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ABSTRACT: Site-selective direct functionalization of indole benzenoid core has been a great challenge due to its inherently poor
reactivity. We herein demonstrate an iridium-catalyzed C4-selective acylmethylation of indoles using a-carbonyl sulfoxonium ylides
as carbene precursors. This method exhibits high efficiency and broad functional group compatibility. The directing group was easily
removed or converted to other functionalities after the catalysis. The potential synthetic utility of the coupling products was high-

lighted by constructing medium-sized polycyclic indoles.

Indoles and their derivatives are definitely important struc-
tural motifs with promising applications in various research
fields involving biochemistry, medicinal chemistry, materials
science, etc.! In this regard, site-selective functionalization of
the indole core adopting transition metal catalysts has attracted
significant attention® because of the wide prevalence of func-
tionalized indoles in biologically active compounds and natural
products. Particularly, the selective functionalization of the in-
dole benzenoid core (C4-C7), which are inherently less reactive
than the pyrrol ring (C2 and C3), remains as a tremendous chal-
lenge. Over the past decades, some catalytic approaches involv-
ing alkylation,’ alkenylation,* alkynylation,’ arylation,® amina-
tion,” and borylation® have been achieved in the presence of ap-
propriate directing groups.

Meanwhile, transition-metal-catalyzed insertion reactions of
carbenoid species have emerged as efficient synthetic tools for
the C—C and C-heteroatom bond formations.’ a-Diazo carbon-
yls have been widely utilized as carbene precursors for the in-
stallation of sp*-carbon fragments. Other carbene surrogates
such as hydrazones®!° and triazole!™!? derivatives have also
functioned for the catalysis; however, a potential safety risk of
the vigorous nitrogen gas release from these reagents is inevita-
ble. Accordingly, it has been of great demand to establish stable,
user-friendly, and efficient carbene sources. In analogy to the
diazo-derived carbenoids, sulfoxonium ylides were optimized
as the safer alternative in the carbene insertion chemistry due to
their operational simplicity and stability even in relatively harsh
reaction conditions.”'*!* More recently, the groups of Aissa
and Li independently introduced the use of sulfoxonium ylides
for the coordination-assisted C—H functionalization strategy un-
der Cp*Rh catalysis.!> A series of arenes and heteroarenes suc-
cessfully underwent the direct acylmethylation. Afterward,

Wang et al. reported a similar transformation using an analo-
gous Cp*Co catalyst.'® These leading contributions prompted
the synthetic community to explore the utility of the ylide rea-
gents. To date, many catalytic reactions have been established
utilizing the reagents as the coupling partners'”-!® as well as the
bifunctional directing groups.'” However, to the best of our
knowledge, direct C—H acylmethylation onto the indole ben-
zene ring has not been realized, whereas the C2-selective reac-
tion is well-explored with pyridine and pyrimidine directing
groups placed at the indole nitrogen atom (Scheme 1a).'>16

Scheme 1. Schematic Representation of the Site-Selective Di-
rect Acylmethylation
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As recent contributions to the direct C—H functionalization of
the indole benzenoid core, we developed a Rh-catalyzed C4-
selective alkenylation*>* and Ir-catalyzed C4/C7-selective al-
kynylation® with the aid of thioether directing groups. A nota-
ble feature of these reaction systems is that the sulfur directing



groups can readily be removed or be replaced with other func-
tionalities after the catalysis. In this letter, we report the first
C4-selective acylmethylation of indoles adopting the sulfoxo-
nium ylides as the carbene precursors (Scheme 1b). This trans-
formation does not require any external oxidant and, intri-
guingly, is currently achievable only with the aid of sulfur di-
recting groups. The significance of this work is demonstrated
by the post-functionalization of the coupling products into some
medium-sized polycyclic indoles.

As an initial attempt, we examined the reaction of 1-methyl-
3-(methylthio)-1H-indole (1a) with a representative benzoyl
sulfoxonium ylide 2a (Table 1).2° Under the standard reaction
conditions adopting [Cp*IrCL]> (2.5 mol %) catalyst, NaOAc
and PivOH additives in HFIP solvent,?! the C4-functionalized
product 3aa was obtained in 85% yield (62% isolated yield)
(entry 1). The structure of 3aa was confirmed by X-ray crystal-
lographic analysis.?” The desired coupling product was not ob-
tained in the absence of the iridium catalyst (entry 2). An anal-
ogous rhodium complex [Cp*RhCl,], was totally ineffective to
the present transformation (entry 3). Considerable decrease of
the productivity was inevitable without the additives (entries 4
and 5), and a slightly lower yield was obtained with decreased
amounts of the additives (entry 6).

Table 1. Optimization Study for the C4-Selective Acylmethyl-
ation of 1a “

OB ey L
{ . L nge PivOH (3.0 equiv.) R SMe
[IN; RT>e  HFIP(1.0mL) N\
e 100 °C, 36 h N
1a@2mma) 20 R O s M
entry deviation from the standard conditions  yield ©
1 2a  None ?35/02)
2 2a  w/o [Cp*IrCLl]2 n.d
3 2a  [Cp*RhClL]z instead [Cp*IrClz]2 Trace
4 2a  w/o NaOAc 50%
5 2a  w/o PivOH 20%
6 2a 2.0 equiv each NaOAc and PivOH 68%
7 2a  KOAc instead of NaOAc 40%
8 2a  LiOAc instead of NaOAc n.d
9 2a  CsOAc instead of NaOAc n.d
10  2a  with AgSbFs (10 mol %) (25%)
11 2b None (85%)

@ Standard conditions: 1a (0.20 mmol), 2 (0.20 mmol),
[Cp*IrCl2]2 (2.5 mol %), NaOAc (0.6 mmol), PivOH (0.6 mmol)
in HFIP (1.0 mL) at 100 °C for 36 h. ® Determined by NMR analy-
sis. Isolated yields are in parentheses. HFIP = 1,1,1,3,3,3-hex-
afluoro-2-propanol, n.d. = not detected

Use of KOAc instead of NaOAc resulted in poor product
yield (entry 7), whereas other acetate salts LIOAc and CsOAc
obstructed the reaction (entries 8 and 9). In the presence of
AgSbFs as an anion-exchange agent, the product yield consid-
erably dropped to 25% (entry 10). Other solvents such as TFE
(trifluoroethanol), DCE (dichloroethane), PhCF3, THF, and 1,4-
dioxane were not suitable for the present transformation (not

shown). The use of acetyl sulfoxonium ylide 2b as the carbene
source instead of 2a significantly improved the reaction effi-
ciency to afford the target product 3ab in 85% isolated yield
(entry 11).

With the optimal reaction conditions (Table 1, entry 11) in
hand, we evaluated the scope of various C3-SMe indoles for the
C4-selective acylmethylation with the sulfoxonium ylide 2b
(Scheme 2). This protocol was rather sensitive to the steric bulk-
iness around the C4 position since 5-chloroindole 1b reacted
sluggishly to provide 3bb in 17% yield, whereas 5-methoxyin-
dole 1c¢ gave the corresponding product in 52% yield. C6-Sub-
stituted indoles 1d (6-Cl), 1e (6-Br), and 1f (6-CO,Me) were
well tolerated to give the desired products in higher 50-58%
yields. The reaction was also successful with C7-substituted in-
doles 1g (7-Cl), 1h (7-Br), and 1i (7-Me) as well as a benzo-
fused indole 1j, leading to the exclusive formation of the C4-
functionalized indoles 3gb-3jb in high yields. Unfortunately,
indoles bearing a substituent at the C2 position could not par-
ticipate in the reaction (not shown).

Scheme 2. Scope of Indoles ¢
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¢ Reaction conditions: 1 (0.2 mmol), 2b (0.4 mmol),
[Cp*IrCL2]2(2.5 mol %), NaOAc (0.6 mmol), PivOH (0.6 mmol) in
HFIP (1.0 mL) at 100 °C for 36 h. *Isolated yield in 1.0 mmol scale.

We then examined the effect of some protecting groups on
the indole nitrogen atom. N-Benzyl (1k) and N-p-methoxyben-
zyl (11) indoles exhibited similar reactivity as compared to 1a,
whereas an electron deficient N-tosyl (1m) group retarded the
reaction. These protecting groups were practically more attrac-
tive due to their ease of removal. With respect to the sulfur di-
recting group, SCy (1n) and SPh (10) were also effective to trig-
ger the selective C—H activation at the C4 position. In sharp
contrast, other well-established carbonyl directing groups such



as aldehyde, ketone, carboxylic acid and ester all failed to stim-
ulate the reaction at the C4 as well as at the C2 positions. These
substrates were totally recovered unreacted under the standard
conditions, vividly highlighting the peculiar utility of the sulfur
directing groups. This might be attributed to the sufficient sta-
bilization of the 5-membered rhodacycle, formed via C—H acti-
vation at the C4, by the coordination of the sulfur atom.

We prepared a series of sulfoxonium ylides 2c¢-20 and
screened for the present catalytic system (Scheme 3). For the
substituted benzoyl sulfoxonium ylides, functional groups in-
volving chloro (2¢, 2e, 2i), bromo (2d, 2f, 2j), trifluoromethyl
(2g), and ester (2h) on the benzene ring were well tolerated to
give the corresponding C4-functionalized indoles in moderate
to high yields. In addition, sulfoxonium ylides bearing 2-naph-
thyl (2k), cyclohexyl (21), and primary alkyl (2m) moieties were
smoothly converted to the target compounds. Although cin-
namyl (2n) and 3-methylcrotonyl (2p) ylides were not produc-
tive with the standard SMe directing group (1a), interestingly,
the desired coupling products were obtained in moderate yields
with the aid of SCy (1n) director.

Scheme 3. Scope of Sulfoxonium Ylides ¢
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@ Reaction conditions: 1 (0.2 mmol), 2 (0.4 mmol),
[Cp*IrCl2]2(2.5 mol %), NaOAc (0.6 mmol), PivOH (0.6 mmol) in
HFIP (1.0 mL) at 100 °C for 36 h. *Tsolated yield of 1.0 mmol scale.

In recent years, removability of directing groups from the
substrates has emerged as an important criteria for the chela-
tion-assisted transformations.?® To our delight, the SMe group
of the coupling products 3aa and 3ab was easily removed upon
treatment with Raney Ni to give 3aa-1 and 3ab-1 in high yields,
keeping the installed functionality at the C4 untouched (Scheme
4).2* Such an orthogonal reactivity between the thioether and
the acylmethyl groups prompted us to test some additional deri-
vatization reactions. The SMe was preferentially oxidized into
the sulfoxide 3aa-2 under the conditions using H,O,/Tf,0,
whereas the reaction with Cu(OAc), H,O induce the benzylic
oxidation® to form an o-diketone 3ab-2. Alkylation of 3aa us-
ing a Grignard reagent furnished the tertiary alcohol 3aa-3 in

excellent yield. Additionally, we found that the dimerization of
3ab took place in the presence of a Cp*Rh catalyst and
Cu(OAc),'H,0 as oxidant to give 3ab-dimer in 35% yield.?
The connectivity was unambiguously determined by X-ray
crystallographic analysis.*

Scheme 4. Derivatization of the C4-Functionalized Indoles
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The ease of the SMe group removal is practically beneficial
for the post-functionalization because the nucleophilic indole
C3 site would facilitate the installation of additional functional-
ities. Indeed, polycyclic indole derivatives with a conjunction
of'the C3 and C4 positions are frequently found as key structural
motifs in many natural products and bioactive compounds (Fig-
ure 1);*” however, limited synthetic methods have been availa-
ble for the construction of the medium size ring scaffolds. In
order to demonstrate the utility of the developed catalytic sys-
tem, we challenged ourselves to convert 3aa-1 and 3ab-1 to
some C3-C4 looped molecules.

o
H\
N N,Me M
Me“‘"ﬁ AN H Me

H
S
N
H

hapalindole A H

\ Br

ergometrine dragmacidin E
Figure 1. Examples for C3-C4 looped indole derivatives in natural
products and bioactive compounds.

As the first example, Michael addition of 3aa-1 to acrolein in
the presence of AuCls as catalyst produced the corresponding
aldehyde 3aa-4 (Scheme 5).2® This was further treated with
K>CO; in methanol to ensure the intramolecular aldol conden-
sation, furnishing a seven-membered ring product 3aa-5 in 93%
yield.

Scheme 5. Synthesis of a Seven-Membered Tricyclic Molecule

o o _0 0
Ph O pn Bh ‘
cat. AuCly K,CO3
N Ny O \
N CH3CN, rt N MeOH, rt N
Y H 0,
3aa-1  Me 30min, 85% 3aa-4 Me 2h,93% 3aa-5 Me

Our second approach employed the cobalt-catalyzed alkyne
trimerization (Scheme 6).%® The acetyl variant 3ab-1 was con-
verted to the alkynol 3ab-3 using ethynyl magnesium chloride.



The hydroxyl group was protected as the benzyl ether (3ab-4),
followed by the gold-catalyzed direct C3-alkynylation 3ab-5 in
61% yield. Subsequent silyl deprotection and [2 + 2 + 2] cy-
cloaddition with diphenylacetylene afforded the tetracyclic
compound, which was converted to the corresponding alkene
3ab-7 via the elimination of a benzyl alcohol.

Scheme 6. Synthesis of a Seven-Membered Tetracyclic Mole-
cule
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Among the series of medium-sized cyclic architectures, nine-
membered systems are still one of the most difficult rings to
access because of the significant entropic and enthalpic penal-
ties.3!32 Accordingly, we tackled this issue relying on the intra-
molecular hydroarylation under gold catalysis (Scheme 7).33
Reduction of the carbonyl moiety within 3aa-1 by LiAlH, fur-
nished the alcohol 3aa-6, which was further transformed to the
corresponding propargyl ether 3aa-7 upon treatment with pro-
pargyl bromide. Thereafter, this precursor was converted to the
allenyl ether intermediate in situ and subjected to the gold-cat-
alyzed intramolecular cyclization. Gratifyingly, the desired
nine-membered tricyclic product 3aa-8 was obtained as a pure
cis-isomer in synthetically meaningful 54% yield.

Scheme 7. Synthesis of a Nine-Membered Tricyclic Molecule.
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In conclusion, we have developed the direct C4-selective
acylmethylation of indole using a-carbonyl sulfoxonium ylides
as carbene precursors under iridium catalysis. Intriguingly, the
current transformation was only achievable with the aid of sul-
fur directing groups. Various functional groups on the indoles
as well as on the ylides were well tolerated under the catalytic
conditions. The synthetic utility of the coupling products was
highlighted by applying to the construction of C3-C4 looped
medium size ring scaffolds, which are ubiquitous in many bio-
logically important compounds.
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