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ABSTRACT: We have developed a one-iridium-catalyst system that transforms N- S|R1R2R3 SIR'R2R3
allyl-N-sulfonyl-2-(silylalkynyl)aniline derivatives, which are 1,7-enynes in which /
both multiple bonds have a heteroatom, to the corresponding substituted indole o/ _ multitask. N A\
derivatives via isomerization/cycloisomerization/aromatization. This strategy N/\/cat system R“ N
provides an atom-economical and straightforward synthetic approach to a series up to 89%
of valuable indoles having vinyl and silylmethyl groups at the 2- and 3-positions. isomerization aromatization
cycloisomerization
R', R?, R3® = Me, Et, Ph, Bn, t-Bu
R* = H, Me, Cl, CN, CO,Me, F, OMe

he substituted indole structure is a widespread hetero- Scheme 1. Previous Works on Transition-Metal-Catalyzed

cyclic skeleton in natural products, optoelectronic Indole Syntheses Using 1,n-Enynes or -Dienes and This
materials,”> and pharmaceutical agents (anticancer activity, Work
antimicrobial activity, anti-HIV activity etc.).3 Classic method- a. Previous works of indole syntheses using 1,n-enyne or diene
ologies for indole synthesis have been investigated very well.* P 7
However, these methods are not only restricted to some harsh EIK 5 —RuorfeorPd mi
conditions in which strong acids (or bases) and heating are EC:\V/ PG
used for transformations but also applied to a narrow scope of b. Our previous work (2017): Ruthenium-catalyzed cyclization of 1,7-enyne (2 cat. system)
substrates. On the other hand, recent transition-metal- 1.Mes—N__N-Mes
catalyzed indole synthesis methods have been attractive P K SoRu-n Rl
because of their high efficiency, mild conditions, and wide ) 7 RUHCICONPPNy), , P I 2 cyetoisomenation s
substrate scope. Among them, transition-metal-catalyzed NSNS omenzaton NN 2 (00 SN N
cyclization of enynes or dienes is one promising reaction Ri= SiMer Sie,fh, £Bu ol CHo cHo
because of the easy transformation from an uncomplicated R?= H, CI, Me, OMe, CO,Me
acyclic structure to a multisubstituted CyChC structure.s c. This work: Iridium-catalyzed cyclization of 1,7-enyne (1 cat. system) -
Especially, researchers envisioned that transition-metal-cata- P .
lyzed cyclization of enynes or dienes could be utilized as a R (relicolz, SPhos, NaBATe = T \
useful indole synthesis approach. Indeed, transition metal (Ru, > E;\/ ot s saneren et Yo

Fe’ Pd)-catalyzed CyCllZatlon Of 1;7'dlenes and 1;6'enynes, R®= SiMe, SiEts, SiMe,Bn etc. | Firgt example of indole synthesis using 1,7-enyne with multi-task catalyst

Wthh are reactions between an enamide and a multlple bond R*= H, Cl, Me, OMe, F, CO;Me y Cascade reaction of isomerization, cycloisomerization and aromatization
. 3 PG=Ts, p-Anisyl sulfonyl etc.  High tolerance of bulky sulfony! protecting group

without a heteroatom, have been reported to yield the

corresponding indole derivatives, and further chemical trans- .
P 8 VaAtves, )67 necessary. Also, this method cannot tolerate a more stable

formations of them are rather difficult (Scheme 1a).” . . .
However, transition-metal-catalyzed cyclization between an and synthetically useful bulkier sulfonyl protective group on
i Y U nitrogen very well.

enamide and a multiple bond with a heteroatom, which gives
indole derivatives with a heteroatom substituent, have not been
developed except in our report of Ru-catalyzed cyclization of
1,7-enynes involving an aromatic enamide and a silylalkyne
(Scheme 1b).* Although it is an atom-economical and efficient
method to yield 2-vinyl-3-(silylmethyl)indoles, which have
chemical transferability, two kinds of Ru catalysts and one
more extra camphorsulfonic acid for aromatization are
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Here we report the first example of indole synthesis using
1,7-enynes in which both multiple bonds have a heteroatom
with just a single multitask catalyst, [IrCl(cod)],.” The
catalytic system could promote isomerization/cycloisomeriza-
tion/aromatization of N-allyl-N-sulfonyl-o-(4'-silylethynyl)-
aniline derivatives to give the corresponding 2-vinyl 3-
silylmethylindole derivatives (Scheme 1c) and tolerates a
bulkier protecting group (a sulfonyl group) on nitrogen.

At first, we subjected starting material la having
trimethylsilylalkyne and allylsulfonylamide groups to several
sets of reaction conditions using a variety of organometallic
catalysts, ligands, and additives (Table 1). As a result, we

Table 1. Optimization of the Reaction Conditions

SiM [IrCl(cod)], (10 1%) Me;Si SiM
= ° rng:zd 20 méﬂz) = e
additive (20 mol%) N\
N/\/ solvent N\ N/\,ﬁ“
+ reflux, 48 h \ )
s Ts Ts
1a 2a 1a’
entry ligand additive solvent (M) yield (%)°
1 PCy, NaBAr", (CH,CI), (0.1) 22
2 P(t-Bu), NaBAr, (CH,CI), (0.1) 0
3 XPhos NaBArf, (CH,CI), (0.1) trace
4 RuPhos NaBAr, (CH,CI), (0.1) 72
5 L1 NaBArf, (CH,CI), (0.1) 75
6 SPhos NaBAr, (CH,CI), (0.1) 78
7 L2 NaBAr, (CH,CI), (0.1) 73
8 L3 NaBArf, (CH,CI), (0.1) trace
9 SPhos AgOTf (CH,CI), (0.1) trace
10 SPhos AgSbF (CH,CI), (0.1) 18
114 SPhos NaBAr, (CH,CI), (0.1) 56
122¢ SPhos NaBAr%, C4H,CF; (0.1) 88
13b¢ SPhos NaBArf, C¢H,CF; (0.05) 92 (89/)
145¢ SPhos NaBAr', C4H;CF, (0.02) 80
15 SPhos - C4H,CF; (0.1) 0
167 SPhos - C¢H,CF, (0.1) trace

45 mol % [IrCl(cod)], 10 mol % SPhos, and 10 mol % NaBAr,
(Arf= 3,5-bis(trifluoromethyl)phenyl). b4 mol % [IrCl(cod)],, 8 mol
% SPhos, and 8 mol % NaBAr’,. “12 h. ¥8 mol % [Ir(cod),]BAr",, 8
mol % SPhos. “NMR yields were determinded using 1,3,5-
trimethoxybenzene as an internal standard. “The isolated yield is
shown in parentheses. °ORTEP drawing of L3 at the 50% probability
level (CCDC 2075648).

l PCy, O PCy, O
. . PCy, PCy,
i-Pr -Pr MeO. OMe
i l RO O OR O MeO O OMe
OMe MeO OMe

-Pr

RuPhos (R = i-Pr)
L1 (R=Et)
SPhos (R = Me)

XPhos L2 L3 X-Ray structure of L39

obtained the desired 2,3-disubstituted indole 2a in 22% yield
when we refluxed a dichloroethane solution of 1a, [IrCl(cod)],
(10 mol %), PCy; (20 mol %), and NaBAr", (20 mol %)
(entry 1). Then, in order to improve the yield of 2a, we
screened a P(t-Bu), ligand, which has a slightly bigger cone
angle than PCy;, along with other phosphine ligands that are
sterically bulky (XPhos) or electron-rich (RuPhos, L1, and
SPhos).10 The product 2a was obtained in yields of 0%, trace,
72%, 75%, and 78%, respectively (entries 2—6). Furthermore,
we designed L2 and L3, which have different steric
configurations and more electron-donating groups on the
biphenyl core, and tried to perform the same reaction as above.
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However, the yield of 2a was not improved (73% and trace;
entries 7 and 8). On the basis of the ligand screening results,
we fixed SPhos as the best ligand and continued the
optimization, focusing on metal salt additives to activate the
iridium catalyst species and promote the reaction. We chose
silver salts (AgOTf and AgSbF) and added them to the above
reaction mixtures.'' As a result, the yield of 2a sharply
decreased to trace and 18%, respectively (entries 9 and 10).
Next, the effects of the catalyst loading, solvent, and
concentration were examined. At first, we decreased the
catalyst loading of iridium to S mol % (entry 11). As a result,
only a 56% vyield of 2a and a 28% yield of isomerized
intermediate 1a’ were obtained, as confirmed by 'H NMR
spectroscopy. To perform the reaction at a higher temperature,
a,a,a-trifluorotoluene was chosen because of its higher boiling
point and same electrostatic constant as (CH,Cl),. The yield
of 2a was improved to 88% (4 mol % [IrCl(cod)],), even
within 12 h (entry 12). We then examined the concentration of
the reaction mixture (0.05 and 0.02 M) in this Ir-catalyzed
cascade reaction, and 2a was obtained in 92% and 80% yield,
respectively (entries 13 and 14). In a control experiment in the
absence of NaBAr",, the reaction did not proceed at all (entry
15), and when [Ir(cod),]BArf, was used in place of
[IrCl(cod)], and NaBArf, only a trace yield of 2a was
obtained (entry 16). In addition, we confirmed that other
metal catalyst systems ([Rh(cod),]BF, and Ni(cod),), which
showed excellent cycloisomerization activities in the past,' "
did not work well.

We next examined the effect of substituents on the alkyne or
nitrogen (Scheme 2). Silylalkyne derivatives 1b, 1c, le, and 1f
(with SiEt;, SiMe,Ph, SiMe,Bn, and SiPh,Me groups,
respectively) gave the corresponding indoles in yields of 75%
(2b), 79% (2c), 82% (2e), and 83% (2f). In contrast,

Scheme 2. Effect of Substituents on the Alkyne or Nitrogen”

[IrCi(cod)]; (4 mol%)
SPhos (8 mol%)
NaBAr", (8 mol%)

CeHsCF (0.05 M)

R!

Q\/
N/\/

' reflux, 12-27 h

R? R2
1 2
Me;Si EtsSi PhMe,Si t-BuMe,Si
N N N NN
\
Ts Ts Ts Ts
2a, 89% 2b, 75% 2¢, 79% 2d, 68%"
BnMe,Si MePh,Si PhsSi MesSi
NN NN NN NN
Ts Ts Ts Ms
2e, 82% 2f, 83% 2g, 37% 2h, 91%
Me;Si Me;Si
@E%—\ @E%—\
NN NN
=0 =0
0= 0=S
OMe F
2i, 80% 2j, 82%

“Isolated yields are shown. %6 mol % [IrCl(cod)],, 12 mol % SPhos,
12 mol % NaBArF,.
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derivatives 1d and 1g having bulky silyl groups were converted
to 2d and 2g in 68% and 37% vyield, respectively. Carbon-
substituted derivatives (R! = Me (S1a), Ph (S1b)) were not
transformed to the corresponding indoles, which implied the
importance of the electron-donating silyl substituent on the
alkyne in this Ir-catalyzed cyclization. To know the effect of the
substituent on nitrogen, we also performed the same reaction
using substrates 1h—j with other sulfonyl protecting groups
and obtained the corresponding indole derivatives in yields of
91% (2h), 80% (2i), and 82% (2j). In addition, we prepared
formyl and benzoyl derivatives (R> = CHO (S1c), Bz (S1d))
and subjected them to the optimized conditions, but only trace
amounts of the corresponding products were obtained.

The effect of substituents on the benzene ring was
investigated by subjecting substrates 1k—u to the optimized
reaction conditions (Table 2). The indole products 2k—m, 20,

Table 2. Effect of Substituents on the Benzene Ring

SiMe, [IrCl(cod)], (4 mol%) Me;Si
3 4 SPhos (8 mol%) 3
4@/ NaBArF, (8 mol%) 4@%_\
5R\/\6 N/\/ CeHsCF3 (0.05 M) 5% ~N  \
Ts reflux, 12-34 h R 6 s
1 2
entry 1 R 2 yield (%)
1 la H 2a 89
2 1k 3-Cl 2k 59
3 11 4-Cl 21 39
4 Im 5-Cl 2m 82
S 1n 6-Cl 2n 0
6 1o 4-Me 20 85
7 1p S-Me 2p 79
8 1q 4,6-Me, 2q 0
9 1r 4-CN 2r trace
10 1s 4-OMe 2s 80
11 1t 5-CO,Me 2t 73
12 Iu S-F 2u 78

“Isolated yields.

2p, and 2s—u were obtained in high or moderate yields
(entries 2, 3, 4, 6, 7, 10, 11, and 12). However, substrates 1n
and 1q, having a substituent at the 6-position, did not adapt
themselves to the reaction conditions, probably because of
their steric hindrance toward the iridacycle intermediate
(entries S and 8). Substrates 1r and 1s were converted to
the corresponding cyclized indole products 2r and 2s in trace
and 80% vyield, respectively (entries 9 and 10). These results
suggest that an electron-withdrawing group at the 4-position
disturbed the key coordination of the silylalkyne to iridium
metal.

We also examined the effect of the alkene substituent using
1v and 1w (Figure 1) and found that the cyclization of 1v or
1w to give the corresponding indoles did not proceed at all
under the optimal reaction conditions, which means that a
methyl substituent on the alkene impedes the reaction.

SiMeg SiMe;
.
N/\|/ N/\/w.,L
Ts Ts
1v 1w

Figure 1. Structures of 1v and 1w.

The reaction was also tested on a 2.08 mmol scale (Scheme
3a). When we performed the reaction under standard

Scheme 3. Reaction on a 2.08 mmol Scale and Chemical
Transformations

a. 2.08 mmol scale reaction
SiMes Me;Si

=
standard conditions
. A\
,}‘/\/ N \
Ts s

1a

2a
2.08 mmol 1.68 mmol (81%)

b. Chemical transformation

Me;Si
paraformaldehyde (20 eq.)
CsF ( 1eq
DMF (0.1M)
110 °C, MWI 1h
54%
2a
Me;Si Me3Si
Mg (40 eq.)
_ NHCl(10eq)
MeOH 0 1M
8%
2a 4

conditions using 2.08 mmol of 1a, the corresponding product
2a was obtained in 81% yield. Moreover, the obtained
compound 2a was applied to chemical transformations
(Scheme 3b). When 2a was treated with paraformaldehyde
and CsF, the one-carbon extension product 3 was formed.
Another fluoride reagent (e.g., n-Buy,NF) decomposed the
substrate and did not give the desired compound. In addition,
we tried deprotection of 2a under Mg/MeOH conditions and
obtained product 4 in 78% yield.

To study the reaction mechanism, we used electrospray
ionization mass spectroscopy (ESI-MS) to obtain some
information about the iridium species in this reaction. The
reaction with a stoichiometric amount of iridium species (1
equiv) was performed within 5 min and then was analyzed.
Consequently, we detected a peak for C,,HsgIrNO,PSSi at m/
z 984.3222 (see Figures S2 and S4), which possibly
corresponds to intermediate C with further elimination of
two hydrogens. Its exact mass (984.3222) is 2 fewer than the
simulation mass (986.3374), probably because of the trend to
keep a stable state (C’ or C”) by elimination during ESI-MS
analysis (Figure 2). Also, we found a peak for C3,H,,IrO,P at
m/z 711.2943 (see Figures S2 and S3), corresponding to the
iridium complex [Ir]* in Figure 2.

A plausible mechanism for the iridium-catalyzed cyclization
is shown in Scheme 4. The cationic iridium complex reacts
with the substrate to form the isomerized product 1a’.'* Then
the double bond and triple bond coordinate to the Ir species to
form intermediate B. Iridacycle intermediate C is generated via

Me;Si Cy\ Me;Si Cy\
Ir"' 0 Ir‘” o
c c" (i

Figure 2. Structures of reaction intermediates predicted by ESI-MS.
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Scheme 4. Plausible Catalytic Cycle

SiMe; SiMe;
Z 1/2 [IrCl(cod)],
SPhos N
NN NaBArF, NN

Ts Is
1a 2a
| -
,/ Me;Si
/ / . _H
P { (—Ir”
— N ~
/ N — NN
/ \ o s N
y .
\ Reductive E MesSi{ | —H
y SiMe; \ ¥/ Eiimination Y/
% _H isomerization 4
Ir 4
o (1 NN
NS / Ts
Ts

‘ ) _— y D
A N / | e I ization / ar I

2 \ -H Elimination |
N\ SiMes \ /

\ /
P \ /
B ~ ~\ SiMe; SiMes

7, Cy.&Y PRI {: Z_X/:
P O N I Ir

I /

P Ts Oxidative
E, 0 o. 1a' NN Cyolization - N
O N Ts — = T

S
B [

oxidative cyclization, and subsequent S-H elimination gives
intermediate D. Finally, aromatization and reductive elimi-
nation proceed to give the corresponding 2,3-disubstituted
indole 2a.

In conclusion, we have found the first example of single-
iridium-catalyst-catalyzed isomerization/cycloisomerization/
aromatization of N-allyl-N-sulfonyl-o-(4'-silylethynyl)aniline
derivatives, in which both multiple bonds have a heteroatom,
to give substituted indole derivatives. This methodology
enabled the synthesis of a series of 2,3-disubstituted indoles
having vinyl and silylmethyl groups at the 2- and 3-positions,
respectively. In addition, some information about the iridium
species in this reaction was obtained by ESI-MS.
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