective aromatic aza-Claisen rearrangement.13 We also
present evidence for an arene CH−O interaction as a source of
activation and stereoinduction in the reaction. Our discovery
establishes a new strategy for two-point interactions in catalytic
enantioselective reactions of substrates with only one basic
functional group.14,15

Based on the known Brønsted acid mediated activation of
aromatic aza-Claisen rearrangements,16 we treated N-allyl-3-
aminoindole 1a with a series of Brønsted acids (Table 1). In the
presence of stoichiometric trifluoroacetic acid at ambient
temperature, aminoindole 1a was converted to [3,3]-rearrange-
ment product 2a in 82% isolated yield (entry 1). As expected,
when aminoindole 1awas heated to 100 °C in the absence of any
acid, we did not observe an appreciable amount of the
rearrangement product (entry 2).2

We exposed N-allyl-3-aminoindole 1a to several chiral
phosphoric acid catalysts to determine if this novel indole aza-
Claisen rearrangement could be rendered enantioselective. In
addition, we were hopeful that the phosphate group of these
chiral Brønsted acids could provide a mechanism for dual
activation of the indole substrate via a two-point interaction.17

Upon treatment of aminoindole 1a with 5 mol % BINOL-based
phosphoric acid 3a at 80 °C, we observed complete conversion to
rearrangement product 2a, which was isolated in 90% yield and
12% ee (entry 3). This represents a rare example of accelerating
an aromatic aza-Claisen rearrangement with a catalytic amount of
a chiral Brønsted acid.18 While treatment of aminoindole 1a with
catalytic amounts of phosphoric acids 4 and 3b−3d furnished 3-
amino-2-sustituted indole 2a in 80−85% yield, the rearrange-
ment product was isolated with almost no enantiomeric excess
(entries 4−7). We obtained the desired [3,3]-rearrangement
product in 80% yield and 48% ee in the presence of 9-anthracenyl
disubstituted Brønsted acid 3e at 80 °C for 12 h (entry 8).
Lowering the reaction temperature to 60 °C and increasing the
reaction time to 36 h improved the ee to 76% without affecting
the efficiency of the rearrangement (entry 9). Once catalyst 3e

Received: September 20, 2013
Published: October 28, 2013

Scheme 1. Strategies for a Catalytic Enantioselective Aza-
Claisen Rearrangement
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was identified as the most promising phosphoric acid, we
examined the effect of modifying the ancillary substituent on the
nitrogen of substrate 1. The sterically unencumbered N-methyl-
N-allyl-3-aminoindole 1b (R = Me) was converted to the
corresponding rearrangement product 2b in only 34% ee (entry
10). To our delight, the N-benzyl-N-allyl-3-aminoindole 1c (R =
Bn) furnished the aza-Claisen rearrangement product 2c in 93%
isolated yield and 90% ee (entry 11).
A diverse range of N-allyl-3-aminoindoles 5 were subjected to

the optimized enantioselective rearrangement conditions (Table
2). Several allylic moieties were compatible with this reaction.
For example, a series of functionalized aromatic rings (R′) with
electron-donating and -withdrawing groups could be incorpo-
rated into the products without affecting the efficiency of the
rearrangement process (entries 2−7). While aliphatic substitu-
tion drastically lowered the stereoselectivity of the reaction
(entry 8), polycyclic aromatic hydrocarbons (entry 9) and
heteroaromatic functional groups (entries 10 and 11) were
tolerated. We also examined the effect of electronically
perturbing the indole ring system. Both electron-withdrawing
and -donating groups on the indole ring were compatible with
the enantioselective [3,3]-rearrangement (entries 12 and 13).
We have studied the mode of activation and stereoinduction in

the [3,3]-indole aza-Claisen rearrangement. Initially, we were
pleasantly surprised that chiral phosphoric acids such as 3e could
accelerate the [3,3]-rearrangement at relatively low temperatures
compared to other Brønsted acid mediated aromatic aza-Claisen
rearrangements,1,2,16 while also exhibiting unprecedented levels

of enantioselectivity.19 Based on the results of our quantum
chemical calculations, we believe this unusual reactivity and
enantioselectivity is in part due to an arene CH−O interaction
between the C2-proton and the phosphate counterion of acid 3e
(Figure 1). Although arene C−H bonds are not usually
implicated in catalytic enantioselective reactions,14 they are
routinely invoked in crystal structures and biological contexts as
structural controlling elements.20

The transition-state structure leading to the major product for
the reaction of Table 2, entry 1 (R =H) was examined using DFT
calculations.21 First, a conformational search on a truncated
sigmatropic shift transition-state structure and truncated
phosphoric acid catalyst was performed. The lowest energy

Table 1. Optimization of Catalytic Enantioselective Indole
Aza-Claisen Rearrangementc

entry R catalyst time (h) temp (°C) yielda ee (%)

1 n-Bu TFAb 12 23 82 −
2 n-Bu − 12 100 <5 −
3 n-Bu 3a 12 80 90 12
4 n-Bu 4 12 80 80 3
5 n-Bu 3b 12 80 83 3
6 n-Bu 3c 12 80 85 5
7 n-Bu 3d 12 80 83 3
8 n-Bu 3e 12 80 80 48
9 n-Bu 3e 36 60 85 76
10 Me 3e 36 60 76 34
11 Bn 3e 36 60 93 90

aIsolated yield. b1.1 equiv TFA (trifluoroacetic acid). cReaction
conditions: aminoindole 1 (0.1 mmol), 5 mol % phosphoric acid 3 or
4, PhMe (0.1 M).

Table 2. Substrate Scope of Catalytic Enantioselective Indole
Aza-Claisen Rearrangementc

aIsolated yield. bAminoindole 5 (0.1 mmol), 10 mol % phosphoric
acid 3e, PhMe (0.1 M), 60 °C, 16 h. cReaction conditions:
aminoindole 5 (0.2 mmol), 5 mol % phosphoric acid 3e, PhMe (0.1
M), 60 °C.
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conformation found (with M06-2X/6-31+G(d,p))22 contained
an arene CH−O interaction. The analogous transition-state
structure for the full substrate and catalyst (3e) was then
optimized (with B3LYP/6-31G(d)).23 In the resulting structure
(Figure 1), the two-point binding mode (via CH−O andNH−O
interactions) organizes the adduct such that a 9-anthracene
group blocks the si face of the substrate (bottom face), favoring
allyl shift on the re face (top face), leading to the observed
enantiomer of the product. This model is consistent with the
reduced selectivity observed for catalysts with smaller and/or
more conformationally mobile groups in place of 9-anthracene
(Table 1). An edge-to-face CH−π interaction between the
R′=Ph group of the substrate and the other 9-anthracene group,
as well as a CH−O interaction between this phenyl group and the
phosphate, are also present, consistent with the observation that
aryl groups at this position lead to the highest selectivities for the
cases examined so far (Table 2).
The 3-aminoindole structures obtained from this enantiose-

lective [3,3]-rearrangement can be transformed into syntheti-
cally useful chiral products such as 3-aminooxindole 8 (Scheme
2). Despite the prevalence of 3-aminooxindoles in biologically

active molecules,24 highly enantioselective and diastereoselective
methods for accessing 3-substituted 3-aminooxindoles with two
contiguous stereocenters are rare.25 Exposure of aminoindole 6g
(93% ee) to oxaziridine 7 resulted in the formation of 3-
substituted 3-aminooxindole 8 in 82% yield, 5:1 dr, and 92% ee
(for the major diastereomer). The absolute and relative
stereochemistry of 3-aminooxindole 8 was confirmed by X-ray
crystallography. The benzyl group of aminoindole 6a could be

removed through a two-step protocol, which included a
TEMPO-mediated oxidation to 3-iminoindole 9, followed by
hydrolysis under acidic conditions to unveil the HCl salt 10.
In conclusion, we have developed a catalytic enantioselective

aromatic aza-Claisen rearrangement of 3-aminoindoles for the
generation of 3-amino-2-substituted indole structures. These
products can be transformed into synthetically useful 3-
aminooxindoles that are difficult to access by known methods.
We believe this rearrangement is accelerated and organized for
high enantioselectivity by an arene CH−O interaction between
the C2-proton and the phosphate counterion of the chiral
phosphoric acid. This class of chiral Brønsted acids may be
uniquely suited for two-point interactions in Brønsted acid
catalyzed reactions of substrates that contain only one basic
functional group. We anticipate that this weak interaction will be
useful in the design of other Brønsted acid catalyzed
enantioselective reactions that were previously thought to lack
a mode for high stereoinduction through one-point binding.
Therefore, we are exploring this new strategy in substrate−
catalyst two-point interactions for the Brønsted acid catalyzed
enantioselective rearrangements of other classes of substrates.
The application of this enantioselective aromatic aza-Claisen
rearrangement in the synthesis of chiral indole alkaloids is also
under investigation.
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(c) Uyeda, C.; Rötheli, A. R.; Jacobsen, E. N. Angew. Chem., Int. Ed.
2010, 49, 9753. (d) Uyeda, C.; Jacobsen, E. N. J. Am. Chem. Soc. 2011,
133, 5062. (e) Denmark, S. E.; Marlin, J. E.; Rajendra, G. J. Org. Chem.
2012, 78, 66. (f) Tan, J.; Cheon, C.-H.; Yamamoto, H.Angew. Chem., Int.
Ed. 2012, 51, 8264. (g) Marie,́ J.-C.; Xiong, Y.; Min, G. K.; Yeager, A. R.;
Taniguchi, T.; Berova, N.; Schaus, S. E.; Porco, J. A. J. Org. Chem. 2010,
75, 4584.
(8) For recent examples of enantioselective aliphatic Claisen
rearrangements with one-point binding models: (a) Corey, E. J.; Lee,
D. H. J. Am. Chem. Soc. 1991, 113, 4026. (b) Maruoka, K.; Saito, S.;
Yamamoto, H. J. Am. Chem. Soc. 1995, 117, 1165. (c) Yoon, T. P.;
MacMillan, D.W. C. J. Am. Chem. Soc. 2001, 123, 2911. (d) Akiyama, K.;
Mikami, K. Tetrahedron Lett. 2004, 45, 7217. (e) Geherty, M. E.; Dura,
R. D.; Nelson, S. G. J. Am. Chem. Soc. 2010, 132, 11875.
(f) Kaeobamrung, J.; Mahatthananchai, J.; Zheng, P.; Bode, J. W. J.
Am. Chem. Soc. 2010, 132, 8810.
(9) (a) Carey, J. S.; Laffan, D.; Thomson, C.; Williams, M. T. Org.
Biomol. Chem. 2006, 4, 2337. (b) Buchwald, S. L.; Mauger, C.; Mignani,
G.; Scholz, U. Adv. Synth. Catal. 2006, 348, 23. (c) Hartwig, J. F. Acc.
Chem. Res. 2008, 41, 1534. (d) Farina, V.; Reeves, J. T.; Senanayake, C.
H.; Song, J. J. Chem. Rev. 2006, 106, 2734.
(10) (a) Rodrigues de Sa ́Alves, F.; Barreiro, E. J.; Fraga, C. A. M.Mini-
Rev. Med. Chem. 2009, 9, 782. (b) Sundberg, R. J. The Chemistry of
Indoles; Academic Press: New York, 1970. (c) Sundberg, R. J. In
Indoles(Best Synthetic Methods); Academic Press: New York, 1996; pp
7−11. (d) Comprehensive Heterocyclic Chemistry; Katritzky, A. R., Rees,
C. W., Eds.; Pergamon Press: Oxford, 1984; Vol. 4, pp 313−376.
(e) Brown, R. K. In Indoles; Houlihan, W. J., Ed.; Wiley-Interscience:
New York, 1972.
(11) (a) Cardoso, A. S. P.; Marques, M. M. B.; Srinivasan, N.;
Prabhakar, S.; Lobo, A. M.; Rzepa, H. S. Org. Biomol. Chem. 2006, 4,
3966. (b) Patterson, J. M.; Wu, A.; Kook, C. S.; Smith, W. T. J. Org.
Chem. 1974, 39, 486.
(12) (a) Taylor, M. S.; Jacobsen, E. N. J. Am. Chem. Soc. 2004, 126,
10558. (b) Seayad, J.; Seayad, A. M.; List, B. J. Am. Chem. Soc. 2006, 128,
1086. (c) Lee, S.; MacMillan, D. W. C. J. Am. Chem. Soc. 2007, 129,
15438. (d) Raheem, I. T.; Thiara, P. S.; Peterson, E. A.; Jacobsen, E. N. J.
Am. Chem. Soc. 2007, 129, 13404. (e) Bandini, M.; Eichholzer, A. Angew.
Chem., Int. Ed. 2009, 48, 9608. (f) Hong, L.; Liu, C.; Sun, W.; Wang, L.;
Wong, K.; Wang, R. Org. Lett. 2009, 11, 2177. (g) Takenaka, N.; Chen,
J.; Captain, B.; Sarangthem, R. S.; Chandrakumar, A. J. Am. Chem. Soc.
2010, 132, 4536. (h) Liu, Y.-Z.; Cheng, R.-L.; Xu, P.-F. J. Org. Chem.

2011, 76, 2884. (i) Wu, Q.-F.; Zheng, C.; You, S.-L. Angew. Chem., Int.
Ed. 2012, 51, 1680.
(13) For chiral phosphoric acid catalyzed [3,3]-diaza-Cope rearrange-
ments: (a) Li, G.-Q.; Gao, H.; Keene, C.; Devonas, M.; Ess, D. H.; Kürti,
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