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Palladium-Catalyzed Annulation of Diarylamines with Olefins through
C—H Activation: Direct Access to N-Arylindoles**
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Abstract: A palladium-catalyzed dehydrogenative coupling
between diarylamines and olefins has been discovered for the
synthesis of substituted indoles. This intermolecular annulation
approach incorporates readily available olefins for the first
time and obviates the need of any additional directing group.
An ortho palladation, olefin coordination, and [-migratory
insertion sequence has been proposed for the generation of
olefinated intermediate, which is found to produce the expected
indole moiety.

l ndole is one of the most ubiquitous heterocycles found in
nature. Owing to significant biological activities,!! indole has
become an important component in many pharmaceutical
agents.”) Consequently, their preparation has been a major
area of research for well over a hundred years and innumer-
able methods,””! including Fischer™® and Buchwald® indole
synthesis have been reported. Recently, transition-metal-
catalyzed directing-group-assisted heteroannulation of
amines with carbonyl compounds®® and alkynes have
emerged for their synthesis.”

N-arylindoles are present in many biologically as well as
pharmaceutically important compounds.®” In 2012, the
group of Zheng constructed 1,2-disubstituted indoles from
styryl anilines by using a ruthenium-based photocatalytic
method (Scheme 1).l Unfortunately, this intramolecular
reaction does not proceed without an p-alkoxyphenyl amine
moiety.

In this context, we envisaged that a direct intermolecular
oxidative coupling of diaryl amine with abundantly available
olefins (Fujiwara—Moritani reaction)!!'! may be utilized for N-
arylindole synthesis. Previously, various nitrogen-containing
substrates including sulfonyl aniline,'*! carbonyl aniline,['*!
aniline,™ and benzyl amine!'*! were successfully applied as
the directing group to enhance the reactivity, selectivity for

[¥] Dr. U. Sharma," Dr. R. Kancherla, T. Naveen, S. Agasti,
Prof. D. Maiti
Department of Chemistry, Indian Institute of Technology Bombay
Powai, Mumbai-400 076 (India)
E-mail: dmaiti@chem.iitb.ac.in
[*] Current address: Natural Plant Product Division
CSIR-IHBT, Palampur, H.P., India

This activity is supported by Science and Engineering Research
Board, India (No. SR/S1/1C-24/2011). Financial support received
from DST under Fast Track Scheme (U.S. and R.K.) and CSIR (T.N.
and S.A.) is gratefully acknowledged. D.M. sincerely thanks
reviewers for insightful discussions. Palladium catalysts were
obtained as a gift from Johnson Matthey Chemicals, MIDC Taloja,
India. This activity is supported by BRNS, India.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201406284.

[7‘: *

Angew. Chem. 2014, 126, 12089 —12093

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

R\ R\ i REN

PN/ \ Pd — : Ru ={ |

' + 3> \ | ———— 3

: NH R N7 R3  Ref.[10] NH “R
E intramolecular

HI . S/ H .

R2 3 H

l!—‘\’ this work R2/ | earlier work
""""""""""""""""""""""" RO

Scheme 1. Synthesis of N-arylated indoles involving olefins.

ortho C—H activation, and in a few cases to achieve further
heteroannulations."*! Recently, Patureau and co-workers
disclosed the dehydrogenative C—N cross-coupling of unpro-
tected secondary anilines through ortho-N-carbazolation
using a ruthenium catalyst.['”]

In continuation of our research to utilize widely available
olefins for the synthesis of valuable products,'¥ here we
disclose a palladium-catalyzed method for the synthesis of 2-
substituted N-arylindoles by directly reacting various diaryl-
amines and olefins. Because of the low cost and wide
availability of various olefins, such an approach would allow
straight-forward synthesis of N-arylindoles. The generality of
this strategy is described here by synthesizing an exemplary
set of indole compounds (>40 examples), most of which
represent new chemical entities.

Systematic studies revealed that 1,2-disubstituted indole
moieties can be synthesized (89 % GC yield; 85 % isolated)
from diphenylamine (1 mmol) and styrene (0.25 mmol) by
using Pd(OAc), (10mol%) and 1,10-phenanthroline
(20 mol %), in acetic acid without any additional oxidant.

To explore the substrate scope of this simple system, we
reacted different styrenes with diphenylamine under the
optimized reaction conditions (Table 1). Along with the
expected product, the 1,3-disubstituted indole regioisomer
was also formed. Notably, in most of the cases, the ratio of 1,2-
diarylated and 1,3-diarylated indole is limited to 99:1.) In
a few cases, such as for 3a, 3¢, 3j, and 3q, and increased
amount of the 1,3-disubstituted indole product was observed.
Styrenes with ortho/meta/para substituents reacted with
diphenylamine to produce the 1,2-diarylated indole in 41-
85% yield (3a-i and 30—q). Various halides at the ortho/
para position were well tolerated (3d-f and 30—p). Styrene
with functional groups such as acetoxy, ester, and cyano
reacted successfully (3g—i). Switching to a substituted diaryl-
amine did not affect the outcome of the reaction and the
expected indoles were obtained in preparatively useful yield
(3j—n and 3r). A sterically demanding trisubstituted styrene
succeeded in producing 1,2-diarylated indole compound (3s).
Notably, heterocyclic olefins can also be employed to prepare
N-arylindoles (3u and 3v). Efforts to incorporate ArNHR
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Table 1: Scope with symmetrical diphenylamines and styrenes.Il'®

.
PA(OAC), (10 moi%) R N\
1,10-phen (20 mol%)  \_—

2
(air) AcOH (0.06 M)
Ar N2 130°C, 24 h

(0.25 mmol)
2

(1 mmol)
1

3e, 62%; RZ2=Cl
3f, 54%; R2=Br
N 3b, 71%; R2=Me 39, 45% (75%, brsm); R =OAc
i O 3¢, 66%; R2 = tBul®  3h, 56% (80%, brsm); R? =CN
R2 3d,60%; R?=F 3i, 51% (82%, brsm); R? = CO,Me

3a, 85%; R? = HI!
(gram scale, 70%)

T 3j, 67%; R'=Me, R?=Meldl
N 3k, 59%; R'=Me, R?=F
O 3, 61%; R'=Me, R2=Ph
@ R®3m, 68%; R! = OMe, R2 = H

3n, 41%; R"=Br, R?2=H

Me
I
e "

30, 53% (83%, brsm
R2=Cl, R3=

3p, 54%; R2=Br, R® = H

3q, 68%; RZ2=H, R3=Melel

&
N

1

Ph

S
3v, 61%

3t, 39% 3u, 51% (73%, brsm)

[a] Yield is that of the isolated product and the average of two runs. Ratio
of 1,2-diarylated and 1,3-diarylated indole is 99:1.1 [b] Ratio is 91:9.
[c] Ratio is 3:1. [d] Ratio is 4:1. [e] Ratio is 85:15. brsm=based on
recovered starting material.

(R=Me, Et, iPr, Ts, and Ac) in place of ArNH(Ar'), either
gave low yields of desired the indole products or formed
a mixture of inseparable compounds.

In the case of unsymmetrical diarylamines, there was
a preference for cyclization of the electron-deficient aromatic
ring with good regioselectivity (Table 2). For example, 4a and
4b preferentially cyclized to form the indole in a 3:1 (74 %)
and 6:1 (73 %) ratio, respectively. In the case of 4-(phenyl-
amino)benzonitrile (4¢), a 47 % yield of the isolated major
product (5cA) was obtained through cyclization of the
electron-deficient ring. Following a similar reactivity pattern,
a single regioisomer was observed for 4-morpholino-N-
phenylaniline (4d). When N-phenylpyridin-2-amine (4 f)
was reacted with styrene, cyclization occurred selectively
towards the benzene ring albeit in low yield. Simplicity of the
method was further demonstrated by incorporating an ortho-
chloro-substituted amine (4e) as the coupling partner.

After evaluating the scope with styrene derivatives,
different unactivated olefins were tested under the optimal
reaction conditions (Table 3). Reaction of cis- and trans-f3-
methyl styrene (6a and 6b) with diphenylamine provided the
same product (7a; 53 and 23 %, respectively). This difference
in the yield may be attributed to the steric hindrance for the
nucleophilic attack of the amine. In the case of simple
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Table 2: Scope with respect to unsymmetrical diarylamines.!

1
Ri= y
\ 7/ \ Pd(OAC), (10 mol%)
NH + + 0, 1,10-phen (20 mol%) +2H,0
— (air) AcOH (0.06 M)
g 130°C, 24 h
X _/
RZ
(1 mmol)  (0.25 mmol)
4 2a
Amine Product
MeO
Q- -0
NH N N
74%
(5aA/5aB = 3:1)]
OMe
NC
“C
NH N
5b, 73% (6:1)°
4b
OMe OMe
. O O
NH N N
4c 5cA, 47% 5cB, 16% ;

.
JH

5d, 44%

QNH
L
- )

(o}

single regioisomeric
product formed

-~

5e, 43% (3.2:1)19

35
QO d

5f, 26%

single regioisomeric
product formed

< &
af ) —
~

[a] Yield is that of the isolated product and an average of two runs. A/B
ratio was determined by GC-MS analysis of the crude reaction mixture.
[b] Isolated as an inseparable mixture of two products. [c] Isolated yield
of the major isomer.

terminal olefins for example, 1-octene and 1-decene, the
desired 2-alkylated indole (7eA and 7fA, respectively) was
obtained as the major product along with the 3-methyl isomer
(7eB and 7fB). With vinylcyclohexane, 2-cyclohexylindole
7cA was isolated in 56 % yield (7cA/7¢B, 4:1).

The efficiency of the method was further tested by the
heteroannulation of cyclic olefins with diphenylamine to
synthesize tricyclic indole derivatives, which are present in
many bioactive natural products.'®! These scaffolds were
previously synthesized from heteroannulation of internal
alkynes or dienes through intramolecular approaches.!"”
Under the present reaction conditions both cyclic olefins as
well as cyclic dienes afforded the desired N-phenyl tricyclic
indole compounds (Table 4). In spite of the possibility of
forming regioisomeric mixtures, only one product was gen-
erated exclusively in most of the cases. Regioisomeric 1,5- and
1,3-cyclooctadiene provided the same product 9a as a result
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Table 3: Scope with terminal/internal olefins.?!

Q_ \\/R‘ +0) —MMm—

Pd(OAc), (10 mol%)
1,10+ phen (20 mol%)

Cu(OAc),.H;0 (1 equiv.)

Q I g+ 20
N R 2
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Table 4: Scope with cyclic olefins (mono and dienes).l

Pd(OACc), (10 mol%)
1,10-phen (20 mol%) - )n
O2 . OACK 10 (1 equiv) ; +2H0
(air) u 2.H,O (1 equiv. N

oy EEY
¢ mmol) (0.25 mmol) (1 mmol) (0.25 mmol) '
1a 6 7 1a 8 9
Olefin Product Olefin Product

7a, 53%! (from 6a)

Me
“ 6a
Me \\ 6b
0 ‘
), N
h

P

7a, 23%"! (from 6b)

Jn
|
N

!
6c,n =1 7cB, 14% PN

= 7cA, 56%
6d,n=3 7dA, 48% 7dB, 19%
M %
Me
. N son e
6e Ph ° Ph
(7eA/7eB = 1.8:1)
Un; %
\
6 Me N & Me [\‘ 5 Me
of Ph 62% Ph

(7TEA/7B = 1.1:1)(°]

[a] Yield is that of isolated product and an average of two runs. Isolated
compounds were characterized by HRMS, 1D ("H NMR, *C NMR and
DEPT) and 2D NMR (HSQC, HMBC, COSY and NOESY) spectroscopy
wherever required. [b] Yield of one isolated isomer. The other regioiso-
mer was detected by GC-MS. [c] A/B ratio was determined by GC-MS and
was isolated as an inseparable mixture.

of the isomerization of the 1,5-cyclooctadiene under the
reaction conditions. In both these cases the product can be
obtained in crystalline form and was confirmed by single-
crystal X-ray structure.'” Cycloheptene and cyclooctene had
provided the desired compounds in synthetically useful yield
(9e and 9f). In the case of bicyclic olefins, for example,
norbornene (8g-8h), the corresponding indoline product was
obtained because of an unfavorable [3-hydride elimination.

To understand the reaction mechanism, a number of
competition experiments between electronically different
styrenes and diphenyl amines were carried out. Based on
experimental findings, we realized that electron-rich styrene
as well as electron-rich diphenylamine was cyclized prefer-
entially over the neutral and electron-deficient analogues."
However, the use of unsymmetrical diarylamines caused the
olefin to preferably annulate towards the electron-deficient
aromatic ring (Table 2). It is therefore likely that the electron-
deficient ring favors the initial ortho palladation and the
electron-rich phenyl ring supports the sequential N-pallada-
tion step.

The observed deuteration (Scheme 2) at the orthol/para
positions in the absence of an alkene indicated that reversible,
electrophilic C—H palladation occurred under the reaction
conditions.” However, no para C—H olefination of diaryl-
amines was observed in presence of olefins, thus indicating

Angew. Chem. 2014, 126, 12089 -12093
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47% (from 8a)

8a single regioisomeric
\ product formed
O ]
8b
Q \ 9c, 53%
N single regioisomeric

product formed

-z

9a
36% (from 8b)[P!

O

8d,n=1 Ph 9d, 34%
8e,n=3 single regioisomeric  9e, 52%
8f, n=4 product formed  gf '56%
i:Z i single regioisomeric
|; 8g N 9g, 58% product formed
Ph
OO0 = OFO
! N (9hA/9hB = 1:1)l
8h 9hA
Ph pn 9MB

[a] Yield is that of isolated product and an average of two runs. Isolated
compounds were characterized by HRMS, 1D ("H NMR, ">C NMR and

DEPT), and 2D NMR (HSQC, HMBC, COSY and NOESY) spectroscopy
wherever required. [b] Run without Cu(OAc),. [c] Two isomers obtained
as an inseparable mixture.

[75%] p D [75%]
PA(OAC), (2.5 mol%)
@\ /@ 1,10-phen (5.0 mol%), (89D H D [80%]
N air, ACOH / D0 (1:1)
H 130°C, 24 h b ey

Scheme 2. Deuterium-labelling experiments.

that palladium is trapped in the ortho position by the nitrogen
atom of the diarylamine. This nitrogen-atom-coordinated
palladium center is involved in an irreversible step, which
might be the alkene insertion leading to the intermediate C
with a N—Pd bond (Scheme 3). Based on these experiments,
ortho palladation of the diarylamine was proposed for the
generation of the intermediate A. Interaction of A with olefin
will lead to the species B. Subsequently 3-migratory insertion
will form the intermediate C, which can undergo B-hydride
elimination to provide 2-(N-arylated)stilbene (D). The final
product G can be produced via D and/or an indoline
intermediate F. Separate study on these putative intermedi-
ates (D and F) showed that both of them can be converted
successfully into the final product G (Scheme 4)."*! Further,
in the absence of a stoichiometric oxidant, F was generated
from D under the standard reaction conditions. Therefore, Fis
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Scheme 4. Mechanistic study in support of formation of G.

R 3a, R=Ph, 92%

an intermediate between D and G. The palladium(0) formed
can be reoxidized to palladium(II) by oxygen (air) possibly
via a peroxopalladium(IT) complex.*”)

An alternative mechanism (Wacker-type) involving acti-
vation of the alkene by palladium(II), nucleophilic attack of
the amine followed by intramolecular C—H activation to
produce F can also be proposed (Scheme 3).1°1 Detailed
studies are planned to gain further insights into the plausible
mechanisms.

In summary, a versatile catalytic method for the synthesis
of substituted indoles through palladium-catalyzed intermo-
lecular annulation has been disclosed. Widely available
olefins and diarylamines are used as coupling partners.
Different styrenes with diphenylamine result in 1,2- (major)
and 1,3- (minor) diarylated indoles with a ratio of 99:1 in most
of the cases. With unsymmetrical diarylamines, cyclization is
preferred for the electron-deficient aromatic ring. Cyclic
aliphatic olefins, including dienes, afford tricyclic indole
compounds. Detailed studies for further understanding of
the mechanism and the regioselective synthesis of 3-substi-
tuted indoles are currently underway in our laboratory.
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