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ABSTRACT

Rh2(II)-Carboxylate complexes were discovered to promote the selective migration of aminomethylenes in β,β-disubstituted styryl azides to form
2,3-disubstituted indoles. Mechanistic data are also presented that suggest that the migration occurs stepwise before diffusion of the iminium ion.

The formation of new carbon�carbon bonds through
transition metal-catalyzed migration reactions continues
to be pursued by researchers because it rapidly transforms
simple starting materials into complex, functionalized
products.1 While metal-catalyzed carbene reactions are
well established to induce 1,2-shifts from the resulting
oxonium2�4 or ammonium ylide,5 triggering these migra-
torial processes with the analogous N-atom transfer

remains significantly underdeveloped.6 We have pursued
using aryl azides in Rh2(II)-catalyzed C�H bond amina-
tion reactions,7,8 and our mechanistic experiments sug-
gested that C�N bond formation occurred through a
4π-electron-5-atom electrocyclization.9 We exploited this
mechanism to induce selective 1,2-shifts ofβ-substituents10

and discovered that aryl groupmigration could be triggered
from β,β-disubstituted styryl azides such as 1 to afford
2-alkyl-3-aryl indoles as the only product (Scheme 1).10a,11

The identities of the two β-substituents in these substrates,
however, differed considerably, and we were curious if
our migratorial process could distinguish between two
β-methylene units if one was substituted with an amine.
Despite the well-established use of heteroatoms as
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stereochemical controlling elements in many transforma-
tions,12 their use to control the selectivity of 1,2-shifts is
surprisingly rare.4b,d,5bWe anticipated that demonstrating
the ability of an amine13 to control the selectivity of these
reactions would facilitate the synthesis of N-heterocycles,
and herein, we describe the development of a selective
Rh2(II)-catalyzed aminomethylene shift reaction that
transforms β,β-disubstituted styryl azides into tetrahydro-
carbolines or indoloazepines.14

To examine the effect of distal substitution on the
selectivity of methylene migration, β,β-dialkyl-substituted
styryl azide 9was examined (Table 1). We anticipated that
the β-aminomethylene substituent would enable investiga-
tion of the influence of the N-atom on the alkyl 1,2-shift,
and the effect of modifying its electronic nature by chan-
ging the identity of the N-substituent. At the outset, the
amine was arbitrarily substituted with a sulfonyl group.
While no reaction was observed in the absence of a
transition metal catalyst, exposure of styryl azide 9a to
rhodium carboxylate complexes did trigger the desired
aminomethylene migration (entries 1�6).15 Both the yield
andmigration selectivity, however, dependedon the identity
of the catalyst with the best results obtained with Rh2(oct)4
or Rh2(esp)2 to afford 10a as the major product.16 Impor-
tantly, the stereochemistry of the starting material did
not impact the selectivity of the reaction: both the E- and

Z-isomer formed 10a smoothly. Our screen identified
Rh2(esp)2 as the optimal catalyst, and the reaction out-
come did not improve when the solvent was changed from
toluene to chlorinated or ethereal solvents.

Using these optimal conditions, the effect of changing
the nature of the N-substituent was investigated (Table 1).
We found that substitution of the sulfonyl group with
other common protecting groups led to lower reaction
conversions (entries 7�9). Substitution of the nitrogen
with a Boc or Bz group (9b or 9c) significantly attenuated
the selectivity of the methylene migration to provide a
mixture of indoles 10 and 11. While the selectivity of the
migration was restored using the alkyl tertiary amine 9d,
the reaction conversion was significantly diminished
(entry 9).Weattribute this low conversion to complexation
of the benzyl nitrogen atom with the Lewis acidic catalyst.
Based on these results, we decided to further examine the
scope of aminomethylene migration using substrates bear-
ing a phenylsulfonyl N-substituent.
A series of styryl azides 12 were examined to determine

the scope and limitations of our Rh2(II)-catalyzed amino-
methylene 1,2-shift reaction (Table 2). Our migration
reaction proved remarkably tolerant to substrate modifi-
cations. First, the reactionwas not dependent on the size of
the ring expansion: both azetidine 12a and pyrrolidine 12b
were smoothly converted to the indole product (entries
1 and 2). The effect of modifying the electronic nature of
the aryl azide on the migration reaction was investigated
with azides 12c�12i (entries 3�9). While indoloazepines 13
were obtained in all cases, slightly higher yields were ob-
tained with more electron-deficient substrates (compare
entries 6�9). The ortho-R3-substituent exerted a larger effect
on the yield of the migration reaction with a methoxy
group having a more deleterious effect than a methyl
group (entries 10 and 11). Our reaction enables access to

Scheme 1. Can β-Methylene Units Be Distinguished in Our
Reaction?

Table 1. Examination of the Migratorial Aptitudes of Substi-
tuted Methylenes

entry MXn R 9 % yielda 10:11

1 none SO2Ph a n.r. n.a.

2 Rh2(O2CCH3)4 SO2Ph a n.r. n.a.

3 Rh2(O2CCF3)4 SO2Ph a 36 86:14

4 Rh2(O2CC3F7)4 SO2Ph a 32 80:20

5 Rh2(O2CC7H15)4 SO2Ph a 85 100:0

6 Rh2(esp)2 SO2Ph a 87 100:0

7 Rh2(esp)2 Boc b 46 60:40

8 Rh2(esp)2 Bz c 42 66:34

9 Rh2(esp)2 Bn d 18 100:0

aAs determined using 1H NMR spectroscopy using CH2Br2 as an
internal standard.
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8-substituted indoloazepines13f�13i,whichcannotbemade
regioselectively using the Fischer indole reaction.17

The effect of changing the identities of the β-substituents
was investigated next (Table 3). While our Rh2(II)-
catalyzed aminomethylene 1,2-shift reaction did not require
a tether between the β-substituents, we discovered that
only the E-isomer of the proline-derived styryl azides 14
was smoothly transformed to 2,3-disubstituted indoles
15.18 We attribute the lack of reactivity of the Z-isomer
to destabilizing steric interactions with the rhodium cata-
lyst. The reaction, however, was not sensitive to the
electronic nature of the aryl azide (entries 1�4). Changing
the ring size of themigrating group also did not prevent the
migration; piperidine 14e was efficiently converted to 15e

albeitwitha slightly reducedyield (entry 5).Next,we tested
styryl azide 14f to test the migratorial preference of the
aminomethylene versus a phenyl group, which we pre-
viously established to migrate in preference of an alkyl
group (entry 6).10a Exposure of 14f to reaction conditions
resulted in only aminomethylene migration. To determine
if this phenomenon could be extended to selective ethereal
methylene migration, stryryl azide 14g was examined
and found to produce indole 15g as the major product
with <5% of the other regioisomer observed (entry 7).
Both the E- and Z-isomer of 14g were converted to the
indole product.
The reactivity trends of our substrates have suggested a

potential catalytic cycle for our Rh2(II)-catalyzed amino-
methylenemigration reaction (Scheme 2). Coordination of

the styryl azide to the rhodium carboxylate complex
produces 16.19 Extrusion of N2 forms rhodium nitrene
17,20 which undergoes a 4π-electron-5-atom electrocycli-
zation to form benzyl cation 18. We have interpreted the
nearly equal reactivity of the E- andZ-isomer of the styryl
azide 9a as evidence that N2 extrusion occurs before
cyclization. Formation of 18 triggers the concerted21 or
stepwisemigration of the aminomethylene via iminium ion

Table 3. Scope of Rh2(II)-Catalyzed Selective Methylene Shift

a Isolated yield of 15 after silica gel chromatography; only product
obtained. b 2-Phenylindole (15%) also isolated. c Indole formed as a 95:5
mixture of regioisomers. dReaction performed in toluene using a 78:22
E/Z mixture of isomers of 14g.

Table 2. Scope of Rh2(II)-Catalyzed Aminomethylene 1,2-Shift

entry 12 R1 R2 R3 n 13 yield, %a

1 a H H H 0 82

2 b H H H 1 78

3 c MeO H H 2 70

4 d Me H H 2 81

5 e Cl H H 2 77

6 f H MeO H 2 58

7 g H Me H 2 67

8 h H Cl H 2 84

9 i H F3C H 2 82

10 j H H Me 2 61

11 k H H MeO 2 35b

a Isolated yield of 13 after silica gel chromatography; only product
obtained. bThe percent conversion of the reactionwas 100%; oligomeric
decomposition obtained.
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19 to form 21.22,23 Tautomerization of 21 produces indole
10a and Rh2(esp)2.

To gain insight into themechanism of the aminomethyl-
ene 1,2-shift, we examined the reactivity of enantiomeri-
cally enriched styryl azide 14a toward our reaction
conditions (Scheme3).Weanticipated that if themigration
was concerted that the indole product would remain
enantiomerically enriched, whereas if the shift occurred
stepwise, then 15a would be formed as the racemate. In
contrast to the stereoretention observed in the related
Stevens 1,2-shift of oxonium ylides,4b,5b,5c exposure of
enantiomerically enriched 14a to reaction conditions pro-
duced racemic15a to support a stepwisemechanismvia ion
pair 22. In further support of this stepwise mechanism,
exposure of styryl azide 14f to reaction conditions pro-
duced 2-phenylindole and dihydropyrrole 23 as by-
products to 2,3-disubstituted indole 15f. This result suggests
that in the presence of a β-phenyl substituent (14f) depro-
tonation of the iminium ion intermediate starts to become
competitive with the 1,2-phenyl shift. These byproducts,
however,were unique to 14f; in the absence of the β-phenyl
substituent, only the 2,3-disubstituted indole was obtained.

To determine if the iminium ion escaped the solvent
shell, a double crossover experiment was performed (eq 1).
Submission of a 1:1 mixture of styryl azides 14a and 14h to
reaction conditions produced only indoles 15a and 15h.
Togetherwith the experimentsdescribed inScheme3, these
results reveal that the 1,2-aminomethylene shift occurs
stepwise without diffusion of the iminium ion intermediate.

In conclusion, we discovered that exposure of β,β-
dimethylene-substituted styryl azides to a dirhodium(II)
carboxylate complex triggers a preferential aminomethy-
lene 1,2-shift after initial electrocyclization of the rhodium
nitrene. Our mechanistic experiments suggest that this
migration occurs stepwise before diffusion of the iminium
ion. Together with our previous studies, our migratorial
aptitude scale can be updated to ester , alkyl , aryl ,
aminomethylene<amide<H<sulfone<ketone,nitro.
Our future experiments are aimed at further understanding
and exploiting our mechanistic studies in the design of
new Rh2(II)-catalyzed transformations to access complex,
functionalized N-heterocycles.
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Scheme 2. Potential Catalytic Cycle

Scheme 3. Mechanistic Experiments
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