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Abstract This review summarizes the Pd-catalyzed carbonylation,
transmetalation and cross-coupling reactions which lead to carbonylated
indoles from indoles and indolyl compounds. Special attention is drawn to
procedures involving the C(spz)—H substitution of free (NH)-indoles or (N-
substituted)-indoles. Proposed mechanisms are described with, in some
cases, personal comments.
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1. Introduction

Indole chemistry received particularly strong interest due to the

various biological and pharmaceutical properties of

functionalized indoles.12 Palladium catalysis has been strongly
involved in the preparation of indole derivatives.3 The Pd-
catalyzed C(sp?)-H substitutions of free (NH)-indoles and (N-
alkyl)-indoles occur predominantly at C3, while the C2-reactions
mainly arise from indoles bearing a regiodirecting group at the
nitrogen atom. Such chelation assistance may also lead to
activation of the C7-H bond. The regioselectivity may
nevertheless depend on the solvent* additives,57 ligands8 and
acidity of the reaction medium.%10 Reaction at other positions
requires indole derivatives as starting substrates. Significant
investigations concerned the Pd-catalyzed functionalization of
the indole nucleus with a carbonylated tether. They occur via
carbonylation or cross-coupling reactions, and are the matter of
the present review.

2. Carbonylative reactions

The Pd-catalyzed carbonylative functionalizations of indoles
arise from interactions of Pd species with either an indole
derivative or a C(sp?)-H bond of the indolyl core.

2.1. Indolyl halides as starting substrates

Under an atmosphere of carbon monoxide, Pd catalysis and
various experimental conditions, N-unprotected and N-
protected iodo- or bromoindoles afford the corresponding
carbonylpalladium complex which may evolve towards

- Carbaldehyde 1a by reduction with tri-n-butyltin
hydride (Scheme 1),11

PdCl,(dppf)-CH,Cl,
(0.05 equiv)

COMe (.Bu),SnH (1.6 equiv) COzMe
CO (1 atm) o)
| - . N_ &
DMF, 80 °C, 3 h N M
\
H

1a 85%

-Z o

Scheme 1 Formylation of methyl 2-(2-iodo-1H-indol-3-yl)acetate

- Methyl ester 2a by methanolysis (Scheme 2),11
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PACly(dppf) CH,Cl,

(0.05 equiv)
COMe  E4N (1.5 equiv) COzMe
CO( o}
//
| _— N
N MeOH, 80 °C, 5 h N ome
\
H 2a89% H

Scheme 2 Alkoxycarbonylation of methyl 2-(2-iodo-1H-indol-3-yl)acetate

- Ketones 3a, 4a and 5a-c by reaction with
phenylboronic acid,12 (E)-tributyl(hex-1-en-1-
yl)stannane,!? or ethynyltrimethylsilane, respectively
(Scheme 3).13

Pd(OAc), (0.05 equiv) o
| CsF (1.5 equiv) N
(HO), pyridine (1 equiv), KOH (3 equiv) %
CO (balloon)
) e — O
PhMe, 80 °C, 12h N
\

(1.2 equiv) 32 80%
oM CO,Me
2Me PdCly(dppf)-CH,Cl; (0.05 equiv) o
2,6-di-t-butyl-4-methylphenol (trace) N\ C//
N BusSn CO (1 atm)
y 1+ 3 \/\n-Bu N \:‘%
Y (1.5 equiv) DMF, 70-80 °C, 12 h H n-Bu
4a78%, E/IZ=2.T7:1
PdCl,(PPhs); (0.05 equiv) 0.
| PdCl,(dppf) (0.01 equiv) N ™S
Cul (0.02 equiv), Et3N (1 equiv)
X CO (1 atm,
[RE Y+ =—Tms (1atm) | R'_ N
Z N (1.5 equiv) THR. 1t 48 N
Boc sa-c Boc

= H (a 68%°), 5-Br (b 68%"), 6-Br (c 64%)
aWithout PdCIy(dppf): 50%.
bWith PdCly(dppf) (0.05 equiv) in the absence of PdCly(PPha)y: 25% plus 56% of the alkynylation product.

PdCl,(PPhs), (0.01 equiv)
dppf (0.03 equiv), EtzN (1.2 equiv)

A CO (25 atm) A\
N
N H,O/dioxane (14:1), 130 °C, 20 h \H
| C
Br H 80% conversion, 67% yield HO/& o
EtO_ O

Br PdCI,(PPhs), (0.01 equiv)
dppf (0.03 equiv), Et3N (1.2 equiv)
CO (25 atm)
N
N EtOH, 130 °C, 20 h
\
H

PdCI,(PPh;), (0.01 equiv)
dppf (0.03 equiv), Et3N (1.2 equiv)

0,
X CO (25 atm) N
Br—- ) + RINHR? Sl A
N PhMe, 130 °C, 20 h RIR2N. N
: \
- 4

\
(1.2equiv) H

< i)—o
N
NG

\
9 98% H

(d 96%)

(\NH (\NH

4-Br, RINHR? = (b 91%), (c 93%2), N

BnN S ph/Y

NH (\NH (\NH

5-Br, R'INHR? = (a81%P), (e 99%), N\) (£ 96%)
MeN F,h/\r

7-Br, RINHR? = OH(h 94%), o~ OHG 99%)

N
BnN P-FCeHy

6-Br, R'NHR? = n-BuNH; (g 95%)

aUsing PdCl,(PPhs), (0.05 equiv), dppf (0.15 equiv).
592% conversion.

Scheme 3 Ketones from iodoindoles, CO and various reagents

or

- Indolyl carboxamides 6a-k by reaction with a primary
or secondary amine (Scheme 4).1* The strategy has
been applied to the synthesis of 11C-radiolabelled
amides 7a for positron emission tomography imaging
(Scheme 4).15

Scheme 5 Carboxylation, alkoxycarbonylation and aminocarbonylation of

bromoindoles

In the presence of diamines, palladium-catalysed carbonylation
of 7-iodoindole under 10 bar CO pressure led mainly to
carboxamide dimers 10 (Scheme 6).17

NG

PdCI,(PPhs); (0.05 equiv) o
Bu;N, CO (bubbling) P
| + RINHRZ ——————————— d

(1 equiv) DMA, 115 °C \RTR2

6a-i H

=H, R? = Bu (a 82%), Ph (b 76%), p-AcCgHj (¢ 33%), OBn (d 84%),

CH,CO,H (e 51%), WS (F82%7)
N’Jy

Cl
= Me, R? = Bn (g 90%), Ph (h 97%), OMe (i 0%)
aWithout BuN: 11%.

_Z_

-

PdCI,(PPhs), (0.05 equiv)

s BusN, CO (bubbling)
i+ 4 /J\
N DMA, 115 °C
N NH, ~(
CH,CO,R cl ROCOCHZ 6, k
(1 equiv)

R = H (j 85%?), -Bu (k 33%")
aWithout BuN: R = H (j 76%), -Bu (k 16%)

Pd catalyst (0.064 equiv)

| MCO/Me (1 atm)
NH
¥ O \
N PhMe, 120 °C, 8 min N
Y

\H (5 equiv)
Trapped c Amide "c Amide
Catalyst radioactivity radiochemical purity radiochemical yield
Pd(PPhs)s 61% 36% 22%

|
\
({-Bu)gP—F'd\T/Pd—P(t-Bu)a

78% 88% 69%

Pd(OAc), (0.028 equiv)
PPh; (0.056 equiv)

A VYR CO (10 atm)
+ HN NH, ————
N/ ) EtsN/DMF (1:18;
\H (0.5 equiv) ?00 °C, 2(4 h )
I
! ‘ NH,
= 10:39%

10 16%, 10: 32%, 11: 29%

HN  NHp N NHz. ! L NH,
S 20

Scheme 6 Carboxamide dimers from 7-iodoindole, CO and diamines

a-Ketoamides 12a, j-z, aa-ae were the major compounds
obtained from the Pd-catalyzed reaction of unprotected
iodoindoles using 40 bar CO pressure and a variety of amines
except aniline, the low basicity of the latter leading mainly to the
monocarbonylation coupling products 7 (Scheme 7).17 It is
interesting to point out that the bromoaryl moiety of 5-bromo-
7-iodoindole remained intact under the used conditions
(Scheme 7).

Scheme 4 Indolyl carboxamides from iodoindoles, CO and amines

Pd-catalyzed alkoxycarbonylation and
aminocarbonylation of bromoindoles were performed under 25

carboxylation,

bar CO pressure (Scheme 5), large yield decrease occurring
under 10 bar pressure.16

Pd(OAc), (0.025 equiv)

X PPh; (0.05 equiv) x\
X CO (40 atm) .
g N 4 riNRE ———————— o\ A EN /rl N
AN ) EtsN/DMF (1:20), 50 °C N N
\ (1.1-3 equiv) \ \
H H RIRANH H

7a, j-z, aa-ae 12a, j Z, aa-ae
(time, 7/12 ratio, main product yield)
X =H, 5-1, RINHR? = piperidine (24 h, a 14:86, 66%), aniline (48 h, j >99:<1, 47%),
morpholine (24 h, k 6:94, 50%), -BuNH, (1 24 h, 21:79, 46%),
GlyOMe (140 h, m 10:90, 74%), AlaOMe (48 h, n 36:64, 46%),
ValOMe (96 h, o 60:40, 25%), ProOMe (72 h, p 21:79, 36%)
X = H, 7-I, R'™NHR? = piperidine (24 h, q 6:94, 66%), aniline (94 h, r >99:<1, 51%),
morpholine (24 h, s 3:97, 52%), +-BuNH, (24 h, t 5:95, 58%),
GlyOMe (46 h, u 6:94, 68%), ValOMe (94 h, v 45:55, 45%),
ProOMe (24 h, w 3:97, 57%)
X = 5-Br, 7-1, R'NHR? = piperidine (24 h, x 8:92, 54%), aniline (48 h, y >98:<2, 68%),
morpholine (24 h, z <2:>98, 66%), +-BuNH; (24 h, aa 3:97, 53%),
GlyOMe (70 h, ab <2:>98, 45%), AlaOMe (24 h, ac 18:82, 38%),
ValOMe (94 h, ad 26:74, 46%), ProOMe (24 h, ae <2:>98, 66%)

Scheme 7 a-Ketoamides from iodoindoles, CO and amines

2.2.Indolyl iodides as intermediates
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Molecular iodine in a basic media has been used as one of the
reagents of copper-catalyzed arylations of C(sp2)-H bonds.18 Its
role is the transformation of the C(sp?)-H bond into the
corresponding C(sp?)-I bond which then reacts with the
catalyst. This strategy has been applied to the Pd-catalyzed
functionalization of the C(3)-H of indoles through a domino
Thus, N-

iodination/carbonylation/cross-coupling reaction.

protected or unprotected indoles led to corresponding

- alkyl esters 13a-n and aryl esters 14a-q (Scheme 8),19
that methodology being conveniently applied to the
synthesis of biologically active tropisetron 130
(Scheme 8),19

Pd(OAc), (0.05 equiv) c—OR?
15 (2.5 equiv), K,CO3 (3 equiv)
m CO (1'atm) I
N\ R?OH/DMF (1:1), 100 °C, 24 h N\
R 13a-n R

R =H, R2=n-Bu, R" = H (a 78%), 5-Me (b 83%), 6-Me (c 79%), 7-Me (d 86%),
5-OMe (e 82%), 5-CO,Me (f 66%), 5-CN (g 74%),

5-Br (h 68%), 6-Br (i 60%), 6-Cl (j 78%), 6-F (k 70%)

R =Me, R2 = n-Bu, R' = H (1 89%)

R =Me, R' = H, R? = Me (m 77%?), Et (n 84%?)

At 80 °C for 48 h.

o
Pd(OAc), (0.05 equiv) o0,
HO. 15 (2.5 equiv), K,CO3 (3 equiv)
= A X CO (1atm) = N JoN
rRE | sl ——————r | a
NN ’\Rz DMF, 100 °C, 48 h NN R2
\
i R
R (2 equiv) 14a-q
R? = p-(t-Bu), R = H, R = H (a 55%), Me (b 82%), Bn (c 79%), allyl (d 57%)

R2 = p-(t-Bu), R = Me, R = 5-Me (e 85%), 5-CN (f 44%), 5-OMe (g 83%),
5-Br (h 73%), 6-Br (i 68%), 6-Cl (j 57%), 7-Me (k 89%)
H, R2 = H (1 77%), o-(t-Bu) (m 45%), o-Ph (n 0%), m-(t-Bu) (o 53%),

m-Cl (p 87%), p-Cl (q 80%)

R=Me,R'=

PdCl, (0 05 equiv) 0.
1,25 equlv cho3 (3 equiv) Nc—0 M
\ tm) _~ e
. N
N\ MeCN,70°C,48h R |
Me N\

130-r
2 equlv) e

=H (0 51%), 5-OMe (p 58%), 6-Cl (q 53%), 7-Me (r 69%)

Scheme 8 Indolyl carboxylates from indoles, CO and alcohols

- aryl ketones 3a-z, aa, ab'2 and alkynones 5d-z, aa-ap
(Scheme 9),20

Pd(OAG), (0.05 equiv)
I (1.2 equiv), CsF (1.5 equiv)

L)
(1 ] ) \ /
(HO), pyridine “CeOQL(lE/)il KO})—{ (3 equiv) CTN\\ \
= alloon 2
@E§ O Zary R
PhMe, 80 °C, 12 h N
(1.2 equiv) 3a-z, aa, ab \R
=R2=H, R = Me (a 78%), Et (b 80%), Bn (c 75%), Ph (d 19%), Boc (e 0%), Ac (f 0%),
R =Me, R' = H, RZ = 0-Me (h 46%), m-Me (i 76%), p-Me (j 69%), m-MeO (k 68%),
p-MeO (145%), p-(t-Bu) (m 81%), p-F (n 79%), 0-Cl (0 61%), m-Cl (p 72%),
p-Cl (q 78%), p-Br (r 73%), 0-CF3 (s 61%)
4-Me (t 50%), 5-Me (u 76%), 6-Me (v 82%), 4-MeO (w 42%),
5-MeO (x 82%), 5-Br (y 52%), 6-Cl (z 48%), 2-Me (aa 78%), 2-Ph (ab 61%)
aWithout CsF and pyridine: 45%.
bWithout CsF: 60%.

H (g 48%)

R=Me, R?=H,R'=

Pd(OAc), (0.05 equiv), Cul (0.03 equiv)

X K,CO3 (3 equiv), I, (2.4 equiv.) 2
Z 5\ A ) CO (2 atm) =
rHL + || R RHL A 5d-z, aa-a|
N = DMF, 90 °C, 24 h Ay »aa-ap
) 2 equiv \
R (2 equiv) R

=R2=H, R = Me (d 85%2°), Bn (e 84%), allyl (f 86%), Ph (g 86%), p-MeCgHj (h 77%), Ts (i 0%)

R =Me, R2=H, R = 4-Me (j 70%), 5-Me (k 85%), 6-Me (I 65%), 7-Me (m 81%), 5-Br (n 80%), 6-Br (o 88%),
6-Cl (p 90%), 6-F (q 88%), 5-OMe (r 49%), 6-OMe (s 38%), 5-CO,Me (t 86%),

R=allyl, R2 = H, R" = 5-CO,Me (u 65%), 5-Me (v 62%), 6-Me (w 70%), 7-Me (x 87%), 5-Br (y 78%)

R=Bn, R2=H, R = 5-Me (z 90%), 6-Me (aa 88%), 5-Br (ab 0%)

R =Me, R" = H, R2 = H (ac 85%), p-Me (ad 78%), p-Et (ae 83%), p-(t-Bu) (af 75%), p-F (ag 89%),
p-OMe (ah 92%), m-Me (ai 84%)

R = Me, R' = 5-Me, R? = p-Me (aj 80%), p-(t-Bu) (ak 85%), p-F (al 86%)

R =Me, R = 5-Br, R? = p-Me (am 90%), p-(t-Bu) (an 92%), p-F (ao 63%), p-OMe (ap 94%)

@0ther solvents: THF (48%), PhMe (13%), dioxane (<5%).

bOther bases: Cs,CO3 (64%), KOH (<5%), DBU (0%).

°Without Cul at 110 °C: 73%.

Scheme 9 Aryl and acetylenic ketones from indoles, CO and boronic acids or
alkynes

15a-w,2t

increased CO pressure (Scheme 10).21

- amides or o-ketoamides 16a-u under

PdCl,(dppf), (0.05 equiv)
dppf (0.1 equiv), I, (2 equiv)
K3CO3 (3 equiv)

NRZR®

= _R? CO (1 atm)
R Y e e T
A N THF, 100 °C, 24 h A N
\ 4 equiv. \
R (4equiv) 152w R

R2-R® = (CH,);0(CHy)z, R = Me, R" = H (a 90%), 5-Me (b 52%), 6-Me (c 59%),

7-Me (d 82%), 5-OMe (e 66%), 5-Br (f 82%),

6-Br (g 89%), 5-CN (h 87%)

H (i 63%), 5-Me (j 74%), 6-Me (k 51%),
7-Me (1 52%), 5-CO,Me (m 86%)

H (n 78%), 5-Me (0 64%), 6-Me (p 84%),
7-Me (q 82%), 5-Br (r 57%)

H, R2 = Me, R® = Bn (s 86%)

R? = H, R®=Bn (t 69%), n-Bu (u 67%), t-Bu (v 75%), Ph (w trace)

R2-R3 = (CH),0(CHy),, R = allyl, R" =
R2R3 = (CH,),0(CHy)y, R =Bn, R' =
R=Me,R'=
R=Me,R'=

PdCl,(dppf), (0.05 equiv)

dppf (0.1 equiv), I, (1.1 equiv) NR2R3
Cs,CO; (0.5 equiv), DBU (3 equiv) @)
Cul (0.2 equiv), LiCl (0.4 equiv)
2 CO (40 atm) o
Moo ol B
N R THF, 60 °C, 36-48 h X N
\R (4 equiv) 16a-u \R

R2R3 = (CH,),0(CHa),, R! = H, R = Me (a 81%), allyl (b 60%), Bn (c 63%), Ph (d 72%)
R2R3 = (CH,),0(CHa),, R = Me, R' = 5-Me (e 68%), 6-Me (f 84%), 7-Me (g 87%),

4-Br (h 51%), 5-Br (i 85%), 6-F (j 64%), 6-CI (k 76%)
5-Me (1 75%), 6-Me (m 84%), 7-Me (n 79%),

5-Br (0 50%), 5-CO,Me (p 79%)

H, R2 = R3 = Et (q 73%)

R2=H, R® = allyl (r 69%), Bn (s 63%), Cy (t 61%), t-Bu (u 60%)

R2-R® = (CH,),0(CH,),, R = allyl, R" =

R=Me, R'=
R=Me, R'=

Scheme 10 Amides and a-ketoamides from indoles, CO and amines

The use of copper iodide as co-catalyst for the synthesis of 5 and
16 could favor the iodination step. Indeed, the C3-iodination of
indole with Cul has been recently reported.22 The formation of
3-iodo-N-methylindole 17 from N-methylindole
experimental conditions leading to 3 (Scheme 9) except the
presence of an aromatic boronic acid (Scheme 11),12 and its
reaction with CO and phenylboronic acid (Scheme 3) are
consistent with 3-iodoindoles as intermediates of the above
domino reactions.

under

Pd(OAc); (0.05 equiv)
I (1.2 equiv), CsF (1.5 equiv)

|
pyridine (1 equiv), KOH (3 equiv)
CO (balloon) N\
N
N PhMe, 80 °C, 12 h N\
\ 17 62%

Scheme 11 3-lodo-N-methylindole from N-methylindole

2.3. Indolyl borates as intermediates

In 1994, Ishikura and Terashima disclosed the one-pot reaction
of N-substituted indoles leading to 2-acyl derivatives 4b-n via
the Pd-catalyzed carbonylation of in produced
indolylborates and the subsequent cross-coupling with aryl or
alkenyl iodides as well as alkenyl triflates (Scheme 12).23 The
procedure was then used for carbonylative cross-coupling with
dienyl triflates providing a way to the total synthesis of
yuehchukene 18 (Scheme 13).24 The latter would be a “lead
compound for the design of drugs to treat antifertility and
breast cancer”.24

situ
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R! R!
1. t-BuLi (1.2 equiv), THF, it, 1 h
2.BEt3 (1.2 equiv),-20°C, 1 h €]
1 e
i
R R
R
PdCly(PPhg), (0.05 equiv) 2
R2X (1.5 equiv), CO (15 atm) QA R
s
THF or xylene, 90 °C, 20-60 h N 0
4b-n \R

R=Me, R'=H, X =1,R?=Ph (b 80%?2), 0-MeCgH, (c 73%?), p-MeCgH, (d 76%2),
P-BrCgHy (e 72%2), p-MeO,CCqHj (f 20%2P)
(E)-PhCH=CH (g 78%?), cyclohexen-1-yl (h 65%?)
R=R'=Me, X =1,R2=Ph (i 42%)
R=S0,Ph,R'=H,X=1,R2=Ph (Jtrace
R=Me, R'=H, X=0Tf,R? = : Y OQ
CO,Et

COzMe
0coPh
(k 77%2) (164%25) (m 60%22) (n 46%2®)
aPlus bPlus
N (3-10%) N\ (321%)

Me

Scheme 12 Ketones from N-substituted indoles, CO and aryl or alkenyl

derivatives

O 2
N o
\

R 4o,p
R = CO,-Bu (0 56%), OMe (p 60%)

R
1. tBuLi, THF
2.BEty

PdCl,(PPhs), (0.025 equiv)

¢} CO (10 atm)
msm
N @ o,

R (15 equiv)
fO
gw
N o
t 4q75%
yuehchukene CO,t-Bu

overall yield: 31.5% 45
Scheme 13 Ketones from N-substituted indoles, CO and dienyl triflates

Interestingly, N-methyl indole underwent a cascade reaction
with prop-2-ynyl carbonates involving the intramolecular
nucleophilic addition of the C3 carbon of indole to the internal
allenic carbon, leading to cyclopenta[b]indoles 19a, b (Scheme
14), which are basic frameworks of indole alkaloids.2526

R1
R“
1. tBuLi, THF )
@ 2. BEts \ R
N 3.PdCI,(PPhs), (0.025-0.05 equiv) Ny
\ R2 N

-

1
R ! 192, b
(1.5 equiv), CO (10 atm)
o 60°C, 12-20 h

[ R
MeO,C

R'=Et R2=

R-R'=

(CHp)sMe (a 68%)
(CHy)s, R? = (CH)sCl (b 60%)

Scheme 14 Cyclopenta[b]indoles from N-methylindole, CO and prop-2-ynyl
carbonates

Susbtitution of the N-atom with an electron withdrawing group
suppressed the nucleophilicity of the C3-carbon, precluding the
domino reaction, thus leading to allenyl ketones 20a-d (Scheme
15).26

Et

R’ 1. t-BuLi, THF Et
2. BEty .
g A
. RZ
N/ 3. PdCIy(PPhy), (0.025 equiv) N\
\ 2
CO,t-B R
2t-Bu \\ Et N\ o}
(1.5 equiv), CO (10 atm) CO,t-Bu
2 e 60°C,40h 20a-d
MeO,C
R" = H, R? = (CH,)sMe (a 38%), (CH)sCl (b 38%), (CH,);0THP (c 35%)

1 = Me, R? = (CHp)4Me (d 27%)

Scheme 15 Allenyl ketones from tert-butyl 1H-indole-1-carboxylate, CO and
prop-2-ynyl carbonates

2.4. C(sp?)-H reactions
2.4.1. Carboxylation

In 1982, Itahara disclosed the Pd-catalyzed C3-carboxylation of
N-acylindoles using carbon monoxide atmosphere in AcOH, and
sodium peroxydisulfate to regenerate active Pd!' species
(Scheme 16).27 We suspect that the reaction mixture contained
trace of water. Thus, the reaction would arise from C3-H
activation leading to palladium indolyl complex 16A (Scheme
16). Carbonylation of the latter affords 16B, which undergoes

hydrolysis to deliver product 21.

21abR

Pd(OAc); (0.5 equiv)
NayS,0g (1 5 equiv)
CO (bubbling)

o

\
R

AcOH, reflux, 7 h

(conversion %, yield %)
R = COMe (a 76, 37), COPh (b 79, 78)

NayS;03, ACOH

o
%\&
el
2
(e}
>
o
>
z
o -
I 2

\
168 R

Scheme 16 C3-Carboxylation of N-acylindoles and plausible catalytic cycle

2.4.2. Carbonylative alkoxylation

In 2011, the teams of Xia-Li?® and Lei2% independently reported
the C3-alkoxycarbonylation of N-substituted indoles. Conditions
similar to those of the above carboxylation (Scheme 16), except
butanol as reagent and toluene as solvent, were inefficient, but
shifting to a rhodium catalyst provided good yields of 13l
(Scheme 17).28 An effective Pd procedure was nevertheless
proposed by Lei and co-workers: various ethyl N-methyl(or
benzyl)indole-3-carboxylates 131, s-z, aa-ak were obtained in
fair yields with PdCl2(PPhs)2 as the catalyst and Cu(OAc)z/air in
DMSO/toluene (Scheme 18).29 N-acetylindole was reluctant to
react under the (Scheme 18),
unprotected indoles underwent the N-H alkoxycarbonylation to
afford 22a-h (Scheme 18).29 The C3-alkoxycarbonylation occurs
via the alcoholysis of II. Apparently, DMSO is involved in the

latter conditions while

regeneration of active Pd!' species, its absence provoking a
drastic yield depreciation (Scheme 18). Such a role of DMSO has
been initially disclosed by Larock’s team.30
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catalyst (0.02 equiv)
K2S,0g (2 equiv)

On-Bu

CO (1 atm)
©j\> + nBuWOH ———— N
N (5 equiv) PhMe, 110 °C, 24 h N
Me 131 Me

Pd(OAC),: 6%
PdCl,(COD): 8%
[Rh(COD)CIl,: 95%

Scheme 17 Rhodium-catalyzed alkoxycarbonylation of N-methylindole

PdCI,(PPhs), (0.025 equiv) OR?
PPhs (0.05 equiv), Cu(OAc), (0.1 equiv)
COfair (7:1) (balloon 7z
Z RHE N GOz atoon) RHD N
A N R?0OH/DMSO/PhMe (2:1:15) A N
\R 100 °C, 36 h \R

13l, s-z, aa-ak
R =Me, R? = n-Bu, R' = H (1 65%2), 2-Me (s 74%), 5-Me (t 66%), 6-Me (u 62%),
7-Me (v 66%), 5-OMe (w 72%), 5-OBn (x 50%), 6-F (y 75%)
R =Me, R' = H, R2 = CsHy; (2 76%), C12Hys (aa 72%), (CHy),CH(Me), (ab 72%)
R = Me, R2 = CHMe(CgHs3), R" = H (ac 64%), 5-Me (ad 68%), 5-OMe (ae 59%)
R =Me, R2=Bn, R" = H (af 86%), 5-Me (ag 78%), 5-OMe (ah 75%)
R'=H, R? = n-Bu, R = Bn, (ai 67%"), Ac (aj <5%)
R =R2=Bn, R' = 6-CO,Bn (ak 80%)
2<14% in the absence of DMSO.
DAt 100 °C for 50 h.

PdCl,(PPhs), (0.025 equiv)
PPhg (0.05 equiv), Cu(OAc), (0.1 equiv) =

COfair (7:1) (balloon) R

R+~ | N N N
N REOH/IDMSO/PhMe (2:1:15) ,
Y 100°C, 36 h 22ah o/ OR

R? = n-Bu, R' = H (a 68%), 4-CO,Me (b 98%), 4-Cl (c 95%),
5-Me (d 68%), 5-OMe (e 88%), 5-Br (f 83%), 6 F (g 92%)
R2=i-Pr,R"=H (h 97%)

Scheme 18 Palladium-catalyzed C3- and NH-alkoxycarbonylation of indoles

2.4.3. Carbonylative arylation.

In 2015, Arndtsen and Tjutrins disclosed the synthesis of 3-
aroyl N-phenyl(or benzyl)indoles 3ac-aj from the Pd(Pt-Bus)2-
catalyzed reaction of corresponding N-substituted indoles with
carbon monoxide and aryl iodides (Scheme 19).3132 A one-pot
reaction generating polycyclic compound 23 was carried out
with o-bromoiodobenzene as arylating agent, the carbonylative
C-H functionalization being followed by an intramolecular Heck
reaction (Scheme 19).

Pd(Pt-Bus), (0.1 equiv) o}
| collidine (1.1 equiv)

S CO (4 atm) \ 2
Ny e ——— o N R
N Z MeCN, 125 °C, 24 h

\ i N
(2 equiv)
R 3ac-aj \R
R =Bn, R? = p-OMe (ac 83%), p-COEt (ad 91%), o-F (ae 77%), o-Cl (af 72%),
0-Br (ag 68%), 0-OMe (ah 74%), o-Me (ai 74%)
R = Ph, R? = p-OMe (aj 80%)

I
co - 0 \’O
N Br 2. in vacuo removing of volatiles,
\Bn . PPh; (0.2 equiv),

(2 equiv) K,COg3 (1.5 equiv), 23 68% Bn
o

1. Pd(Pt-Bus), (0.1 equiv),
collidine (1.1 equiv), CO (4 atm)
MeCN, 115°C, 24 h

DMF, 120 °C, 24 h

Scheme 19 Ketones and cyclic ketones from N-substituted indoles, CO and
aryl iodides

Three plausible reactive pathways were retained for the
carbonylative arylation (Scheme 20);31 the palladium aroyl
complex 2°A formed as intermediate could

- lead to aroyl iodide 2B which would add to the
substrate (path a),

- suffer addition of the substrate to its aroyl ligand
(path b),

or

- undergo a reaction analog to the Pd-catalyzed
arylation of indoles (path c).

The authors assumed that IV reacts with PdLs rather than with
the substrate, hence a disadvantage for path a. We suggest that
path c can be discarded because the Pd-catalyzed arylation of N-
methylindole with phenyl chloride33 or p-bromotoluene3+
occurred selectively or mainly in C2 position. Path ¢ also
disagrees with the recent report of the absence of coupling
between N-methylindole and nonanoyl chloride in the presence
of catalytic amounts of PdClz, Xantphos and p-TsOH at 120 °C in
PhMe.35 The formation of the C3-substituted product 3 from
Friedel-Crafts of N-substituted
consistent with path b.

acylation indoles3436 s
PdL,

[¢]

Pd(Pt-Bus), b Ar PdLn
. N o
PdLn \ I

\
20
L= Pt-Bus or CO N R
\
N L Pd//< PdLn

Scheme 20 Proposed mechanisms for the carbonylative arylation reaction

2.4.4. Carbonylative alkenylation

A number of catalytic systems was tested by Alper and Zeng to
perform the coupling of indoles with carbon monoxide and
methyl or ethyl propiolates.3” Except from N-acetylindole, good
yields of a,B-unsaturated ketones 24a-i, k-q were obtained
using a cationic complex, Pd(MeCN)i(BF4)2, associated to
Xantphos (Scheme 21). The catalyst may also promote the
subsequent addition of the substrate to the a,B-unsaturated
ketone, giving compound 25. Mechanism studies using N-
methyl-3-D-indole and methyl 3-D-propiolate led to propose the
formation of the active cationic palladium hydride complex 21A
(Scheme 21).38 According to the deuterium distribution in
deuterium-labeling reactions, two parallel pathways - a and b -
are responsible for the formation of the alkenylpalladium
intermediate 21B. Carbonylation of the latter followed by
nucleophilic attack of the indole affords 21C. Subsequent
rearomatization of the indole unit provides Pd!V complex 21D,
which is reduced to 21A by forming product 24.
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Pd(MeCN)4(BF4), (0.04 equlv

Xantphos (0.04 equiv) CO,R?

=
AN __ copoam =
\R‘r + =—COR? R':
N . THF, 105°C, 15 h
\R (1.5 equiv)

24a-q R
=Me, R' = H, R = H (a 54%), Me (b 70%2), n-Bu (c 63%), i-Pr (d 77%), t-Bu (e 77%),
1-adamantyl (f 60%), Bn (g 71%), (CH,),CN (h 54%), allyl (i 56%), Ac (j 0%)
H, R = Me (k 60%)
Me, R = 5-Me (I 62%" ) 5-OMe (m 55%), 5-Cl (n 36%), 5-Ph (0 57%"),
6-Me (p 66%"), 7-Et (q 61%")
aWith PdCly(Xantphos) instead of Pd(MeCN)4(BF,),/Xantphos: 29%.
bPlus 25 (6-12%). co,Me

;
\ R

=Et,R"=
R= R2

N 25
/ Hoa
e

M Me Q.
NR
N Hap
24

,Pd Ha \
9 A
Hy COQRQ

P O Ha
C /Pd\H

("

-4

z

CO,R?

Hayy
Hoja
Hy—==—CO,R? \ COR?
\ Hap
) R (P Hora
P~ Pd

H
Py ® Py ® floa H, O
P Pd—H, CP’P" { o
" 4 21g CO,R2 PE
i——_R Hap ®,l\‘
CO,R? R
H,
H a
o alb \ Hb/a
(P>Pd® A\
P o} N
R

Scheme 21 C3-carbonylative alkenylation of protected and unprotected

indoles, proposed mechanism

2.4.5. Carbonylative alkylation.

Recently, Beller and co-workers reported the C3-acylation of N-
methyl(or benzyl)indoles with carbon monoxide and alkenes
using catalytic amounts of PdClz,, Xantphos and p-TsOH in
toluene (Scheme 22).35 Low amounts of the C2-acylation
product were detected. Such a coupling product was efficiently
obtained from 1,3-dimethylindole (Scheme 23).

PdCl; (0.02 equiv) R?
Xantphos (0.04 equiv) RN
R? p-TsOH (0.1 equiv) © RS
Z 3 CO (40 atm)
RIC Y %/R - . /R“__ N\ R
X N R PhMe, 120160 °C, 18h  \x I~y
R (2equiv) 26at |
R=Me, R! =R2=R*=H, R3 = n-Pr (a 65%), Bn (b 54%), i-Bu (c 72%), t-Bu (d 54%),

Ph (e 40%), CH,CN (f 51%), (CH,),Cl (g 57%),
(CHy)40AC (h 56%), (CH2)sCO;Me (i 65%)
R = Me, R2-R? = (CHy)4, R* = H, R' = 2-Ph (j 74%), 4-CN (k 41%), 5-CN (1 92%),
5-OMe (m 76%), 5-C (n 93%), 5-Br (0 89%),
6-Cl (p 97%), 6-F (q 87%), 7-F (r 93%)
R=Me, R' =R2=H, R® = (CH,);Me, R* = Me (s 76%)
R=Bn, R"=R*=H, R%R3 = (CHy), (t 92%)

Scheme 22 C3-carbonylative alkylation of N-substituted indoles

O bl

(2 equiv) 27a80%

PdCl, (0.02 equiv)
Xantphos (0.04 equiv)
p-TsOH (0.1 equiv)
CO (40 atm)

PhMe, 100 °C, 18 h

Scheme 23 C2-carbonylative alkylation of 1,3-dimethylindole

The authors envisaged three catalytic cycles leading to the C3-
acylation. Two of them involve the reduction of PdCl. by the
phosphine and subsequent reaction with p-TsOH to provide the
hydride complex 24A (Scheme 24). Coordination of the alkene to
24A leads to alkylpalladium intermediate 24B which coordinates
CO to afford acylpalladium complex 24C. The product would be
obtained from 24C via either nucleophilic attack of the indole
(Scheme 24, path a) as depicted in Schemes 20 (path b) and 21,
or formation of the acyl halide or acid followed by Friedel-Crafts

reaction (Scheme 24, path b). Pathway b was discarded because
the coupling product was not detected using nonanoyl chloride
or acid instead of the corresponding alkene under the same
experimental conditions. The third suspected catalytic cycle
started with Pd'-mediated C3-H activation of the indole to
afford the 3-indolyl palladium complex as depicted in Scheme
16. After reaction of the latter with CO and the alkene,
protonolysis will give the product. Kinetic experiments have
shown that, in contrast to Pd¢ Pd! catalyst led to a large
induction period. These results are incompatible with the initial
C-H activation of the indole. Thus, the most likely pathway is, as
for the above carbonylative arylation and alkenylation, the
nucleophilic attack of the indole to the cationic acylpalladium
complex (Scheme 24, path a).

o P
R <P>

p—TsOH/ P
(S]
P ®X

P
pg0 < PdCl,

Scheme 24 Proposed catalytic cycle for the carbonylative alkylation reaction

The Pd-catalyzed reaction between N-methylindole, CO and allyl
alcohol afforded tricyclic ketone 28 (Scheme 25). That occurs
through C3-allylation39.40
carbonylation.3s

and subsequent intramolecular

PdCl, (0.02 equiv)

Xantphos (0.04 equiv)
p-TsOH (0.1 equiv)
CO (40 atm) AN
N . MS 4A, PhMe N o
\ (2 equiv) 105°C, 18 h \

2875%

Scheme 25 9-Methylhexahydrocarbazolone from N-methylindole, CO and
allyl alcohol

2.4.6. Double carbonylation

Recently, the double carbonylation of indole leading to methyl
2-(1H-indol-3-yl)-2-oxoacetate 29a was reported by Wu and co-
workers.#l Various Pd and Cu catalysts were efficient with
hexaketocyclohexane octahydrate as the CO source, CuBr(SMe):
providing the best yield (Scheme 26). Transition metal-
in the
presence of methanol would afford carbon monoxide and

catalyzed decomposition of hexaketocyclohexane

carboalkoxy complex 26A. Transmetalation of the latter with
alkoxy complex 26B leads to 26C; subsequent reductive

elimination produces the double carbonylation product.
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catalyst (0.15 equiv) - . . . .
O o) i) one 4. Cross-coupling of indoles with:
Ag,CO; (5 equiv) Q
CF3CO,H (4 equiv)
\ sto + MO 3C0: o 4.1. Aldehydes
N MeCN, air, 80 °C, 20 h .
3 (30 equiv) N In 2013, Kianmehr and co-workers reported the Pd(OAc):-
¢ equ'v) 22 catalyzed the C3-aroylation of N-alkyl(or aryl)indoles using
catalyst: PdCI, (58%), Pd(OAC), (58%), Pd(OCOCF5), (56%),
CuCl; (54%). Cu(OAc), (55%). Cul (56%), CuBr(SMey) (69%) benzaldehydes and t-BuOOH at 140 °C in chlorobenzene
o (Scheme 29).49 Efficiency of the process greatly decreased using
o 0 ™ oMe other solvents, peroxides or catalysts.
+ MeOH —> CO + O,
o OMe M
\ ~ 2
Q.
\ ™M N ™ = 9 Pd(OAC), (0.05 equiv) -
N zsc H RICN 70% aq. +BuOOH (3 equiv) R
N G L H A Ik 2
\ N | —re RHL
H N\ \R T PhCl, Ar, 140 °C, 24 h X N
265 H (3 equiv) 3j, ak-at \R

Scheme 26 Indolyl oxoacetates from indole and proposed mechanism

3. Stannyl- and mercurioindoles cross-couplings

In 1989, Hegedus team disclosed the two steps-synthesis of 4-
bromo-3-acryloyl-1-tosylindole 24r (Scheme 27).42 4-Bromo-1-
tosylindole was firstly transformed into the mercurioindole
30.43 Treatment of the latter with acryloyl chloride and catalytic
Pd(PPhs)s led to 24r. That occurs via oxidative addition of the
acid chloride to Pd? Hg!l/Pd! transmetalation and reductive
elimination.4244

Br 1. Hg(OAc), (1 equiv), Br HgCl
70% HCIO, (1 drop)
HOA« 24h
A\ OAc, t, N\
N\ 2.NaCl, H,0 N\
Ts 30998% s N/
cl Br
/\n/
o Pd(PPhj); (0.007 equiv) A
(2 equiv) N
\
HMPA, Ar, 85 °C, 4 h 24r55% 18

Scheme 27 Indolyl propanone from 4-bromo-3-acryloyl-1-tosylindole

2-Aroylindoles 4r-u and 2-(arylacetyl)indoles 27b-f were
obtained via Pd-catalyzed cross-couplings of aroyl chlorides or
arylacetyl chlorides with N-substituted indol-2-ylstannanes
31a-c obtained from lithiation of the corresponding indoles, and
subsequent trapping of the 2-lithio species with a trialkyltin
chloride?s (Schemes 28).4647 Such procedures involve also
transmetalation and subsequent reductive elimination of Pd0.48

1. n-BuLi (1 equiv), THF, 0-5 °C, 2 h
Ny 2. n-BusSnCI (1 equiv), rt, 1h N sn(n-Bu)s
N N
Y R = Me (312 78%) \

R = +BuOCO (31b 40%) R
PdCIy(PPhy), (0.017 equiv)
R2COCI (0.83 equiv)

THF, reflux, 0.5-4 h

4r-u \R

R = Me, R2 = p-FCgHy (F 79%), p-O,NCgHs (s 75%), p-CICeH4CH=CH (t 60%)
R = t-BUOCO, R? = p-FCgH, (u 59%)

1. BuLi (1 equiv), THF,

-78 °C, 30 min
2. CISnMej (1 equiv),
A -78°Ctort,2h
nMe;
N 3. hydrolysis N
\ \
Ts Te
a 31c Ts
m PdCI,(PPhs), (0.1 equiv) O R
R . Cul (0.2 equiv) N\
(2 equiv)
o

PhMe, reflux, 16 h 27bf
Ts

overall yield: R = H (b 55%), Me (c 87%), OMe (d 65%), CI (e 63%), NOj (f 0%)

R'=H, R2=p-Me, R = Me (j 71%2°), i-Bu (ak 78%), p-MeCgH, (al 64%)
R' =H, R = Et, R2 = p-CO,Me (am 86%)

R'=H, R =n-Pr,R2=H (61%), p-(i-Pr) (an 68%)

R = i-Bu, R2 = m-NO, (ao 83%)

R'=H, R = n-Bu, R? = m-OMe (ap 74%)

R'=H, R = n-pentyl, RZ = m-Cl (aq 73%)

R = n-Pr, R" = 5-OMe, R? = p-(i-Pr) (ar 84%)
R =n-Pr, R! = 7-Et, R? = p-Br (as 76%)
R = n-pentyl, R" = 5-OMe, R2 = p-OMe (at 81%)

aOther oxidants: (t-BuO), (0%), (PhCO,); (17%), PhCMe,00H (34%).
bOther solvents: (CICHy), (8%), PhMe (55%), MeCN (0%), DMF (0%),
DMAC (trace), DMSO (0%), diglyme (60%),
t-amylOH (61%), dioxane (67%).
cOther catalysts: PdCI, (22%), Pd(COD)Cl, (31%), Pd(PPh3),Cl (36%).

Scheme 29 C3-Aroylation of N-alkyl(or aryl)indoles with aldehydes

A few months later, the C2-acylation was disclosed by Liu’s team
using a 2-pyridinyl or 2-pyrimidinyl directing group and again t-
BuOOH as the most optimal oxidant (Scheme 30).5° The reaction
was carried at 80 °C in toluene, with pivalic acid as additive to
improve the efficiency. The latter may stabilize Pd-indole
species0 and may inhibit side reactions.51

Pd(OAc), (0.1 equiv)
70% aq. t-BUOOH (2 equiv)
Q +-BuCO,H (2 equiv)

M

Z G

= R?
RM-
X o

7\
+
N

2 PhMe, Ar, 80 °C, 10 h
oy s 5+
— (5 equiv) 7= CH: 32a-r \
Z=N:33a

32, R' = H, R? = Ph (a 79%2°), p-MeOCgH, (b 67%), p-BrCgH (¢ 95%), p-F3CCgHy (d 80%),
p-NCCgHy (e 72%), 0-MeOCgHj (f 58%), m-CICqH, (g 80%),
2-thiophenyl (h 74%), Cy (i 68%), n-hexyl (j 79%), CH=CMe; (k 64%),
CH=CMe(CH,),CH=CMe, (I 40%)

32, R? = Ph, R' = 3-Me (m 56%), 3-CN (n 46%), 5-Br (0 78%), 6-CI (p 90%), 5-MeO (q 71%),

6-CO,Me (r 68%)

33,R" =H, R?=Ph (a83%)

267% in the absence of +-BuCO,H, 39% with AcOH instead of t-BuCO,H.

bOther oxidants in the absence of t-BuCO,H: (t-BuO), (0%), (PhCMe;0), (0%), K2S,0 (0%),

Ag,0 (0%), benzoquinone (0%), Phl(OAc); (trace).
°Other solvents in the absence of -BuCO,H: EtOAc (50%), MeCN (45%), (CICH,), (trace).

Scheme 30 C2-Acylation of N-(heteroaryl)indoles with aldehydes

Pd(OAc): catalysis, anhydrous t-BuOOH and a variety of
aldehydes were then used in the absence of pivalic acid for the
C2-acylation of

- N-(pyridin-2-yl)indoles in 1,2-dichloroethane or
chlorobenzene at 80 °C (Scheme 31),52

2
Pd(OAc), (0.05 equiv) = R\ R
[e] anhydrous t-BuOOH (3 equiv) \R PN

' _— N o)

N H” Rz (CICH,), 80 °C, 48 h N

7\ . 7\

(2 equiv)
= 32a-c, g-i, m, q, s-z, aa-ae =<

= H, R? = Ph (a 74%2°), p-MeOC4H; (b 60%), p-BrCgH, (¢ 58%), m-CICgH, (g 75%°),

2-thiophenyl (h 68%), Cy (i 73%), p-MeCgH, (s 65%), p-CICgH, (t 52%),
P-FCgHy (u 75%), m-MeCgHy (v 68%), m-NCCgHy (W 63%), m-HCOCgH, (x 50%),
n-heptyl (y 46%), (CH,),Ph (2 69%), i-Pr (aa 64%)

R2=Ph, R' = 5-OMe (q 58%), 5-Me (ab 45%), 5-Cl (ac 71%), 5-CO,Me (ad 82%),
5-CN (ae 81%), 3-Me (m 42%)

30% with K,S,04 as the oxidant at 120 °C.

°47% with Pd(OCOCF3), for 27 h.

°41% with PhMe as the solvent.

9PhCl as the solvent.

Scheme 28 2-Aroylindoles and 2-(arylacetyl)indoles from N-substituted
indoles

Scheme 31 C2-Acylation of N-(pyridin-2-yl)indoles with aldehydes
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- N-(pyrimidin-2-yl)indoles in ethyl acetate at 125 °C

(Scheme 32),53
RZ
Z TN\ o Pd(OAC); (0.1 equiv) 7ol \
\R ! N )J\ anhydrous t-BuOOH (4 equiv) S N Y
)\N H™ TR EtOAC, Ny, 125 °C, 24 h J~N

z

N\J (1.5 equiv) 3380 \Q)

R' =H, R = Ph (a 80%), p-MeCgHy (b 83%"<), p-O;NCgHy (¢ 52%), p-MeOCgH, (d 76%),
p-PhCgHa (e 72%), 0-BrCeHy (f 63%), 0-FCgHy (g 61%), m-CICqH, (h 65%),
p-MeCONHCGgH, (i 67%), 1-naphthyl (j 62%), 2-furyl (k 78%), n-heptyl (1 0%)

R? = Ph, R' = 3-Me (m 82%), 5-OMe (n 78%), 6-F (0 70%), 7-Me (p 80%)

R? = 1-naphthyl, R" = 6-Cl (q 72%)

R2 = 2-naphthyl, R" = 5-F (r 61%)

R? = p-CICgHy, R = 5-Br (s 59%)

R? = 0-BrCgHy, R' = 5-CI (t 63%)

R? = p-MeCgHs, R' = 5-CO,Me (u 85%)

aOther solvents: PhMe (56%), DMF (19%), DMSO (30%), MeCN (38%).

b239% with 70% aqueous t-BuOOH in PhMe.

<Other catalysts: PdCl (21%), Pd(OCOCF3), (60%).

Scheme 32 C2-Acylation of N-(pyrimidin-2-yl)indoles with aldehydes

and

- N-(pyridin-2-yl)indoles and N-(pyrimidin-2-yl)indoles
at room temperature in acetonitrile under visible light
photoredox assistance (Scheme 33).5455

As above exemplified, the yields strongly depend on the
experimental conditions.

Pd(OAc), (0.1 equiv) = R?
o AorB R N
)J\ anhydrous t-BuOOH (4 or 3 equiv) X N 0
H™ R blue LED )/\N
(20r1.5equiv)  MeCN, rt, 24 or 16-48 h z

C

A: fac-[Ir(ppy)3] (0.02 equiv) and Boc-Val-OH (0.2 equiv) é = ﬁ!’i:';:az‘uby d, e, j, k, m, v-z, aa-aq

B: Ru(bpy)3Cl,6H,0 (0.025 equiv)

32, R'= H, R2 = p-FCgH, (u 56%)

33, R" = H, R2 = Ph (a 70%), p-MeCgHy (b 75%, 92%2Pc9.&f) p-MeOCgH, (d 73%, 78%),
p-PhCgHy (e 71%), 1-naphthyl (j 75%), 2-furyl (k 70%), p-BrCeHy (v 71%, 73%),
p-NCCgH (W 70%, 40%), p-AcOCqH (x 85%), p-F3CCqHy (y 68%, 85%),
p-(allylO)CgHy (z 65%), m-PhOCgH, (aa 65%), 3-benzothiophenyl (ab 62%),
3-thienyl (ac 74%), n-pentyl (ad 88%), Cy (ae 81%, 85%), Me,C=CH (af 63%)

33,R?=Ph,R" = 3-Me (m 83%)

33, R2 = p-MeCgHy, R = 3-(CH,),CO,Me (ag 76%), 4-CN (ah 67%), 5-F (ai 75%), 7-Me (aj 91%)

33, R2 = p-FCgHy, R = H (ak 72%29M), 3-Me (al 60%), 5-Me (am 85%), 5-MeO (an 60%),

5-F (a0 55%), 6-F (ap 67%), 7-Me (aq 72%)

@Reaction time: 16 h.

b74% with aqueous t-BuOOH.

°Other solvents: PhMe (60%), PhCN (55%), CH,Cl, (73%), THF (37%).
dOther photocatalysts: Rose bengal (38%), Eosin Y (19%).

eWithout photocatalyst: 13-15%.

fWithout Pd(OAc),: 0%.

Swithout t-BuOOH: traces.

hwithout light: 9%.

‘With TEMPO: 15%.

Scheme 33 C2-Acylation of N-(pyrimidin-2-yl)indoles with aldehydes under
visible light photoredox assistance

N-(Pyridin-2-yl)indoles 34a-d aroylated in 2 and 7 positions
have been synthesized using the Pd(0OAc)z/t-BuOOH system as
well (Scheme 34).52

N/ 0 Pd(OAC), (0.05 equiv)
anhydrous t-BuOOH (4 equiv)
N Ph . H T

N
PhMe, 120 °C, 24 h o \

7\ -~
- (2 equiv) R 3dac
R=F (a57%), Cl (b 65%), OMe (c 28%)
(o)
D Pd(OAc), (0.05 equiv)
N i anhydrous t-BuOOH (6 equiv) N Ph
/N W e

J N
\\ PhMe, 120 °C, 24 h Ph o \
— (excess) —
34d 63%

Scheme 34 C2 and C7-Aroylation of N-(pyridine-2-yl)indoles with aldehydes

In contrast to the above low efficiency of the PdClz-catalyzed
aroylations (Schemes 29 and 32), Sekar and Kumar obtained
better results in the C2-acylation of N-(pyrimidin-2-yl)indoles
with PdCl: instead of Pd(OAc): as the catalyst (Scheme 35).56

They also carried out the C2,C7-diacylation using a threefold
excess of aldehyde (Scheme 36).

v R?
= PdCl, (0.1 equiv) =
| 2 ]
R4 ) o 70% aq. -BuOOH (3 equiv) R4 D
XN . X r\iL o
H™ OR? .
N PhMe, 90 °C N
2\ (1.5 equiv) 7

C

N \
=
33a, b, k, n, w, ad, ar-ax

R = H, R2 = Ph (a 80%2), p-MeCgHy (b 64%), 2-furyl (k 58%), p-NCCgHy (W 68%),

n-pentyl (ad 61%), p-CICgH, (ar 65%), p-MeOCOCgH, (as 55%), 0-MeCgH, (at 60%),

2-thiophenyl (au 54%), 3-cyclohexenyl (av 51%), MeCH=CH (aw 45%)
R2 = Ph, R! = 5-OMe (n 70%), 5-Br (ax 61%)
20ther solvents: PhCI (70%), PhH (62%), THF (21%), DMF (<5%), dioxane (44%),

(CICH,), (60%).
bOther catalyts in PhCI: Pd(OAC), (43%), PACly(MeCN), (47%), Pda(dba); (51%).
°Other oxidants in PhCI: (-BuO), (40%), PhCO3t-Bu (22%), H,0, (20%),
K,S205 (17%), O5 (14%).

Scheme 35 C2-Acylation of N-(pyrimidin-2-yl)indoles with aldehydes

R
N\ PdCl; (0.1 equiv) N\
9 70% aq. -BuOOH (5 equiv)
oo I No

)/\N H™ "R PhMe, 90 °C, 24 h >/\j\>

(3 equiv) 07 "R N

R = Ph (d 72%), p-MeCgHq (e 52%), Cy (f 50%)
Scheme 36 C2,C7-Diacylation of N-(pyrimidin-2-yl)indoles with aldehydes
The C7-benzoylation of ethyl 2-methyl-1-(pyrimidin-2-yl)-1H-

indole-3-carboxylate was performed using Pd(OCOCF3): as the
catalyst in 1,2-dichloroethane (Scheme 37).57

COEL COEL

AN Pd(OCOCF3); (0.1 equiv) N\
+-BuOOH (2 equiv)
+ PhCHO ———————————

N
CICH,),, 80 °C, 16 h N
( 2)2 o N><’/\>

349 54%

(2 equiv)

N Ph

N

N
7
Scheme 37 C7-Benzoylation of ethyl 2-methyl-1-(pyrimidin-2-yl)-1H-indole-3-
carboxylate with benzaldehyde

In the absence of a chelating substituent, the reaction occurs via
the complex I (Scheme 16)*° while ligation of the 2-pyridinyl or
2-pyrimidinyl group to palladium directs towards the formation
of chelated complex 38A (Scheme 38).5052-55 The latter reacts
with acyl radical 38B which is formed from the reaction of the
aldehyde with tert-butoxy+95053 or hydroxys358 radical. Heat-
mediated homolytic cleavage of t-BuOOH leads to these two
radicals,505358 t-BuO- may also be produced at
temperature via the oxidation of the excited state of Ir3+ or Ruz+
by t-BuOOH (Scheme 38).5455 The proposal of acyl radical 38B is
consistent with its trapping with radical scavenger TEMPO,5455
leading to concomitant large decrease of yields.505355 According
to the Van der Eycken and Jana teams, the reaction of 38A with
38B leads to Pd!' complex 38C which is oxidized with the
photoredox system into Pd!V complex 38D (path a). Subsequent
reductive elimination affords products 32-33 and active Pd!
species.5+55 The other procedures were also carried out with t-
BuOOH, but at 80-140 °C instead of both room temperature and
photoredox assistance. Kianmehr and co-workers assumed that,
under these conditions, 38A would react with 38B “to afford the
Pd!V intermediate” (path b).#9 They nevertheless involved AcOH
in the regeneration of the Pd!' catalyst.*® According to Zhang’s
team which studied different acylation reactions, a PdV species
could be formed from the addition of both acyl and t-butoxy
radicals to a Pd!' complex.58 Liu and co-workers also proposed
contribution of the acid in the catalyst regeneration5® but, like
the teams of Zhang and Tan,5253 they noted that III or IV would

room
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be the plausible oxidation state of the acyl palladium complex
delivering the product. Thus, the mechanism remains a matter
of debate. We suspect that the role of t-BuOOH under
photoredox-free conditions is not limited to the formation of
38B: it could participate in the regeneration of the catalyst and, if
any, in the formation of the Pd!V intermediate. Apparently, the
presence of the acylating agent precludes the oxidation of the
indole into the corresponding isatin 35, a reaction subsequently
reported with59 and without6® Pd catalysis (Scheme 39).

1
©j)>\\;d\fo

’{‘ R

RUZ‘
Blue or I N\@)
LED OAc
Q8. X,
10
N pal (@)
VT R”
Ru?* or I+ Ru3* or It 2 \ R B
\\) tBUOH  1puo *
=~/ ¢ +orHOH "« £BuOOH
tBuO * OH
t+BUOOH .

OH"

Scheme 38 Proposed mechanism for the C2-acylation of N-pyridinyl or N-
pyrimidinyl indoles with aldehydes

Pd(OAc); (0-0.1 equiv) ?
@ 70% aq. t-BUOOH @ﬁgz
—_— {0}
N air, 50-100 °C, 1-12 h N
\ 35\

with Pd(OAc); (0.1 equiv) in MeCN at 80 °C for 1 h: 83%
with Pd(OAc); (0.05 equiv) in PhMe at 50 °C for 1 h: 28%
without Pd(OAc), at 100 °C for 5 h: 81%

Scheme 39 Formation of isatin from 1-methylindole

4.2. Alcohols

The C2-aroylation of N-(pyrimidin-2-yl) indole with benzylic
alcohols and t-BuOOH occurs either at 100 °C under PdCl:
catalysis? or at room  temperature using the
Pd(0OAc)z/photoredox procedure (Scheme 40).5562 The benzylic
alcohols would be oxidized into the corresponding aldehydes
under the reaction conditions, hence a mechanism leading to the
coupling products as depicted in Scheme 38 would operate. The
alcohol oxidation with the Pd(OAc)2/t-BuOOH association was
proposed,55 but a previous report assumed the Pd(OAc):-free
oxidation of benzyl alcohol with t-BuOOH.63

Ph
PdCl, (0.05 equiv) A\
anhydrous t-BuOOH (4 equiv)
+BnOH &~ ——— N ¢}

(3 equiv) PhCI, 100 °C, 24 h )\N

33a40% N\\)

HO. Pd(OAc); (0.1 equiv) O
AorB
anhydrous t-BuOOH (4 or 3 equiv) O AN
+
)\N blue LED "5\ ©
J—N
33d,ak N7\
—

7
N7 MeCN, 1t, 24 h
— RZ
R? = OMe (d 57%, 54%), F (ak 66%)

(2 or 1.5 equiv)

A: fac-[Ir(ppy)s] (0.02 equiv) and Boc-Val-OH (0.2 equiv)
B: Ru(bpy)3Cly'6H,0 (0.025 equiv)

Scheme 40 C2-Aroylation of N-(pyrimidin-2-yl) indole with benzylic alcohols

4.3. a-Diketones

The PdCl2/t-BuOOH system led to the C2-acylation of N-
(pyrimidin-2-yl)indoles with a variety of a-diketones (Scheme
41). Asymmetric a-diketones provided a mixture of the two
acylated coupling products 33 (Scheme 42).61 Homolytic
cleavage of OC-CO bond of the diketone by ¢t-BuOOH would lead
to acyl radicals which, as above, would add to XV (see Scheme
38). In agreement with this proposal, only traces of the acylated
indole were produced in the presence of p-benzoquinone as a
radical scavenger (Scheme 41).

l%f THF, 100 °C, 24 h '\5\ ©
N
\\) (2 equiv) 33a, b, d, n-p, ax-bi N\\>
~

R = H, R? = p-MeCgHj (b 75%), p-MeOCgH; (d 55%), 0-MeOCgH, (ay 68%),
0-CICgH, (az 73%), p-FCqHy (ba 77%), Me (bb 67%), Et (bc 71%),

R2=Ph, R" = H (a 71%?), 5-OMe (n 73%), 6-F (0 68%), 3-CH,CO,Et (bd 75%),
5-F (be 61%), 5-Cl (bf 70%), 5-Br (ax 66%), 5-Me (bg 67%),
5-CN (bh 46%), 5-CO,Me (bi 65%), 7-Me (p 70%)

3<10% in the presence of 0.5 equiv of p-benzoquinone.

PdCl, (0.05 equiv)

2
anhydrouslBuOOH (4 equiv) /R1I_ N 8
X

Scheme 41 Ketones from N-(pyrimidin-2-yl)indoles and symmetric o-
diketones

AN o PdCl, (0.05 equiv)
anhydrous t-BuOOH (4 equiv)
N + R
Ph
N

2\ THF, 100 °C, 24 h
N7\ o
- (2 equiv) 333 = 33ar, bb

= p-CICgHy: a40% ar 15%
=Me: a25% bb 40%

Scheme 42 Mixture of ketones from N-(pyrimidin-2-yl)indoles and

asymmetric a-diketones

4.4. a-0Oxo esters

Use of Pd(OAc): catalysis and t-BuOOH at 125 °C in EtOAc
allowed the coupling reaction of N-(pyrimidin-2-yl)indoles with
ethyl glyoxylate to afford the corresponding ethyl 2-indole
carboxylates 36a-i (Scheme 43).53 The COzEt radical 44A in situ
produced as depicted in Scheme 44 coordinates to a palladium
chelate such as 38A (see Scheme 38) to afford a Pd!! or PdV
intermediate which evolves towards the product.

OEt
Pd(OAc), (0.1 equiv) /R
+BuOOH (4 equiv;

OFt (4 equiv) N

N + H)H}/ N o]
N)\R‘ o EtOAc, Np, 125°C, 24 h N)\Rl
. 36a-i
\§) (1.5 equiv) a-i \§)

R =H (a 82%), 5-F (b 67%), 5-Br (c 68%), 5-Cl (d 72%), 5-CN (e 65%),
5-OMe (f 64%), 5-CO,Me (g 70%), 6-F (h 73%), 6-CI (i 78%)

/R:— N o N\

2

Scheme 43 Indolyl carboxylates from N-(pyrimidin-2-yl)indoles and ethyl
glyoxylate

] o}
)J\ﬂ/o Et |H(OE( . (OEt
H . |
ﬁ T’ &
° o co  wp

+BuO
tBuOOH — 4+ +BuOH
. +H,0

OH

Scheme 44 Formation of the CO,Et radical

4.5. a-Oxocarboxylic acids

In the presence of a catalytic amount of PdCl> and a
stoichiometric quantity of Ag.COs, N-methylindole reacted with
benzoylformic acid to afford 3-benzoyl-N-methylindole 3a
(Scheme 45).6¢4 Changing for Pd(OAc)2 and Cu(OAc)2 increased
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the yield, but the best result was finally obtained using only the
copper salt.

0.
Ph
[¢]
N MeCN, 110 °C, 10 h N
\ o \
Me  (2equiv) 3 Me

PdCl; (0.1 equiv), AgoCO3 (1.2 equiv): 43%
Pd(OAc); (0.1 equiv), Cu(OAc),H,0 (1.2 equiv): 64%
Cu(OAc);H,0 (1.2 equiv): 75%

Scheme 45 3-Benzoyl-N-methylindole  from  N-methylindole  and
benzoylformic acid

Pd(0Ac)2 catalysis was nevertheless used to prepare a number
of 2-(hetero)aroyl-N-(pyrimidin-2-yl)indoles 33 from the
corresponding indoles and a-oxocarboxylic acids in the
presence of stoichiometric amounts of Agz0 and K:S20s, at 130
°C in a 1,4-dioxane/AcOH/DMSO mixture (Scheme 46).65 These
syntheses could only involve the Pd!/Pd° redox catalytic cycle
(Scheme 46). The anion exchange affords 46B from palladacycle
46A. Subsequent decarboxylation leads to 46C,66 which suffers
reductive elimination delivering the product and Pd°. The
oxidative medium assumes the regeneration of Pd! species.
According to Zhu and co-workers, “the possibility of a Pd!-Pd!v
mechanism could not be thoroughly ruled out”.65

A
o Pd(OAC), (0.1 equiv) 2 "
Ag,0 (2 equiv), K2S,0g (1 equiv) \R N

A A\
N + )H(OH N
Ar
)/\N 1,4-dioxane/AcOH/DMSO (7.5/2/0.5) >\N
N7 0 Na, 130 °C, 24-36 h N7
\Q) (1.5 equiv) . \\)
33a,b,d, j, k, m-p,v,y,al, ar, bc-bh ==

= H, Ar = Ph (a 77%), p-MeCgHj (b 80%), p-MeOCqH (d 73%), 1-naphthyl (j 72%),
2-furyl (k 58%), p-BrCgH (v 68%), p-FsCCqHy (y 70%), p-CICqH, (al 75%),
m-MeOCgHy (bd 71%), 2-naphthyl (be 66%), 2-thienyl (bf 61%)

Ar=Ph, R' = 3-Me (m 81%), 5-OMe (n 78%), 6-F (0 70%), 7-Me (p 84%),

5-Br (ar 65%), 5-CO,Me (bc 62%), 4-Me (bg 76%), 6-Cl (bh 70%)

N
oxidant AcOH @
N

Pd(OAc),
0
" g \
AcOH

Saun
A o] N Pd
O~ AL, O
N)\R‘ “c Q °
) o L
CO, o Ar
[e]

Y AcOH

Scheme 46 C2-(Hetero)aroylation of N-(pyrimidin-2-yl)indoles with a-

oxocarboxylic acids and proposed mechanism

The Jiang and Ji team recently disclosed an efficient domino
reaction leading to indolo[1,2-a]quinazolines 37a-y via the
palladium-catalyzed decarboxylative annulation of 2-(1H-indol-
1-yDanilines with 2-oxo-2-arylacetic acids (Scheme 47).67 The
best results were obtained in diglyme with Pd(OAc): as the
catalyst and (NH4)2S:0s as the oxidant. The reaction also
occurred in 1,4-dioxane, but failed in DMSO, DMF and toluene or
using 2-oxohexanoic acid instead of an aroylformic acid. The
amine group of the substrate directs the C2-aroylation, and then
reacts with the carbonyl group to deliver water and the
annulation product. The good yields of 37a also isolated in the
presence of radical scavengers (Scheme 47) agree with the
mechanism of the aroylation depicted in Scheme 46.

= R?
m o PA(OAC), (0.05 equiv) Rw%
NH,4)>S,0g (2 equiv, X
N NH, + RZJS(OH (NH4)2S204 (: ) N N
4 diglyme, 78 °C, 12 h
(2 equiv) 37a-y

R?=Ph, R' = H (a 81%2®), 3-Me (b 79%), 4-Cl (¢ 75%), 4-F (d 72%), 4-OMe (e 80%),
4-OBn (£ 78%), 5-CN (g 54%), 5-F (h 74%), 5-OMe (i 78%), 6-F (j 73%),
6-OMe (k 82%), 7-F (I 35%°)

R' = H, R? = 0-MeCgHj (m 83%), 0-FCgH, (n 79%), 0-BrCgHj (0 63%), m-BrCqHj (p 74%),

m-FCgH, (q 82%), m-MeOCgHy (r 85%), p-MeCgH, (s 80%), p-CICgHy (t 72%),
Pp-BrCgH, (u 67%), p-MeOCgH, (v 82%), 1-naphthyl (w 73%), 2-furyl (x 66%),
benzothiophen-2-yl (y 75%), n-Bu (z 0%)

a0ther solvents: 1,4-dioxane (69%), DMSO (0%), DMF (0%), PhMe (0%).

b76-80% in the presence of TEMPO or BHT (3 equiv).

°With 4 equiv of the ketoacid.

Scheme 47 Decarboxylative annulations of 2-(1H-indol-1-yl)anilines

The Pd(OAc)z-catalyzed C3-acylation of (NH)-indoles with a-
oxocarboxylic acids was carried out using over-stoichiometric
amounts of both I2 and Cs2C03 at 45 °C in N-methylpyrrolidone
under oxygen (Scheme 48).¢8 Gu and co-workers proposed the
formation of 3-iodoindole as intermediate (see Section 2.2).
Palladation of the latter would afford the iodopalladium
complex. Subsequent exchange of I- for R2COCO:" is followed by
decarboxylation and reductive elimination to give the product.
Thus, the proposed mechanism has strong similitudes with that
of Scheme 46. Nevertheless, the authors attributed the oxidation
state [V to the indolylpalladium intermediates.

Pd(OAc), (0.1 equiv) O,
(o} I2 (2.2 equiv), Cs;CO3 (3 equiv) Ar
= OH Oz (1 atm)
B R Ty T TR
N ) ) 3 X N
H (1.1 equiv) 3g, au-az, ba-bd H

= H, Ar = Ph (g 82%®), 0-MeCgHj (au 79%), m-BrCqH, (av 73%), p-MeOCgH, (aw 77%)
P-CICgHj (ax 76%), p-O,NCHj (ay 80%), 2-thienyl (az 81%)
= Ph, R' = 5-OMe (ba 81%), 5-F(bb 75%), 5-NO, (bc 62%), 7-Me (bd 84%)
*Other solvents: DMF (77%), DMAG (58%), CH,Cl, (23%).

Pd(OAc), (0.1 equiv) 0,
15 (2.2 equiv), Cs,CO; (3 equiv)

%(OH 0, (1 atm)
NMP, 45 °C, 12 h
1 equlv) 38a: Me 74%
38b: t-Bu 71%

I’ZE /;

A

N
\
H

Scheme 48 C3-Acylation of indole with a-oxocarboxylic acids

4.6. Nitriles

Under air atmosphere, indoles without directing N-substituent
have been C3-acylated using nitriles and

- (1,10-phenanthroline)Pd(0OAc)2 as the catalyst, at 140
°C in 1,4-dioxane containing water and acetic acid
(Scheme 49),69
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(Phen)Pd(OAc), (0.1 equiv) Ar
H,0 (400 pl/mmol)
ACOH (600 ul/mmol) =

Ar — RHL A

1,4-dioxane, air, 140 °C, 36 h - N
\

zZ
XN

\ (3 equiv)
R R
3a,d, g hj | o, q wy, aa, aw, ax, ba, bd-bs

R =R'=H, Ar = Ph (g 68%), p-MeOCgH, (aw 70%), p-CICqH, (ax 64%)
R =H, Ar=Ph, R = 5-OMe (ba 76%), 7-Me (bd 78%), 5-Cl (be 62%)
R = Me, Ar = Ph, R" = H (a 84%2%), 4-OMe (w 67%), 5-OMe (x 85%), 5-Br (y 75%),
5-Cl (bf 76%), 2-Me (aa 90%), 5-OBn (bg 82%), 7-Me (bh 85%)
R =Me, R" = H, Ar = p-MeCgHj (j 80%), p-MeOCgHj (1 76%), 0-CICqH, (0 72%),
p-CICqH; (q 92%), p-O;NCgH, (bi 59%), m-BrCeH, (bj 77%),
0-MeCgHy (h 69%), p-AcCgH, (bk 75%), p-(PhCH=CH)CgH, (bl 59%),
4-pyridyl (bm 72%), 2-furyl (bn 46%), 2-thienyl (bo 70%),
2-pyrrolyl (bp 51%°), N-methylindol-3-yl (bq 71%)
Ar=Ph, R" = H, R = Ph (d 71%), p-CICgH, (br 59%), p-Me,NCgH, (bs 52%)
aOther catalysts: Pd(OAC), (0%), Pd(OAc),/PPh; (0%), Pd(OAc),/Phen (76%P), PACI,/Phen (0%).
b72% for a reaction under N, atmosphere.
48 h as reaction time.

(Phen)Pd(OAc); (0.1 equiv) R2
H,0 (400 wl/mmol)
AcOH (600 ul/mmol)
QD) = e (O
N\ (3 equiv) solvent, air, 120-140 °C, 36 h N\
Me 38ce Me

R2 = Me (c 75%2), Et (d 73%"), Bn (e 60%°)
At 120 °C in MeCN .

DAt 120 °C in ECN as solvent.

CAt 140 °C in 1,4-dioxane

acylation of indoles with nitriles

The similar outcome of the reactions performed under air and
nitrogen of the reaction with benzonitrile (Scheme 49)¢
indicates that water provides the oxygen atom of the acylindole,
hence the possible reaction mechanism depicted in Scheme 52.
Palladation of the indole, followed by coordination of the nitrile
leads to 52A. Carbopalladation of the CN unit gives the ketamine
complex 52B, which, in the acid medium, evolves to 52C.
Hydrolysis of the latter affords 3-acylindole 3. It was proposed
that palladium intermediates are cationic species.”?

Scheme 49 (1,10-Phenanthroline)Pd(OAc),-catalyzed C3-acylation of indoles

with nitriles

- Pd(0Ac)2/2,2’-bipyridine as the catalyst, at 120 °C in
N-methylacetamide containing camphorsulfonic acid
and water (Scheme 50),70

:U’Z 2

i L,Pd(OAC),
s2¢ R ></A°°H>& L,PdOAC

LPdOAc
2 R 1or2
" n=1or
N\ R N\
R
A\
N N LPdOAC
s R NN \N =R
\
52 R \\\
N R
A R

Pd(OAc); (0.05 equiv) O,
2,2'-bipyridine (0.06 equiv) Ar
(+)-camphorsulfonic acid (1 equiv)
l
Ar \R“- h

H,0 (2 equiv)
AcNHMe, air, 120 °C, 36 h N\
3g, au, av, ax, ay, bt-bz,ca H
= H, Ar = Ph (g 74%), p-CICqHj (ax 90%), 0-MeCgHj (au 0%), m-MeCgHj (bt 83%),
p-MeCgH, (bu 75%), p-FCgH (bv 85%), p-O,NCgH, (ay 80%),
m-BrCgHy (av 91%), 4- pyndinyl (bw 61%2P)
Ar = p-MeCgH,, R = 2-Me (bx 73%), 5-OMe (by 77%), 6-F (bz 75%P), 7-Me (ca 86%)

awith Pd(OAc), (0.1 equiv) and 2,2"-bipyridine (0.12 equiv).
548 h as reaction time.

+ N=
(1.5 equiv)

Pd(OAc), (0.05 equiv) 0, )
2,2"-bipyridine (0.06 equiv) R
(+)-camphorsulfonic acid (1 equiv)
AN\ H,0 (2 equiv) Mg\
+ ——R2 RS
N (1.5 equiv) AcNHMe, air, 120 °C, 36 h N

H 38a fk M
=H, R2 = Bn (f 0%), (CHy)3Ph (g 50%)

R2 = Me, R' = H (a 95%?), 5-OMe (h 88%2), 6-F (i 76%2), 7-Me (j 93%2), 2-Ph (k 92%®)

2MeCN as solvent.

548 h as reaction time.

Scheme 52 Proposed mechanism for the acylation of indoles with nitriles

4.7.1Isocyanides

The C3-carboamidation of indoles with isocyanides, reported by
Zhu'’s team, using Pd(OAc): catalysis and air atmosphere, at 70
°C in THF containing copper acetate, trifluoroacetic acid and
water, afforded secondary amides 15v, x-z, aa-aw (Conditions
A, Scheme 53).72 In the absence of trifluoroacetic acid and water
(Conditions B), the reaction furnished tertiary N-acetyl amides
40a-d as the main compounds (Scheme 53).

Scheme 50 Pd(OAc),/2,2’-bipyridine-catalyzed C3-acylation of indoles with

nitriles

or
- Pd(0Ac)2/2-(3,5-dimethylpyrazol-1-yl)pyridine as the
catalyst, at 100 °C in a dioxane/AcOH/H:0 mixture

(Scheme 51).7¢

Pd(OAc), (0.05 equiv)

= \ N= O,
Ar
(0 05 equiv)
A N\ N

+ N&4/—Ar —— i

(12equiy)  dioxanelACOH/H,0 (6:3:2)
air, 100 °C, 24 h \

R
3a, g, w, aw, ba, bv, cb-cj

R =Me, R' = H, R = Ph (a 68%)

R =R = H, Ar = Ph (g 70%), p-HOCgH, (cb 76%), p-H,;NCgH, (cc 52%),
p-MeOCgH, (aw 63%), p-FCgH, (bv 61%), 3-pyridinyl (cd 50%),

R =H, Ar=Ph, R" = 2-Me (ce 68%), 5-Me (cf 66%), 5-OMe (ba 61%), 5-Br (cg 65%)

R = H, Ar = 3,4,5-trimethoxyphenyl, R = H (ch 58%), 2-Ph (ci 58%), 6-OMe (cj 62%)

Pd(OAc), (0.05 equiv)

/\4<\‘j> °
RZ

(0 05 equiv)
N (12 equiv) dloxane/AcOHleO (5:3:2) N
\ air, 100 °C, 24 h N
H 38f, 1, m H

R? = Bn (f 77%"), n-Pr (1 63%), (CH);0H (m 56%)
AL 70°C.

Condition A O,
Pd(OAc); (0.05 equiv) NHR2
Cu(OAc); (1 equiv), CF3CO,H (1.2 equiv)
H,0 (5 i
=z N\ . c=nere 50 (5 equiv) TN\
X N THF, air, 70 °C, 1-8 h N

\ (1.2 equiv)

R 15v, x-z, aa-aw R

R=R"=H, R?=t-Bu (x 92%), i-Pr (y 65%2), Cy (z 61%2), 2,6-(Me),CeH3 (aa 58%"),

1-Ad (ab 95%)

R'=H, R2 = t-Bu, R = Bn (ac 88%), Me (v 89%°), Et (ad 83%), allyl (ae 81%)

R =H, R? = t-Bu, R" = 2-Me (af 88%), 2-Ph (ag 65%"), 5-Me (ah 85%), 5-OMe (ai 88%),
5-OBn (aj 86%), 5-OH (ak 72%). 5-F (al 94%), 5-CI (am 92%),
5-Br (an 76%), 5-1 (a0 66%), 5-CN (ap 75%), 5-CHO (aq 92%),
5-NO, (ar 90%), 5-CO,Me (as 95%), 6-Cl (at 92%),
6-Br (au 78%), 7-Me (av 96%), 7-Et (aw 94%)

3Cu(OCOCFj3), instead of Cu(OAc),.

Ac
O
bAt 50 °C, by-product: N

N
N 3917%
H

©10% with Pd(OAc), (0.1 equiv) under O, instead of Cu(OAc),/air.
9At 50 °C in AcOH without CF3CO,H.

Condition B Bu
Pd(OAc), (0.1 equlv)
= A Cu(OAc 2 (1 equiv)
NN + CEN—tBu ——M8M > s
X THF, air, 90 °C, 3-8 h R
N (12equiv)

H 15x, af, ah, ai H 40ad H
x 12% a78%
af 13% b 45%
: ah 13% c77%
=50Me: ai8% d60%

Scheme 51 Pd(OAc),/2-(3,5-dimethylpyrazol-1-yl)pyridine-catalyzed  C3-

Scheme 53 C3-Carboamidation of indoles with isocyanides

Insights into the reaction were obtained using H2018. With
CF3COzH as co-reagent, fully 0!8 was incorporated into the
secondary amide 15x (Scheme 54). In contrast, without the acid,
none of the oxygens of the tertiary N-acetyl amide 40a was 018
labeled, suggesting to the authors that both oxygen atoms “were
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derived from acetate” (Scheme 54). They also noted the absence
of oxygen exchange between carbonyl oxygen of the secondary
amide and H:018. Given these observations, a plausible
mechanism involves the Pd!l-mediated C3-H activation and the
coordination of isocyanide to afford 55A (Scheme 55). Insertion
of N=C unit into the C-Pd bond leads to 55B. The presence of the
acid favors quick ligand exchange of the acetate with water to
yield 55C (path a). From 55C, reductive elimination of Pd°
delivers 55D which furnishes the secondary amide 15 by
tautomerization. Reductive elimination from 55B is preferred in
the absence of acid and water (path b). That results in the
formation of the unstable imidic anhydride 55E. Tautomerization
of the latter leads to the tertiary N-acetyl amide 15.
Regeneration of the active Pd!! species is assumed by Cu(OAc)z2.

Pd(OAc); (0.05 equiv)
Cu(OAc); (1 equiv)
CF3CO,H (1.2 equiv)

NHt-Bu

H,0'8 (5 equiv)
@ + C=N—tBu ———————————> N
. N
N (12equiv) THF, air, 70 °C, 1.5 h e
H 85%, 01 >95%
Pd(OAC), (0.1 equiv) o B
Cu(OAc); (1 equiv) N
H,0'8 (5 equiv) >]/
@ + CEN—tBu ——MM \\ 60
N (126quv) THF, air, 90 °C, 3h N a
H H

75%, 0'6 > 95%

Scheme 54 Labelled experiments

Cu(OAc)
RHN R—N
O \\—OH
Ny — A
X ¥
15 H %D H
R—N

Scheme 55 Proposed mechanism for the carboamidation of indoles with
isocyanides

Conditions A were effective for the C3-carboamidation of 2-
methylindole,”2 but led to only 10% yield of 15ag from 2-
phenylindole3 (Scheme 56). The use of AcOH as the solvent at
50 °C without CF3COzH improved the yield to 65% and led to 5%
of 2-phenyl-1H-indole-3-carbonitrile 41 as side-product
(Scheme 56).73 This intriguing cyanation has been studied in
detail by Zhu and co-workers.”? Under Conditions A, 3-
methylindole underwent C2-carboamidation in a fair yield
(Scheme 57).72

Pd(OAc); (0.05 equiv)

Cu(OAc); (1 equiv) NHt-Bu
CF3CO,H (0 or 1.2 equiv)
H,0 (5 equiv)
®R + C=N—tBu DN—r
N " THFor AcOH, air, N
\ (1.2 equiv) o . \
b 70°C,1.5-12h 15af, ag H

in THF with CF3CO2H, R = Me (af 88%), Ph (ag < 10%) CN

in AcOH without CF3CO,H, R = Ph (ag 65%) +

Scheme 56 C3-Carboamidation of 2-methylindoles with isocyanides

o
N+ c=N—tBu
N NHt-Bu

\ (1.2 equiv)
H 42a70%

Pd(OAc); (0.05 equiv)
Cu(OAc); (1 equiv)
CF3CO,H (1.2 equiv)
H,0 (5 equiv)

Z F

THF, air, 70 °C, 8 h

-

Scheme 57 C2-Carboamidation of 3-methylindoles with isocyanides

4.8. Isothiocyanates and Isocyanates

Recently, team disclosed the Pd!-catalyzed
decarboxylative C2-amidation of indole-3-carboxylic acids with
isothiocyanates.”* The most optimal conditions were attained
with Pd(0OAc)z, Cs2C03 and n-BusNBr in MeCN at 80 °C under air
atmosphere (Scheme 58).
methylindole-2-carboxylic acid (Scheme 59). Reaction of N-
methylindole-3-carboxylic acid with phenyl isocyanate instead
of phenyl isothiocyanate gave a complex mixture containing
only trace of the C2-amidation product. That could be due to the
higher moisture sensitivity of the isocyanate.”+

Swamy’s

C3-amidation arose from N-

CO,H Pd(OAc), (0.1 equiv)

Cs,CO3 (1 equiv)
Rt n-BugNBr (0.5 equiv) R N/
A\ + S=C=N-R2 —m8M8M8M8M8M8M8Mm >
N MeCN, air, 80 °C, 6 h 7\{ NHR?

\ (3 equiv)
R 42b-q R

R =Me, R" = H, R2 = Ph (b 83%2), p-MeCgH (c 85%), p-MeOCgH, (d 90%), p-CICqH, (e 78%),
P-NCCgHj (f 75%), p-O;NCgHy (g 71%), Bn (h 90%), Cy (i 83%)

R =Me, R' = OBn, R? = Ph (j 86%); R = n-Bu, R" = H, R2 = p-MeCgHj (k 80%)

R = CH,OMe, R = H, R% = Ph (1 70%); R = CH,0OMe, R' = F, R? = p-MeOCgH, (m 68%)

R=Bn, R"=H, R=Bn (n 87%); R = Bn, R' = OMe, R? = Ph (0 87%), m-CICgHy4 (p 75%)

R = propargyl, R" = H, R? = Ph (q 76%)

210% plus starting indole under N, atmosphere.

bwithout n-BugNBr: 70%.

°Other bases in the absence of n-BusNBr: K,COj3 (61%), Ag,CO3 (45%), K3POy4 (58%),

+-BuOK (53%), t-BuOLi (55%), NEt; (trace).
9dOther solvents: DMF (77%), DMA (70%), (CICHy), (trace).
eOther catalysts: PdCl, (67%), Pd(OTf), (78%).

Scheme 58 C2-Amidation of indole-3-carboxylic acids with isothiocyanates
Pd(OAc), (0.1 equiv)

Cs,C0;3 (1 equiv)
n-BuyNBr (0.5 equiv)

NHPh

®COZH + S=C=N—Ph
N MeCN, air, 80 °C, 6 h
\

(3 equiv) N
Me N
15w 88% Me

Scheme 59 C3-Amidation
phenylisocyanate

of N-methylindole-2-carboxylic acid with

The amidation of indole and N-methylindole did not occur under
Swamy’s conditions. The authors proposed the formation of the
cesium indole-3-carboxylic carboxylate 60A, C(sp?)-H activation
via n2-coordination of the cesium carboxylate unit to Pd(0OAc):
leading to 69B, and a mechanism preserving the initial oxidation
state of palladium all along the catalytic cycle (Scheme 60).74
Coordination of the isothiocyanate to 6°B followed by insertion
of the C=N double bond into the Pd-C bond would result in the
seven membered palladacycle 6°C. Protonation at the amidic
nitrogen of 60C with AcOH would regenerate the catalyst and
would afford 6°D. Protodecarboxylation of the latter with in situ
generated CsHCO3 would lead to indole-2-thioamide 6°E which
would be oxidized with O: into the corresponding amide 42. The
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authors noted that their failure to isolate the indole-2-thioamide
would deserve further investigation. We are surprised by the no
intervention of palladium indole carboxylate (that is an
intermediate such as 60A with Pd instead of Cs) in the catalytic
cycle, and also by the CsHCOs-mediated protodecarboxylation
that efficiently affects 60D but not 6°A. According to Scheme 60,
only catalytic amounts of Cs2C0O3 would be required. Moreover,
we suspect a redox catalytic cycle, with air involved in the
regeneration of active Pd! species. Indeed, performing the
reaction under N: instead of air produced 10% of the product,
that is 100% yield calculated on the amount of Pd(OAc)2. Given
the above remarks, the Swamy mechanism seems to be elusive.
A catalytic cycle based on Lee’s team proposal for the Pd-
catalyzed decarboxylative C2-arylation of indole-3-carboxylic
acids and C3-arylation of indole-2-carboxylic acids, which
implies rearrangement of the palladium indole carboxylates,

could be considered.”s
N Cs,CO3 N\

0, OF R
SO Q/ Z CsHCO3 : o
S N snA

Pd(OA
soD % (OAc),
42 AcOH

\ OAc
o]
A\ N\R ¥
. DR
s CsO, N OAc
60c R
\- R 60
A\
N S=C=N—R'
R S’C

Scheme 60 Proposed mechanism for the C2-amidation of indole-3-carboxylic
acids with isothiocyanates

4.9. a-Amino carbonyl compounds

The reaction of indoles with c-amino carbonyl compounds
using the combination of Pd(OAc): catalyst, Cu(OAc): and air in
AcOH led to indolyl diketones 43a-r (Scheme 61).76 The
efficiency was highly dependent on the substitution of the
amino group of the ketoamine (Scheme 62) and the nature of
the co-reagents (Scheme 61). With 2-(methyl(phenyl)amino)-1-
phenylethanone, the coupling product 43a was isolated even in
the absence of the Pd catalyst but with a low yield (Scheme
61).77 Reaction of 3-methylindole afforded the C2-substituted
product 44b (Scheme 63).

R?

o)
Pd(OAc); (0.05 equiv) 0
Cu(OAc); (2 equiv) =
N thQ 'ACOH (0.5 equiv) NN
N + o N _— X N
N we R? " MeCN, air, 80 °C, 12-24 h \
R (1.2 equiv) 43ar R

R =R"=H, R? = Ph (a 80%2"¢9), p-MeOCgH, (b 64%), F (c 54%), p-CICsH, (d 73%°),
P-F3CCgHy (e 62%"), CN (f 81%°), Me (g 50%), OEt (h trace)
R =H, R2=Ph, R" = 2-Me (i 92%), 2-Ph (j 85%), 5-Me (k 61%), 5-OMe (1 48%), 5-F (m 58%),
5-Br (n 49%), 5-CN (0 35%), 5-NO, (p 70%®), 7-Et (q 67%)
R=Me, R'=H, R2=Ph (r 73%)
aOther acids: --BuCO,H (63%), PhCO,H (58%), CF3CO,H (trace).
bOxidants with Pd(OAc), (0.1 equiv) in the absence of AcOH: Cu(OAc), (62%),
CuCly (15%), Cu(OTf), (trace), AGOAc (6%), t-BUOOH (trace).
©40% using Cu(OAc), (0.2 equiv) and O, (1 atm) instead of Cu(OAc); (2 equiv).
9dWithout both Pd(OAc), and AcOH: 12%.

©At 100 °C.
CFy
GRS

'Plus 44a (15%)
44a

ZF

-

Scheme 61 C3-Indolyl diketones from indoles and a-amino carbonyl

compounds
Ph
Pd(OAc), (0.05 equiv) O
Cu(OAC), (2 equiv)
N\ R0 AcOH (0.5 equiv) 0
Nt N _ A
\ RY Ph 1eCN. air. 80 °
4 leCN, air, 80 °C, 12 h N
i \
(1.2 equiv) 43a Y

R3®=Ph, R* = H (10%); R3 = Bn, R* = Me (trace); R® = R* = Et (trace)

Scheme 62 C3-Indolyl diketones from indoles and various N-substituted o.-

amino carbonyl compounds

Pd(OAc); (0.05 equiv)

. . O,
Ph O Cu(OAc); (2 eqqlv) Ph
Q | ACOH (0.5 equiv) N
* e Ph
N MecCN, air, 80 °C, 24 h N 0

{ \
} (1.2 equiv) 44p30% N

Scheme 63 C2-diketonisation of 3-methylindole

Performing the reaction in the presence of H2018 showed the
introduction of 018 into the indolyl diketone, indicating that the
new oxygen atom was mainly from water. Without any indole
substrate, the 2-(methyl(phenyl)amino)-1-phenylethanone was
converted into the corresponding dicarbonyl compound but the
latter did not react with indole under the optimal conditions.
Thus, plausible reaction pathways leading to 1-(1H-indol-3-yl)-
2-phenylethane-1,2-dione are presented in Scheme 64.
Palladium enolate 64A formed from the a-amino carbonyl
compound and Pd(OAc): affords either iminium species 64B via
reductive elimination, or 64C via C-H activation of indole.
Reductive elimination from 64C would deliver 64D which could
also be obtained from 64B and indole. Pd!-catalyzed oxidation of
the C-N bond of 64D affords ¢4E, hydrolysis of the latter giving
indolyl diketone 43a. Interestingly, GC-MS monitoring of the
oxidation  of  2-(methyl(phenyl)amino)-1-phenylethanone
detected 64B, while HRMS analysis of the coupling reaction
determined 64E as an intermediate.”6
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||3h o
Ph O Ph O ) N
| I N Me Ph
_N _N \
Me Ph  Me Ph 4
Pd(OAC), % PdOAC %’

Me” Ph Pd(OAC), Me”
Cu(OAc),, air

AcOH
N
\
H
Ph © Ph O AcOH Ph O
Q AcO @ | |
N
N
N
\
H

-2

Scheme 64 Proposed mechanism for the reaction of indoles with a-amino
carbonyl compounds

4.10. Vinyl ethers or vinyl amides

The teams of Xue and Xiao reported the synthesis of 3-
acetylindoles 38c, n-z, aa-ad from N-methyl- or N-benzylindoles
and vinyl ethers or tertiary vinyl amides using Pd(OCOCF3): as
catalyst, Cu(OAc)z to regenerate the catalyst and H:0 in a 1:1
mixture of DMF and DMSO0.78 The yields depend on the solvent
and the amount of water. The use of 3 equivalents of water was
found to be the most optimal (Scheme 65). Increase or decrease
of this ratio led to dropping of the yield up to 0% (Scheme 65).

Q,
Pd(OCOCF3), (0.1 equiv)
Cu(OAc); (3 equiv)
= N\ H,0 (3 equiv) = N\
R | R —————— R |
S N DMSO/DMF (1:1), Ny, 70 °C, 12 h S N
\ i \
R (2 equiv) 38c, n-z, aa-ac R

R2X = n-BuO, R = Me, R' = H (c 89%2P), 5-Me (n 78%), 6-Me (0 71%), 7-Me (p 73%), 5-OMe (q 91%),
5-0Bn (r 86%), 6-F, (s 40%), 6-Cl (t 65%), 7-OMe (u 75%)

R2X = n-BuO, R = Bn, R' = H (v 60%), 5-Me (w 64%°), 7-Me (x 61%), 5-OMe (y 74%), 5-NO, (z 44%),
6-F (aa 42%)

R2X = HO(CH,);0, R = Me, R = 5-OMe (ab 87%)

R2X = AcNMe, R = Me, R" = 5-OMe (ac 51%)

o

r2x =N ,R=Me, R" = 5-OMe (ad 70%)

aWith H,O (4 equiv) in DMF (0%), DMSO (44%), DMSO/DMF (59%).

b36% with Pd(OAc); (0.1 equiv), Cu(OAc); (3 equiv) and H,0 (4 equiv) in DMSO.

°NaOAc (0.1 equiv) was added.

Scheme 65 3-Acetylindoles from N-substituted indoles and vinyl derivatives

The authors suspect that H20 promotes the dissociation of the
anion from Pd(OCOCF3): leading to a cationic Pd!" which
catalyzes the dehydrogenative Heck reaction between the indole
and the electron-rich olefin.’? Coordination of the vinylic
compound to the cationic catalyst would produce 66A (Scheme
66). That coordination was preferred because new resonances
arose at room temperature in the tH NMR spectrum of a mixture
of 1-(vinyloxy)butane and Pd(OCOCFs)2, while spectrum
modification was not observed using N-methylindole and
Pd(OCOCF3)2. Reaction of the indole with 66A would afford 6B,
which would suffer -H elimination leading to 66C. Subsequent
hydrolysis of 66C gives 3-acetylindole 38c. The catalytic cycle
could nevertheless involve the reaction with indole rather than
with the vinyl ether, because the 3 position of N-methylindole is
deuterated by heating at 70 °C in the presence of Pd(OCOCFs)2
(0.1 equiv) and D20 (3 equiv).

Cpdococr,
Cu(OAc),, CF3C02H\/ \<

PdOCOCF3
O,
o j[ I >
H,O, H
Ny 2R Cg\
N CF,CO,H
38c \ sc

Scheme 66 Proposed mechanism for the acylation of N-methylindole with

alkenes

4.11. Toluenes

In 2015, Wu, Liu and co-workers who studied different agents
for the C2-acylation of N-(pyrimidin-2-yl)indole (Scheme 40-
42), obtained the benzoylation adduct 33a in 20% yield, using
toluene with Pd(OAc): as catalyst and anhydrous t-BuOOH as
the oxidant (Scheme 67).61

A Pd(OAC), (0.05 equiv) A
anhydrous t-BuOOH (4 equiv)
N > N o]
)\N PhMe, 100 °C, 24 h
\

N N)/\N
\\) 332 20% \\)
— ~

Scheme 67 C2-Benzoylation of N-(pyrimidin-2-yl)indole with toluene

The efficiency greatly increased under conditions subsequently
reported by Van der Eycken’s team:80 PdBr; as catalyst and
pivalic acid as additive at 120 °C in a PhMe/PhCl mixture
(Scheme 68).81 Tested for the benzoylation of indoles variously
N-substituted, these conditions have been revealed also
effective for the functionalization of N-(pyridin-2-yl) indole
(Scheme 68). They were also efficient with toluene derivatives
except those with an electron withdrawing group such as acetyl
and nitro (Scheme 69).

PdBr; (0.1 equiv)

anhydrous -BuOOH (5 equiv) Ph
@ BUCO,H (0.5 equiv) %
N N o

R PhMe/PhClI (3:1), 120 °C, 24 h 32,33 R

R= A//\Qj Ave /\f

C e O

0% 0% 0% 0% 32a66% 33a 73%>0cd

aWithout both t-BuCO,H and PhCI: 45%.

bWithout +-BuCO,H: 50%.

°Other oxidants (3 equiv) in the absence of both +-BuCO,H and PhCl:
(PhCMe,0), (27%), (t-BuO), (39%), PhCO4t-Bu (trace).

9With +-BuOOH (3 equiv) in the absence of both -BuCO,H and PhCI:
PdBr; (50%), PA(OAC); (7%), PACl, (33%), PACIy(PPhs), (33%).

Scheme 68 C2-Benzoylation of N-substituted indoles with toluene

- PdBr, (0.1 equiv) —/"R?
anhydrous -BuOOH (5 equiv) rHL |
+BuCO,H (0.5 equiv) S N

RiIE N 7l N
- \ 4 .5 equi
N L] e
= o
)\N ArMe/PhClI (3:1), 120 °C, 24 h >\N
\
33a-d, m, p, v, at, ax, ba, be, bohw\§)

=H, R?=H (a 73%), p-Me (b 83%), p-OMe (d 63%), p-F (ba 53%), p-Br (v 51%),
p-1 (bo 39%), m-Me (bp 65%), m-F (bq 43%), m-Br (br 35%), m-I (bs 36%),
0-Me (at 59%), p-Ac (bt trace), p-NO, (c 0%)
R?=H, R" = 3-Me (m 26%), 7-Me (p 32%), 4-Br (bu 48%), 4-CN (bv 28%), 5-F (be 66%),
5-Br (ax 53%), 6-Br (bw 55%)

AN

C

Scheme 69 C2-Benzoylation of N-(pyrimidin-2-yl)indole with toluene

derivatives

The above reactions involve the oxidation of ArMe into the
corresponding aldehyde, a reaction with t-BuOOH occurring
even in the absence of any metal catalyst82 Then, the
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benzoylation would proceed as above depicted in Scheme 39.
Recently, a different reaction leading to isatin was reported by
Luo’s team using Pd(OAc)2 and aqueous t-BuOOH in toluene
(Scheme 39).59

4.12. Bromodichloromethane

Recently, Wang’s team disclosed the C2-formylation of 3-
substituted indoles via hydrolysis of the C2-methylene
diacetates obtained from the Pd-catalyzed reaction with
bromodichloromethane and acetic anhydride (Scheme 70).83
The homolytic cleavage of the C-Br bond has been
demonstrated, hence the Pd?/Pd!"" and unusual Pd?/Pd! catalytic
cycles proposed in Scheme 70. Addition of the dichloromethyl
radical to the substrate leads to radical intermediate 7°A which
may evolve through two pathways:

- reaction with Pd! complex providing the Pd!l
intermediate 7°B which gives the methylene dichoro
compound 7°C and the active catalytic species,

or

- oxidation by Pd! leading to Pd? and ionic species 70D,
reaction of the latter with base giving 70C.
The experimental conditions mediated the transformation of 70C

into acetal 7°E which was isolated, or hydrolyzed to afford the
formylation product 1.

1) Pd(OAc); (0.1 equiv), dppf (0.1 equiv),
R! K3PO43H,0 (1.5 equiv), AgoCO; (1.5 equiv),

: 2 o
= N Ac,0 (10 equiv), MeCN, 60 °C, 24-48 h , = Q ”
L + BrCHCl RA_ | C
X ’ ° i N
N\ (2 equiv) 2) H,O/HCI, 30 °C, overnight \ H
R 1bq R

R = Me, R" = Ph, R? = 4-Me (b 82%), 5-Me (c 85%), 5-OMe (d 81%), 5-F (e 81%), 5-Br (f 75%),
6-F (g 75%), 6-CI (h 72%), 7-F (i 76%), 7-Br (j 70%), 7-Cl (k 81%)

R =Me, R? = H, R" = Me (1 78%), Cy (m 57%), n-pentyl (n 74%)

R=H, R2=H, R' = Me (0 42%)

R2=H, R" = Ph, R = Bn (p 86%), Et (q 93%)

1

R! R
?Ac )
— Ac,0 or AcO
A\ < OAc  Ac;0 or Ac AN CHCl, w
o Mg e o
@
TE R R CHCI.
HBr 2
H,0, H® PddL, N
R

R!

o BrCHCl,
7 1
N < R Pd''BrL,
ot
\
N

CHCI
1 R 2 BrPd'L,
+

\ .
78 R CHCl,

\
705 R

Scheme 70 C2-Formylation of 3- and N-substituted indoles with

bromodichloromethane and proposed mechanism

5. Conclusion

The development of palladium catalytic systems for the
substitution of the indole core with a carbonylated tether has
grown considerably over the last years. The number of papers
devoted to this rather restricted topic demonstrates that indole,
more than 150 years after its discovery,84 remains the subject of
intensive studies. Particularly interesting in the context of the
green chemistry are the procedures avoiding preliminary
functionalization. After Pd!-mediated selective C2-H or C3-H
activation of the indole, the acylation occurs via carbonylation,

or using a variety of carbonylated or non carbonylated species,
to afford coupling products open to further reactions.
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