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Abstract: A Rh'"-catalyzed C-H activation/cyclative capture
approach, involving a nucleophilic addition of C(sp’)-Rh
species to polarized double bonds is reported. This constitutes
the first intermolecular catalytic method to directly access 1-
aminoindolines with a broad substituent scope under mild
conditions.

The 1-aminoindoline unit is prevalent in numerous commer-
cial drugs and biologically active compounds (Figure 1), and
has also been widely utilized as a chemical feedstock to access
a large number of important skeletal motifs.””! 1-Aminoindo-
lines are typically formed by the nitrosylation/reduction of
free indolines or by intramolecular amination.”) These
methods suffer from disadvantages such as multistep synthe-
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Figure 1. Some biologically active 1-aminoindolines and -indoles.
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ses, moderate to poor yields, harsh reaction conditions, and
limited substrate scope. Moreover, indoline as the parent
heterocycle must be prepared in advance.” To date, no
intermolecular catalytic method is available to directly access
the 1-aminoindoline core.”’

Rh"._catalyzed directed C-H functionalization has
emerged as a versatile synthetic approach to access complex
molecules.”! Recently, several groups have demonstrated that
C(sp*)-Rh intermediates formed by insertion of alkynes into
the C-Rh bond could undergo Grignard-type addition to
ketone-, imine-, amide-, and ester-based directing groups
(Figure 2 A)."" However, the nucleophilic attack of C(sp®)-Rh
species, generated upon alkene insertion, to polarized double
bonds has never been reported, presumably due to problem-
atic preferential B-hydride elimination (Figure 2B).Fl We
wondered whether nucleophilic additions of C(sp*)-Rh
species to polarized unsaturated directing groups might be
possible if p-hydride elimination is inhibited. Herein, we
introduce diazenecarboxylate as a directing group to trigger
a new cyclative capture approach where alkenes undergo
insertion followed by intramolecular addition of the C(sp*)-
Rh species to the N=N bond to afford diverse 1-aminoindo-
lines without any external oxidants (Figure 2 C). This reaction
proceeds at room temperature with a wide range of function-
alized substrates, and, moreover, has been extended to the
synthesis of pharmaceutically important 1-aminoindoles.

Besides disfavoring B-hydride elimination of the C(sp®)-
Rh species, two other potential difficulties must be overcome:
1) Even though 1,2-diaryl- and 1-alkyl-2-aryl-substituted

diazenes have been used as directing groups, diazene-

carboxylate has never been used as a directing group;”
2) Although the addition of organometallic reagents to N=N
bonds has been reported,!'”! it has not been observed in

Rh"-catalyzed C-H activation. Furthermore, the issue of

regioselectivity in additions to N=N bonds must also be

addressed.

We initially focused on the reaction of tert-butyl 2-
phenyldiazenecarboxylate 1a and n-butyl acrylate (2a) with
[(Cp*RhCL,),] (2.5m0l%) in 1,2-dichloroethane (DCE,
1 mL). After extensive screening, we found that the tandem
C—H bond activation/N=N bond addition occurred smoothly
in the presence of [{RhCp*Cl,},] (2.5 mol%; Cp* = CsMes)
and AgOAc (10 mol %) in a mixture of HOAc and DCE (1:3)
at room temperature for 24 h to afford 1-aminoindoline 3a in
88 % yield. To confirm the structure, we further converted the
oily 3a to the corresponding 1-aminoindole which formed
single crystals suitable for X-ray analysis (see the Supporting
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We next examined the scope of the
alkenes (Scheme 2). A variety of electron-
deficient alkenes could be efficiently con-
verted into the corresponding products
(Scheme 2; 4a-f). Unexpectedly, the reac-
tion with acrolein directly afforded the
indole-2-carbaldehyde 4g['? Moreover,
various substituted styrenes also reacted
with 1a to furnish the products in moderate
yields (Scheme 2; 4h-k). In addition to
styrenes, alkyl alkenes could also give the
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R tolerated in this reaction (Scheme 2; 4n,0).

biologically active Interestingly, when we switched the sub-

1-aminoindoline unit

— H
DG: N=NBoc C(sp®-Rh intermediate

Challenges: 0 Diazenecarboxylate as directing group
9 Competition between p-hydride elimination and N=N bond addition

0 Reactivity and regioselectivity in the addition of C(sp®)-Rh species to the N=N bond

Figure 2. Examples of -hydride elimination and Grignard-type additions in
C-H functionalization reactions.

Information).''! Subsequently, the scope of the aryl-substi-
tuted diazenecarboxylate substrates was investigated. A
series of 1-aminoindolines bearing substituents at the 5-, 6-,
and/or 7-positions were synthesized in good yields (Scheme 1;
3a-1). A variety of important functional groups such as
halogens (F, Cl, and Br), ester, and methoxy groups were well
tolerated (Scheme 1; 3e—j). In addition, we proved that the
reaction can be conducted on a gram scale without a signifi-
cant decrease in yield (ca. 0.9 g of 3a, 86 % yield). It is also
worth noting that a remarkable yield was also obtained with
a lower catalyst loading (85 % yield, 1 mol % [{RhCp*ClL,},]).

2.5 mol% [{RhCp*Cl,},]

% 10 mol% AgOAc ,
RT #>c00"y —————— = Ryp C00™Bu
NN N DCE/HOAC (3:1) Z =N
1 RT,24h 3 NHBoc
NHBoc NHBoc NHBoc
3a, 88% (86%)C! 3b,91% 3¢, 80%
HaCO
CO0™Bu mcoo"eu (;f}coo"Bu
N
HBoc NHBoc OCH, NHBoc
3d, 93% 3e, 89% 3f,90%
mcoo"su mcoonsu \mcoonsu
NHBoc NHBoc NHBoc
39, 85% 3h, 82% 3i 91%
MeOOC .,
mcoo"su mcoonsu CO0™Bu
NHBoc NHBoc NHB°°
3j, 76% 3K, 87% 31,93%

Scheme 1. Scope of aryl-substituted diazenecarboxylates. Reaction con-
ditions: 1 (0.2 mmol), 2a (1.5 equiv); see SlI. [a] 3.0 mmol scale.
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strate to vinyl acetate, we could directly
access the aminoindole product 4p in
excellent yield; this reaction might involve
an elimination of acetic acid after cycliza-
tion.['3

To date, synthetic approaches to 1-
aminoindoles, which also display very
important pharmacological properties,™!
have been quite limited."”! We wondered
if we could utilize the present transformation for the
straightforward synthesis of 1-aminoindoles by introducing
an additional oxidant. We found that 1-aminoindole Sa could
be formed when AgOAc was used as the external oxidant
under the standard conditions. Further optimization lead to

Rh"-catalyzed

2.5 mol% [{RhCp*Cl,},] R
10 mol% AgOAc
. KR' - = 5 R
R DCE/HOACc (3:1) N
2 RT,24 h 4 NHBoc
mCOOMe mcooa mcoo’su
NHBoc NHBoc NHBoc
4a, 91% (86%) 4b, 86% 4c, 88%
N N
NHBoc NHBoc NHBoc
4d, 90% 4e, 78% 4f, 81%
4h,R=H, 76%

4i, R = p-OMe, 60%!°] (55%)!]

: )
H 3 m—@R 4j, R = p-CN, 50%!°)

0/ [C] o/ \[d]
4g, 83%01 NHBoc 4k, R = 0-Br, 52%!'“ (48%)
OH /—COOEt
"By @_/ W
N N N
NHBoc NHBoc NHBoc
41, 42%°
4am, 79% 4n, 82%
oy O
N N !
NHBoc NHBoc !
40, 74% : 4p, 89%

Scheme 2. Scope of alkenes. Reaction conditions: 1 (0.2 mmol), 2
(1.5 equiv); see SI. [a] 3.0 mmol scale. [b] Acrolein was used.
[c] 0.4 mmol scale. [d] 2.5 mmol scale. [e] Vinyl acetate was used.
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82% yield when the reaction temperature was increased to
90°C. Using this procedure, a variety of aryl-substituted
diazenecarboxylates and alkenes were tested to access various
1-aminoindoles. As shown in Scheme 3, the desired products
were generally obtained in good yields.

Furthermore, we demonstrated the synthetic usefulness of
the 1-aminoindolines by conducting five additional trans-
formations with our products (Scheme 4). First, the N—N
bond of the 1-aminoindoline was easily cleaved to yield the
free indolines 6ab using TiCl,."! We could also submit
compound 4h to an initial deprotection, followed by a photo-
catalytic oxidation with [Ir{dF(CF;)ppy},(dtbbpy)]|PF, (dF-
(CF;)ppy =2-(2,4-difluorophenyl)-5-trifluoromethylpyridine,
dtbbpy = 4,4'-di-tert-butyl-2,2"-bipyridine), visible light, and
air to afford the free indole 6¢."” Cinnoline 6d could also be
prepared from 2-phenyl-1-aminoindole in good yield."®! The
tetracyclic fused indole skeleton 6 e, which exists in numerous
privileged pharmaceuticals and natural alkaloids,”¢ could
also be constructed from 1-aminoindoline by a Fischer indole
synthesis (Scheme 4; 6e). In addition, we also made the
backbone of indolo[1,2-b]indazoles, which have been shown
to be potent inhibitors to DNA topoisomerases I and II
(Scheme 4; 6 £).1)

2.5 mol % [{RhCp*Cl,},]
2.5 equiv AgOAc

DCE/HOAC (3:1)
Boc 90°C, 24 h

=
1
@f}cooﬂm

NHBoc NHBoc
5a, 82% 5¢, 1%

F
/mcoonau mcoonsu mPh
N N N

NHBoc NHBoc NHBoc
5d, 73% 5e, 85% 5f, 71% (65%)!°!

N N

NHBoc NHBoc
5g, 60% 5h, 64%

X
RE AR R%R1
N

5 NHBoc

COO"Bu COO"Bu

NHBoc
5b, 83%

Scheme 3. Synthesis of T-aminoindoles. Reaction conditions:
1 (0.2 mmol), 2 (1.5 equiv); see SI. [a] 3.0 mmol scale.
from 4h or 4i from 4h

m—R TiCly, THF, 100 °C 1) TFA, CH,Cly, 0 °C

H 2) cyclohexanone

6a, R = Ph, 78% HOAG, TFA, refl
6b, R = p-OCHsPh, 72% Ohc, TFA, reflux

from 4h
N
H

1) TFA, CH,Cl,, 0 °C
2) photoinduced cat.

6c, 79% air NHBoc from 4k
from 5f 1) Pd(OAc),, DPE-pho!
" 1)HCl/dioxane | Cs5CO; toluene
m 2) 1.5% HCI/MeOH 2) TFA, then air
N PhNO,, reflux
6d, 74%

Scheme 4. Applications of 1-aminoindolines/1-aminoindoles. DPE-phos = Bis[(2-diphenyl-

phosphino)phenyl] ether, TFA =trifluoroacetic acid.
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Scheme 5. Mechanistic experiments.

A series of mechanistically insightful experiments were
carried out. First, we submitted 1-methyl-2-phenyldiazene as
the substrate to the standard conditions with n-butyl acrylate
(Scheme 5a). The B-hydride elimination takes place prefer-
entially to afford the product 7a in moderate yield.”
However, if we change the Boc group to -COOEt, the
cyclative capture step occurs smoothly to afford 1-amino-
indoline 7b in 69 % yield (Scheme 5a). These observations
imply that the carboxyl substituent in our directing group
might be crucial in precluding (3-hydride elimination. When
the reaction was performed with AcOD to roughly 70 %
conversion, deuterium incorporation was observed at the C7-
position of 3a (Scheme 5b). This deuteration might be
induced by reversible C-H activation or acid-catalyzed
tautomerism. Also, deuterium incorporation was not
observed at the C2-position of the product (Scheme 5b),

which indicates that migratory insertion of
alkene might be irreversible. Furthermore,

Ph deuterium incorporation was also observed
N using substrate 1a in AcOD/DCE in the
= absence of Rh catalyst implying that the acid-

catalyzed tautomerism might occur during
the reaction (see SI). The kinetic isotope
effect (KIE) experiment was also carried out
to independently assess the rate of reaction
for ortho-C-H versus ortho-C-D activation.
The value of ky/kp=4.1 from two parallel
reactions as well as the value of KIE=6.3
from intermolecular competition indicated
that the C—H bond-cleavage process is likely
involved in the rate-determining step (Sche-

6e, 79%

6f, 80%
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me 5c¢).?!1 Additionally, it was observed that the reactivities of
aryl-substituted diazenecarboxylates with an electron-donat-
ing substituent (e.g., OCHj;) are obviously higher than those
with an electron-withdrawing substituent (e.g., p-COOMe),
which is consistent with an electrophilic C—H activation
mechanism.*?

Furthermore, we prepared the rhodacycle A
(Scheme 5d),?! which can be easily transformed to rhoda-
cycle B in the presence of stoichiometric silver acetate
(Scheme 5e¢). Importantly, when 4 mol% rhodacycle A
served as the catalyst in the presence of 4 mol % AgOAc in
HOAC/DCE (1:3) at RT, the reaction of 1a and 2a works
efficiently (Scheme 5 f), suggesting the plausible intermediacy
of a cyclometalated complex B in the -catalytic cycle.
Furthermore, we monitored the reaction of rhodacycle B
with methyl acrylate in CD,Cl, by '"H NMR spectroscopy (see
SI). No reaction was observed in the absence of HOAc. When
HOACc was added to the reaction system, the signal of product
4a was detected immediately. Presumably HOAc promotes
the dissociation of the coordinated acetate of rhodacycle B to
form the key intermediate cation C to initiate this reaction.””

On the basis of our preliminarily mechanistic experiments
and literature precedence,®” we propose that a directed C—H
bond cleavage forms intermediate B as the first step after
generation of [RhCp*(OAc),]. An acetate ligand of rhoda-
cycle B dissociates to give the cationic complex C with
assistance from HOAc;® this is followed by alkene coordi-
nation and insertion, thus affording the rhodacycle E
(Scheme 6). The resulting seven-membered metallacycle
presumably rearranges to the more stable six-membered
coordinately saturated Rh species F by chelation with the Boc
substituent,?! which efficiently prevents competitive p-hy-
dride elimination. Complex F might undergo a nucleophilic
addition to the N=N bond to form intermediate G, which is
finally protonated by HOAc to yield the desired 1-amino-
indoline.

In summary, we have developed the first Rh™-catalyzed
synthesis of 1-aminoindolines and 1-aminoindoles from aryl-
substituted diazenecarboxylates and alkenes. Mechanistic

N .

HOAc>/, ©j ‘;N—B;\
Rh---O

c ‘Cp* Y\(\
OH

Alkene 2

studies support a pathway that proceeds via reversible C-H
activation, alkene insertion, and Grignard-type addition. This
intermolecular annulation proceeds under mild conditions,
does not require external oxidants, and displays a broad scope
with respect to the substituents.
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