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Historical Background

* First synthesis by Adolf von Baeyer in 1866.

0--H ?
N 0
. Q#O = mo @
N N N N
Ly
H---0 H H H

Indigo Isatin Oxindole Indole = indigo + oleum

* Indole structure proposed in 1869.
« Used in dyes until the end of the 19" century.

« Special interest gained in 1930’s with the discovery of
biologically important molecules.



Indoles in Nature

Tryptophan
(amino acid)

Melatonin
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Indoles in Pharmaceuticals

Imitrex (rank # 35) Cialis (rank # 66) Maxalt (rank # 148)

NMe 3 NMe,
ol \\O N \;l\/j
N
@ N Q €9 MERCK
Serotonin receptor agonist; - Serotonin receptor agonist;
treatment of migraines O\/O treatment of migraines
Phosphodiesterase inhibitor;
treatment of erectile dysfuntion

Relpax (rank # 151) Zomig (rank # 196)

NM92

N
H

4
@ AstraZeneca &
Serotonin receptor a_gonist;
Serotonin receptor agonist; freatment of migraines
treatment of migraines

N
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* Rankings among top 200 drugs in 2008 5

http://www.chem.cornell.edu/jn96/outreach.html



Indole Synthesis:

Classical Approaches
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Fischer Indole Synthesis

Ry R
| Ri @2
N -Ra o i H Oy NS ﬁﬂ(;N’R?’
© + R1QJVR2 H,0 © — R; “‘@ _—

Fischer, E.; Jourdan, F. Ber. Dtsch. Chem. Ges. 1883, 16, 2241.



Fischer Indole Synthesis

Ri R,

Limitations

» Availability of certain substituted aryl hydrazines.

* Unsymmetrical ketones give a mixture of regioisomers.

«  EWG groups on the aromatic ring are not well tolerated.

» Slow reaction times with ortho-substituted arylhydrazines.

Fischer, E.; Jourdan, F. Ber. Dtsch. Chem. Ges. 1883, 16, 2241.



Japp-Klingemann Reaction

0 0 © 3 R

= Base 1

R2 O R3
Ry

- R{CO,H NTSTRs g N R

Japp, F. R.; Klingemann, F. Ber. 1887, 20, 2942.



Larrock Heteroannulation

R
I
Pd(OAc),, PPhj
@ (— (T
N'R LiCl, base N
H R

Limitation

* lodoanilines required; low yields with 2-bromo- or 2-chloroanilines.

Larock, R. C. J. Am. Chem. Soc. 1991, 113, 6689.



Larrock Heteroannulation

Pd"

. PdoL,
N cr HN
e O
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)= \ over cr
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R——
HI _ = _
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base HN
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l':pg
Cl*
R—=R,

Larock, R. C. J. Org. Chem. 1998, 63, 7652.



Why New Methodologies?

Continuous interest in the development of synthetic
routes that:

Tolerate a wide variety of functional groups.
* Provide a variety of substitution patterns.
» Utilize readily available starting materials.

* Are economical, efficient, and take place under mild,
“green” conditions.

12



Contents

Introduction

Synthesis of substituted indoles via:

Rearrangement Reactions
Multi-component, One-Pot Syntheses

C—H Amination of Azides
Pd-Catalyzed C—H Functionalization
Nb-Promoted C—F Functionalization
Conclusion

13



3,3-Disubstituted Indolenine Rearrangement

HCI, HOAc

110°C

R

1R2
©§
N

3

Ry
o
N
H
4

Liu, K. G. et al. Organic Letters 2006, 8, 5769.
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3,3-Disubstituted Indolenine Rearrangement

e N
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Liu, K. G. et al. Organic Letters 2006, 8, 5769.




Mechanism
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[1,2]-Aryl Rearrangement

o \
)

R Cl
cl M ‘ N
©
NH2 THF, -10to 22 °C NH H

Cl Cl Cl

Pei, T. et al. Angew. Chem. Int. Ed. 2008, 47, 4231.



[1,2]-Aryl Rearrangement

0 | i
Cl R © Cl
R-M - . . N\ R
NH2 THF, -10to 22 °C NH H
Cl B Cl | Cl
o
\ \ o \
N N N
H H H
Cl Cl Cl
89% 86% 45%
N= S
OO0 \ <
N N \/ N \
H H H
Cl Cl Cl
91% 78% 72%
N—=—siMe, N N
N N SiMe3 N
H H H
Cl Cl Cl
54% 70% 76%

Pei, T. et al. Angew. Chem. Int. Ed. 2008, 47, 4231.
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[1,2]-Aryl Rearrangement

0
dK/CI R-M m
A . h
ASNR THF, -40 to 22 °C Z~N
H R
0
cl
R-M \
NH, PhMe, -40 to 22 °C N
Cl Cl

Pei, T. et al. Angew. Chem. Int. Ed. 2008, 47, 4231.
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Ir=z

Cl
93%

68%

66%



Proposed Mechanism

Pei, T. et al. Angew. Chem. Int. Ed. 2008, 47, 4231.
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Proposed Mechanism
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Bl >,
_ N _—
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Pei, T. et al. Angew. Chem. Int. Ed. 2008, 47, 4231.
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Control Experiment

Wender, P. A. Tetrahedron, 1983, 39, 3767. 22
Pei, T. et al. Angew. Chem. Int. Ed. 2008, 47, 4231.



Anionic N-Fries Rearrangement

R;
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23

Ding, F. et al. Organic Letters 2008, 10, 1067.



Anionic N-Fries Rearrangement

' 5 1. iPrMgCl, THF, 0°C

N)'kR2 2. RchCL 0to25°C

X

R1
L Rs
CF;
0 o) O
.Me
N,Me N,Me N N
OA@ O%\© O}\© O%\
100% 100% 74% 98%
MezN
0 0 0
N-Me N Me MeO N-Me

95%

63%

Ding, F. et al. Organic Letters 2008, 10, 1067.
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McMurry Cyclization

Ry
o TiCls, Zn
N’R1 DME, reflux N
)\ R
\ 07 R,
N—ph N—ph
N N
Me Me
82% 79%
Cl
N—pp, N—Me
MeO,C N N
Me Me

81%

Ding, F. et al. Organic Letters 2008, 10, 1067.
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McMurry Reaction Mechanism

26
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One-pot Curtius Rearrangement/Pd-Cat. Indolization

1. CBzCl, NaOtBu; NaN3 Ph
©i' DMF, 75 °C, 5 h
CO,H 2. Pd(OAc),, NaCO3, Ri—R,,

DMF, 120°C, 16 h

77%

Lebel, H. Angew. Chem. 2008, 120, 356.
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Curtius Rearrangement Mechanism

R e, s
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Pd-Catalyzed Indolization

@

%

/ ) L,PdCI N .

// %
Cr
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Indole N-carboxamide Derivatives

| 1. PhOCOCI, NaOtBu (15 mol%); NaN; R1
@ DMF, 75 °C, 5 h R wR
o 1
CO,H 2. RR'NH, 75 °C, NMP, 3h N o
3. Pd(OAG),, NaCO;, Ri—=—R; o)/\ N
DMF, 120 °C, 16 h a

| N.
NaN;, PhOCOCI - ©i ﬂz\ H'Rs @E
OH NaOtBu ‘\ N@

@) H
| Ri
O
©i )J\ R Pd(OAc),, 120 °C ©\/\ng
-3 — 1
H N R1TR1 N R
R, )/\N' 2
@) h3

31
Lebel, H. Angew. Chem. 2008, 120, 356.



Indole N-carboxamide Derivatives

1. PhOCOCI, NaOtBu (15 mol%); NaN;
DMF, 75 °C, 5 h

CL
CO,H 2. RR'NH, 75 °C, NMP, 3h

3. Pd(OAc),, NaCOs, R,
DMF, 120 °C, 16 h

Ph

s

62%

Lebel, H. Angew. Chem. 2008, 120, 356.

Ph

S

68%

59%

39%
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N-Aryl Amides and Ethyl Diazoacetate

2-CIPy (1.2 equiv) CO,Et
X—: OEt 2,6-Cl,Py (0.2 equiv) R X—: X N\ R,
Tf,0 (1.2 equiv), CH,Cl, Z N
.78 °C t0 -30 °C H
CO,Et CO,Et
- oa¥y
N N
H H ¢
82% 52% 50%
CO,Et CO,Et
N—ph mMe
N N
Me Me H Me H
539 68% 53%
CO,Et CO,Et
N—ph mph
N
Br H Me ”
Me Me Me

53%

Wang, Y. J. Am. Chem. Soc. 2008, 130, 13526.

57%
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Mechanism

. ! cl_N__cCl !
® | ®
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Tandem C—N/Carbonylation/Suzuki

y | S N Br PdC|2(PPh3)2, PPh3 R « %O
. > T
(B CO (10 atm), DIPEA Z~N  OMe
Ho THF/MeOH (1:1), 110 °C, 20 h H
Alper, H. Org. Lett. 2008, 10, 4899.
B(OH), 0
Ny B P(PPhs)s, KoCO3 i O \
X >
N B CO (12 bar) N
H, dioxane, 85 °C, 24 h

Florent, J. Org. Lett. 2009, 11, 4608.
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Tandem C—N/Carbonylation/Suzuki

B(OH), 0
% 0 o Pd(PPh3)s, K,CO3 TN
X_| + > | _ N
2\ B CO (12 bar) N
H, dioxane, 85 °C, 24 h
@) Pd N Br
20 v Clps 2
Pd° N Br
// x H |
H,
?
B(OH), o /\CO
Il
@ Ar—C—Pd—Br
Base +

36
Florent, J. Org. Lett. 2009, 11, 4608.



Tandem C—N/Carbonylation/Suzuki

P B(OH), N 0
X—: Pd(PPh3)4, K2C03 X_: \
= Br + > = N
” CO (12 bar) N
joxane, ,
2 di 85 °C, 24 h

Florent, J. Org. Lett. 2009, 11, 4608.



Tandem C—N/Carbonylation/Suzuki

B(OH),
Br 0]
A N Pd(PPhs),, K,CO4 A\
+ X >
Br _ CO (12 bar) N J3X
H, dioxane, 85 °C, 24 h L

O O
N
H

N N
X6 s o
61% 40% 63%
OMe MeO OMe
O 0]
P P
N N
O " O
73% 65%
CF; NMe
o H
38

Florent, J. Org. Lett. 2009, 11, 4608.
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Azide Thermolysis

o COEt A _ COEt A
N3 N

mcoza
N
H

N
(m@

—
— ©\/>~002Et —
N

Taniguchi, H. J. Chem. Soc., Chem. Commun. 1980, 1252.

@%(COZB
\_8

mcoza
N
H
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The Neber Route

|
Br

N
AN m
Br ”
Br

~

1. H,N-OH -
2. MsCl, Base
0 \N,OH \N/OMS
H,N-OH MsCI DBU
- H,0 Et;N
Br Br Br
O ((;MS ,
N N
VAN

Br

Taber, D. J. Am. Chem. Soc. 2006, 128, 1058.

Br

Br

Iz /E
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The Neber Route

Entry 1 2 3 Temp (°C) % Yield 3
O N
1 m 170 88
Br ”
Br Br
78%
n-CgH47 n-CgHq7
© N
2 mn-CsHﬁ 170 86
Br N
Br Br
70%
O 'N BI’
Br Br
3 m 170 84
N
H
78%

12
Taber, D. J. Am. Chem. Soc. 2006, 128, 1058.



The Neber Route

N\ Mitsunobu
—
N
H
89%
—N
OH
QA Mitsunobu
—
Br N

41% Br

Taber, D. J. Am. Chem. Soc. 2006, 128, 1058.

Br
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Mechanistic Studies

=

| ESLN

Taber, D. J. Am. Chem. Soc. 2006, 128, 1
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Mechanistic Studies

No isotope effect

OMe

Taber, D. J. Am. Chem. Soc. 2006, 128, 1058.



C—H Amination of Vinyl Azides

AN X C0Me R 0,605F), N
X - x4 CO,Me

=~ N PhMe Z~N

H

Driver, T. G. J. Am. Chem. Soc. 2007, 129, 7500.



C—H Amination of Vinyl Azides

AN X C0Me R 0,605F), N
x4 - x4 CO,Me

=~ N PhMe Z~N

H

R

N \
| P CO,Me R
N

|\ AN AN
H Rhy(O2CC3F7)4 \< _ Nj

R R
N CO,Me
| N N 2
mwzm D
S N —~ @ N—[Rh]

H ep N
[Rh] N&
Rij/\(Cone/{ N3
ZT

Driver, T. G. J. Am. Chem. Soc. 2007, 129, 7500.

COzMe
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C—H Amination of Vinyl Azides

r

3

R4

RZD&(COZMG RNy (02CCoF7)s
T -
R 3 PhMe, 40 to 60 °C R

2
mCOZMe
N

mcone
MeO ”

98%

mcozlvle
N
cl N

85%

MeO
mCOQMe
MeO ﬁ

88%

mCOZMe
Me H

88%

N—co,Me
FAC

.

88%

OMe

N—co,Me

H
91%

Driver, T. G. J. Am. Chem. Soc. 2007, 129, 7500.

mcone
iPr N

91%

Br
mCOZMe
MeO N

98%

cl
N—co,Me

&

97%
A 48



C—H Amination of Aryl Azides

R4 R
N2 [Rhy(0,CCF7) N
X . - X R,
Nj 4 AM.S. H
PhMe, 60 °C

Driver, T. G. Angew. Chem. Int. Ed. 2008, 47, 5056.

Sunberg, R. J. J. Org. Chem. 1972, 37, 719.
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C—H Amination of Aryl Azides

X

Iz />>\;U
Py,
N

@ﬁsz [Rhy(O,CC3F7)a]
4AMS.

PhMe, 60 °C

Driver, T. G. Angew. Chem. Int. Ed. 2008, 47, 5056.
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C—H Amination of Aryl Azides

R
N A Rz
| _ N =
H

R
// [Rhy(0O2CC3F7)4] X N3
R

XN X N
Xm% (A R
N
A~ H o~
\ Ben
[Rh]
XC(V“
o ®H
= N

|
/ [Rh]
R
X_
N \'T] H

[Rh]
Driver, T. G. Angew. Chem. Int. Ed. 2008, 47, 5056.
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Intermolecular Cyclizations with Alkynes

s 1.TiCly t-BuNH,

@[Cl | PhMe, 105 °C, 20 h
NH, .

+

2. Pd(OAc),, HIPrCl, KOtBu
PhMe, 105 °C, 20 h

Ar iPr iPr

N—R ©
% N%\N Cl
H iPr iPr

HIPrClI

Ackerman, L. Tetrahedron 2008, 64, 769.

R, *
N I I [Cp'RhCl,],, AgSbFg
| +
= Nk Cu(OAc),H,0
H R t-AmOH, 120 °C, 1 h

Fagnou, K. J. Am. Chem. Soc. 2008, 130, 16474.
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Intermolecular Cyclizations with Alkynes

4

s 1.TiCly t-BuNH,
| PhMe, 105 °C, 20 h

Cr
NH, ! 2. Pd(OAc),, HIPrCl, KOtBu

+

Ar iPr iPr

N—R ©
% N%\N Cl
H iPr iPr

PhMe, 105 °C, 20 h
Ortho-halogenated anilines required

HIPrClI

Ackerman, L. Tetrahedron 2008, 64, 769.

R, *
N I I [Cp'RhCl,],, AgSbFg
| +
= Nk Cu(OAc),H,0
H R t-AmOH, 120 °C, 1 h

Directing group (OAc) required

Fagnou, K. J. Am. Chem. Soc. 2008, 130, 16474.
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Pd-Catalyzed C—H Functionalization

R 02 (1 atm)
NH !
y 2 H Pd(OAc), N N .
0 N i
' DMA/PivOH (4:1) '/ 2
R, 120 °C, 12 h
CO,Me CO,Me CO,Me CO,Me
Me
N—co,Me mCOZMe N—co,Me N—co,Me
N N - N
N Me N H iPr N
Me
93% 95% 72% 99%
CO,Me CO,Me OMe  co,Me CO,Me
MeO MeO
N—co,Me N—co,Me N—co,Me N—co,Me
N N N
N H H Ve H
OMe OMe
99% 81% 63% 93%
COzMe C02|Pr COzEt CN
F3CO EtO,C
CO,Me N—co,iPr N—Cco,Et N—ph
N N N N
H H H H
46% 60% 75% 20%

Jiao, N. Angew. Chem. Int. Ed. 2009, 48, 4572.



Proposed Mechanistic Cycle

CO,Me
O, I

Pd"
CO,Me V CO,Me

CO,Me

Pd' CO,Me CO,Me

|-—-Pd"

Jiao, N. Angew. Chem. Int. Ed. 2009, 48, 4572.
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Nb-Promoted C—F Functionalization

NbCls (30 mol%)
NaAlH,4 (4 equiv)

1,4-dioxane, reflux

N X
Ph

‘ RuZr-P (8 mol%)

O,

65%

o
/
Ph

71%

/(:EI\Q
Y
Ph

87%

Akiyama, T. Angew. Chem. Int. Ed. 2009, 48, 8070.

/@NQ
Y
Ph

70%

Ph
68%
Nr’\N Me
oV
Ph
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Preparation of Fused Ring Components

® )
J@[Br 1. NaNO,, HCI @[Br PhB(OH), /@Br N /@[N
HoN 2. Kl | CF, Pd(PPh3), Ph CF, Pd,(dba)s, (S)-BINAP Ph CF;

CF;
Ba(OH), NaOtBu

81% (2 steps)

@D JC[O LZ“: :
Ph CFs Ph CF, Ph CF3

95% 90% 83%

ﬁo K\NMe
N N N
o P oA

CF3 CF3

(n=1), 70% 95%
(n=2). 25%

59
Akiyama, T. Angew. Chem. Int. Ed. 2009, 48, 8070.



Amination Reaction Pathway

Pdy(dba); + BINAP

o l
PhWPh

(BINAP)Pd(dba)

|

X Ar-Br
N ) BINAP)Pd
AN, (BINAP)

som
oy

(S)-BINAP

(BINAP)(id)—-N X (BINAP)Pd(Ar)(Br)
r

X
NaBr X [ j)n
)n
N
() N
NaOtBu N

(BINAP)PA(A)(Br)

Buchwald, S. J. Org. Chem. 2000, 65, 1144.
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Amination Reaction Pathway

Pd,(dba); + BINAP

I l OO
/\)J\/\
Ph™ S Ph (BINAP)Pd(dba) PPh,

dba “ g PPh,
hx Ar-Br
S)-BINAP
Ar/N\/(J)n (BINAP)Pd (S)
(BINAP)Pd—N X (BINAP)Pd(A)(Br)
(Ar)
NaBr [
X [ j / j
[ jn NaOtBu NaOtBu
H BINAP)Pd (Ar)(Br)

(BINAP)PJ(Ar)(OtBu) =

Buchwald, S. J. Org. Chem. 2000, 65, 1144.
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Proposed Catalytic Cycle

NbClg
o
NaAlH, J@[Nv«i)n
Ph CF;
NaAlH,
X
N I
Feusl
N[’\X
JISval
Ph
F

Driver, T. G. Angew. Chem. Int. Ed. 2009, 48, 7974.
Akiyama, T. Angew. Chem. Int. Ed. 2009, 48, 8070.



Conclusion

* The indole scaffold is of particular importance in
nature and medicinal chemistry.

* New synthetic strategies target the efficient
preparation of indoles that exhibit multiple
substitution patterns.

* Novel developments have been made toward

the functionalization of otherwise unreactive
bonds.
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