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ABSTRACT: A new approach to C-2 arylated indoles has been developed by utilizing a ruthenium-catalyzed, heteroatom-
directed regioselective C—H arylation. The reaction is highly site-selective and results in very good yields. The highlight of the
work is the use of a removable directing group and compatibility of the catalytic system with halogen functional groups in the
substrates.
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groups are the most widely employed methods.®> The direct
arylation reaction,” using transition-metal catalysis, forms a very
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important constituent of C—H functionalization, often proceed- Itahara,”® several other directing groups such as amides,
ing via five- or six-membered cyclometalation. This also forms carboxamides, carbamates, N-pyrimidyl, and N-pyridyl have
the basis of an efficient directing group system design where been used for driving the arylation with C2 selectivity for indoles.
tighter transition states and compact metallacycles lead to high Of these, the synthetic utility of the method is greatly
selectivities.’ enhanced when removable directing groups are employed.
The indole system has been one of the most studied Ackermann and co-workers showed the utility of N-pyrimidyl as
heterocycles in terms of skeletal modification.® This is simply well as N-pyridyl groups in the regioselective arylation of indoles
due to the high biological relevance of indoles being ubiquitous when using a Ru(II)—Ru(IV) catalytic system with aryl
in nature and by virtue of it being part of several important halides.”™ Recently, Loh and co-workers used N-pyrimidyl as a
natural products or pharmaceuticals including alkaloids. 2- directing group and arylsilanes as the coupling partner in a
Arylindoles are the constituent of several natural products and Rh(IIT)—Rh(I) catalytic system.”d We report herein the use of a
pharmaceutically important chemical entities (Figure 1).” The removable N-pyridyl directing group in regioselective C2 direct
transition-metal-catalyzed C—H arylation of indoles has been arylation of indoles with arylboronic acids using a Ru(1I)~Ru(0)
quite well studied, with several research groups developing catalytic system. The reaction works extremely well with a very
efficient catalyst systems to guide the regioselectivity to either C2 broad substrate scope and very good yields. The highlight of the
or C3 position of indoles. One of the strategies involving C—H work is the use of bromo-substituted arylboronic acids as well as
arylation at the C2-position has utilized a postulated electrophilic substituted bromoindoles for the coupling, which cannot be used
metalation at C3, followed by a 1,2-shift of the metal, to achieve with most of the methods used in the literature, thereby
the desired transformation.® In other cases, directing groups on providing a handle for further functionalization.
the indole nitrogen guide the site-selectivity.” In some of the
pioneering works, arylations with high selectivities have been Received: February 20, 2015
achieved even with NH-indoles.* Following an early report by Published: March 12, 2015
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Our group. has been interested in C—H functionalization of
heterocycles,"" especially the direct arylation reactions of
heteroarenes and their application in natural product synthesis.
In one of the natural product syntheses, we were required to
introduce on a substituted indole, an aryl group, which carried
two bromide substituents for further functionalization. In this
regard, we decided to develop a new catalytic system with a
removable directing group for the direct C2 arylation of indoles.
Our initial efforts started with scanning of several catalyst systems
along-with an appropriate directing group for the indole system.
For this, the acetyl, arylsulfonyl, pyrimidyl, pyridyl groups were
among the ones scanned. The best results were obtained with N-
2-pyridyl as the directing group and [RuCl,(p-cym)],/Ag,0/
Cu(OTf),/dioxane with arylboronic acids as the coupling
partner (Table 1).

Under these conditions, use of N-phenyl, N-Ts, or N-
phenylsulfonyl groups resulted only in the homocoupling of
arylboronic acids, and the starting material mostly remained
unreacted. The use of N-Me resulted only into decomposition of
the starting material. With free —NH indole, the reaction was
very sluggish, and it probably deactivated the catalyst. Although
K;PO, worked well as a base, better results were obtained with
Ag,0. DMA as a solvent also yielded good results; however,
dioxane was the solvent of choice since better yields for the
desired conversions were obtained in it. Reactions in acidic
conditions did not work. Use of palladium catalysts resulted in
sluggish reactions, and selectivity between C2 and C3 was often
compromised. Both the ruthenium catalyst and Cu(OTf), were
necessary for the transformation. Without either of them, the
reaction did not work. Use of catalytic quantities of Cu(OTf),
resulted in low conversions. Therefore, the use of oxidant was
necessary in this transformation. Depicted in Scheme 1 is the
substrate scope for the standardized reaction conditions. The
reaction worked very well for almost all of the arylboronic acids
tried, and the site-selectivity was exclusive. Electronic effects on
the indole were also well tolerated. The reaction worked with
electron-donating as well as electron-withdrawing substituents at
the CS position of the indole. Better yields were obtained with
electron-withdrawing substituents at CS5. This could be
attributed to enhanced acidity of C2 C—H and low nucleophilic
character at C3 of the indole when substituents such as —NO,
were present at CS. The reaction worked beautifully well even
with a methyl substitutent at C3. Electronic effects were well
tolerated on the arylboronic acid, too. Good results were
obtained even with a free hydroxyl substituent (Scheme 1, entry
2ah). In the case of the 2-nitrophenylboronic acid, only the
protodeboronation product was observed. Sterically encumbered
arylboronic acids also worked out quite well (Scheme 1, entry
2an—ao). As desired, the reaction worked extremely well with
bromide substituents on both the coupling partners. With 4-
bromo-N-pyridylindole, small amounts of the cross-coupling
product of the bromide with the boronic acid were observed,
resulting in a C2,C4-diaryl product (~5%) along with the C2-
monoaryl product (2cc).

A plausible mechanism is depicted in Scheme 2. The first step
is probably the coordination of the ruthenium catalyst to the N-
pyridyl group. This is followed by C—H activation at C2 to result
in the ruthenacycle. Transmetalation with the arylboronic acid,
followed by reductive elimination, results in the C2-aryl indole.
The Ru(0) is then oxidized to Ru(II) by Cu(IL). Silver oxide not
only acts as a base, it facilitates the transmetalation and also
assists the reoxidation step. Since, with this catalyst system, the
reaction did not work with N-phenyl or N-Me groups on the

Table 1. Optimization Studies
catalyst, oxidant

m” +PhBOH); ——————— = ©:\>—Ph
N base, solvent, sealed tube N,

1 Py 2 Py

entry reaction conditions yield (%)

1 [RuCl,(p-cym)],/Cu(OTf),/Ag,0/CHCL,/ 70 trace
°C/12h

2 [RuCl,(p-cym)],/Cu(OTf),/Ag,0/ trace
CICH,CH,CI/70 °C/12 h

3 [RuCl,(p-cym)],/Cu(OTf),/Ag,0/DMF/100 55
°C/12h

4 [RuCl,(p-cym)],/Cu(OTf),/Ag,0/DMSO/100 trace
°C/12h

5 [RuCly(p-cym)],/Cu(OTf),/Ag,0/THE/50 47°
°C/12h

6 [RuCl,(p-cym)],/Cu(OTf),/Ag,0/xylene/100 st
°C/12h

7 [RuCl,(p-cym)],/Cu(OAc),/Ag,0/dioxane/100  trace
°C/12h

8 [RuCl,(p-cym)],/BQ/Ag,0/dioxane/100 °C/ NR
12h

9 [RuCl,(p-cym)],/DDQ/Ag,0/dioxane/100 °C/  NR
12h

10  [RuCL(p-cym)],/K,CO; (2 equiv)/dioxane/100  trace
°C/12h

11 [RuCL(p-cym)],/Ag,O (2 equiv)/dioxane/100 trace
°C/12h

12 [RuCL(p-cym)],/Cu(OTf), (2 equiv)/dioxane/ 30
100 °C/12 h

13 [Ruclz(p-cym)Jz/cu(OTf)Z/Agzo /DMA/100  86°
°C/1

14 RuClz(p cym) ,/Cu(OTf),/Ag,0/dioxane/ 90“

100 °C/1

1S [RuClL(p- cym) ,/Cu(OTf),/K;PO,/dioxane/ 814
100 °C/12 h

16  [RuCly(p-cym)],/Cu(OTf),/CsOPiv/dioxane/ 51¢
100 °C/12 h

17 [RuClz(p cym) ,/Cu(OTf),/Cs,CO;/dioxane/ 65%
100 °©

18 [RuClz(p-cwn) ,/Cu(OTf),/CF;CO,Na/ 10¢

dioxane/100 °C/12 h

19 [RuClL(p-cym)],/Cu(OTf),/Ag,CO;/dioxane/ 584
100 °C/12 h

20 [RuCly(p- cym) 1,/Cu(OTf),/CsOAc/dioxane/ 594
100 °C/12

21 [RuCly(p- cym) ,/Cu(OTf),/AcONa/dioxane/ 60"
100 °C/12

22 RuClz(p cym) 2/Ag,0 (2 equiv)/dioxane/100 0
°C/1

23 RuClz(p-cym) ,/Ag,0 (2 equiv)/TFA/70°C/ 0

24 RuClz(p cym) ,/(1-Ad)CO,H/K,CO;/xylene/  trace

120 °C/3
25 Cu(OTf)Z/AgZO/dloxane/IOO °C/16 h 0
26 Pd(OAc),/Cu(OTf),/Ag,0/dioxane/ 12°
100 °C/12 h

25%,1:3 C2:C3¢
9% 1:7.5 C2:C3°

27  Pd(OAc),/Cu(OTf),/Ag,0/TFA/70 °C/12 h
28 Pd(TFA)Z/Cu(OTf)z/AgZO/dloxane/

100 °C/12
29 Pd(TFA)Z/Cu(OTf)Z/AgZO/TFA/70 °c/12h  25§°
30  Pd(OPiv),/Cu(OTf),/Ag,0/dioxane/ st
100 °C/12 h

31  [RuCly(p-cym)],/Cu(OTf), (30 mol %), Ag,O 25%
(2 equiv)/dioxane/O, balloon/100 °C/12 h

32 Pd(OAc), PPhy, Na,S,05 AcOH, 1t, 5 h NR
“Isolated yields. YGC yields. “Determined by NMR; NR = no reaction.

indole, the role of the directing group seems to be necessary.
Therefore, it seems rather unlikely that the reaction would be
proceeding by an electrophilic metalation mechanism. An
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Scheme 1. Substrate Scope”
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Scheme 2. Plausible Mechanism for the Direct Arylation
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attempt to study deuteration with this system expectedly resulted
in a mixture of C3 and C2 deuterated products (77:38, C3:C2).
It is, however, difficult to draw conclusions with this observation.
A study of the kinetic isotope effect at C2 gave a value of 2.12 for
initial rates (Scheme 3). This moderate value probably indicated
that the C—H activation via a concerted metalation deprotona-
tion"> may not be the rate-limiting step or may be a reversible
process.'*

An attempt to compare rates of reaction for N-pyridylindole
with 3-methyl-N-pyridylindole resulted in a value of 3.62 for
relative rates. This probably could be attributed to steric reasons
arising out of the C3 substituent.

Finally, we successfully removed the directing group from the
arylated product in very high yields by simply treating it with
MeOTf and subsequent base treatment to result in the free NH-
indole (Scheme 4)."° The use of Mel, unfortunately, did not
provide the desired product.

1768

Scheme 3. Kinetic Isotope Effect and Relative Rate Studies

D (77%)
A [RuCly(p-cym)la, Cu(OTf),
+ D0 !
N (excess)  AgyO, dioxane, 100 °C,14 h (38 %)
1la by Py (by NMR)
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Scheme 4. Removal of the Directing Group

(i) MeOTI, CHyCly, 0°C-1, 12 h

N

(i) 2 M NaOH, MeQH, 60 °C, 10 h |
3a,080% H

In summary, we have developed a new ruthenium(Il)-
catalyzed method for the regioselective C—H arylation of indoles
incorporating a removable directing group. The method provides
access to 2-arylindoles bearing halogen substituents with scope
for further functionalization, thereby opening new avenues for
natural product synthesis. The method is simple, high yielding,
and very selective with very good substrate scope and is expected
to have good synthetic utility.
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