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Ruthenium-Catalyzed C—H Arylation of Benzoic Acids and Indole

Carboxylic Acids with Aryl Halides
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Abstract: Herein we report the first Ru-catalyzed C—H ary-
lation of benzoic acids with readily available aryl (pseudo)-
halides. The reaction, which does not require the use of
silver salt additives, allows the arylation of previously chal-
lenging hindered benzoic acids and the use of generally
unreactive ortho-substituted halorarenes. Furthermore, our
new protocol can efficiently be applied to indole carboxyl-
ic acids, thus allowing access to C7-, C6-, C5- and C4-ary-
lated indole compounds, a departure from the classical
enhanced reactivity of the C2 and C3 positions of indole.

The development of new methods for the production of bio-
logically and industrially relevant compounds, while retaining
a high level of atom-economy, still remains a big challenge in
the field of organic synthesis. The biaryl motif is a privileged
scaffold found in natural products, pharmaceuticals, and or-
ganic functional materials.”" C—H arylation, the coupling of an
arene (C,,_) with an aryl halide (C,,_y) is developing as a green-
er, more efficient and atom-economical route for the construc-
tion of biaryls compared to traditional methods.”’ Particularly,
the presence of Lewis basic directing groups (DG) within the
substrate has been identified as the most versatile approach to
bind the metal catalyst and selectively deliver it to a proximal
C—H bond in an intramolecular fashion.” However effective, di-
recting groups are rarely a necessity after the C—H functionali-
zation event, in which case, their removal decreases the overall
atom-economy of the process.” On the other hand, the use of
carboxylates as DGs brings several advantages as benzoic acids
are non-toxic, shelf-stable, cheap and readily available. More-
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Scheme 1. Carboxylate-directed C—H arylation of benzoic acids under Pd, Ir,
Rh and Ru catalysis.

over, the carboxylic unit can be exploited for selective transfor-
mations through decarboxylative pathways,” including
tandem  ortho-functionalization/decarboxylation processes.”’
Nearly a decade ago, the groups of Daugulis’® and Yu pio-
neered the Pd-catalyzed carboxylate-directed C—H arylation of
benzoic acids with aryl halides and aryl boron reagents
(Scheme 1), respectively. Subsequent contributions from our
group and those of Zhou, Zhao and Su have further developed
the scope and efficiency of these Pd-catalyzed processes.®""
Lan, You and co-workers also described a Rh-catalyzed oxida-
tive C—H arylation of benzoic acids with heteroaromatic com-
pounds."? More recently, GooBRen reported that aryl diazonium
salts are suitable electrophiles when using an Ir-catalyst."”
Most of these methods require the use of stoichiometric Ag-
salt additives and present important substrate scope limita-
tions, in particular, with respect to ortho-substituted aryl elec-
trophiles, hindered benzoic acids, and heteroaromatic carbox-
ylic acids. Despite the tremendous progress over the last few
years on the development of C—H arylation methods catalyzed
by the much cheaper transition metal ruthenium,*'¥ there
are no reports of the successful direct arylation of a benzoic
acid. On the other hand, couplings with alkenes and alkynes
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have been reported.*¥'% For these reasons, we set out to in-

vestigate the possibility of developing a Ru-catalyzed arylation
of benzoic acids employing readily available aryl halides as the
coupling partners. Herein we report a new method that allows
the arylation of benzoic acids with Ru-catalyst loadings as low
as 0.5mol%, and allows the use of ortho-substituted aryl
donors and hindered benzoic acids. Furthermore, we report
the first examples of a carboxylic acid directed C—H arylation
of indoles at the fused benzene core, which allow regioselec-
tive arylations at C4, C5, C6 and C7 positions.

Initially we investigated the reaction of o-toluic acid, 1a,
with 4-iodoanisole, 2a, with [RuCl,(p-cymene)],, K,CO; and 1,4-
dioxane at 100 °C (Table 1), classical conditions used in Ru-cata-

Table 1. Optimization of the Ru-catalyzed C—H arylation of 1a with 2a.
[Ru] (5 mol %)
y COzH | K:COj3 (2 equiv) COM O OMe
e . additive (1 equiv) Me
MeO solvent [0.5 M] O
100 °C, 16 h
1a 2a 3aa
(0.2 mmol) (2 equiv)
Entry Ru Solvent Additive 3aa”
1 [RuCl,(p-cymene)], 1,4-dioxane 2
2 [Ru(tBUCN)4](BF,), 1,4-dioxane 7
3 [Ru(tBuUCN)c](BF,), tBuCN 41
4 [Ru(tBuUCN)¢](BF,), tBuCN KOPiv 51
5 [Ru(tBuUCN)¢](BF,), tBuCN KOC(CF,), 61
6 [Ru(tBUCN)c](BF,), tBuCN KOC(CF,), >99
7064 [Ru(tBUCN)c](BF,), tBuCN KOC(CF,), >99
[a] Yield determined by 'H-NMR using 1,3-dinitrobenzene as internal stan-
dard. [b] Reaction carried out at 140°C. [c] [Ru(tBuCN)¢](BF,), (3 mol%),
tBuCN (8 equiv).

lyzed C—H arylation. Under these conditions, the cross-coupled
product 3aa was formed in 2% yield. In view of our mechanis-
tic studies on the nature of the Ru" species involved in the C—
H arylation of fluoroarenes,"® we hypothesized that a p-
cymene-free catalyst would provide better reactivity. Indeed,
the n-arene-free Ru" catalyst [Ru(tBuCN)I(BF,), recently devel-
oped in our group"® provided 3aa in 7% yield (entry 2). A sol-
vent screening revealed that more coordinating solvents in-
creased the formation of the cross-coupled adduct."” The
most effective one was tBuUCN, which afforded 3aa in 41%
yield (entry 3). Examination of other alkali carbonate bases, as
well as phosphines, pyridines and NHC-type ligands did not
result in any improvement in the yield of 3aa.'”’ The addition
of KOPiv (entry 4) further increased the formation of 3aa to
51%, possibly by assisting the C—H activation via a concerted
metalation-deprotonation (CMD) type pathway.'®4ef 152181 .
terestingly, when potassium perfluoro tert-butoxide was used
instead of KOPiv, 3aa was formed in 61% yield (entry 5). We
recently disclosed the higher activity of polyfluorinated alkox-
ide salts over more classical bases commonly employed to fa-
cilitate the metalation step."® The ability of polyfluoroalcohols
in promoting hydrogen-bonding in the presence of a suitable
proton acceptor,"®?? while maintaining a low concentration of
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acidic protons in solution in view of their relative low boiling
points, might provide a reasonable explanation behind their
exceptional reactivity. When the temperature was raised to
140°C, 3aa was yielded quantitatively (entry 6). Lastly, reduc-
ing the Ru-catalyst loading to 3 mol% and tBuCN to 8.0 equiv-
alents (entry 7) was possible, while maintaining the excellent
yield.

With the optimal reaction conditions in hand (Table 1,
entry 7) we explored the compatibility of our protocol with
a variety of functionalities on the aryl iodide coupling partner
for the arylation of o-toluic acid 1a (Table 2). The reaction tol-

Table 2. Scope of the Ru-catalyzed arylation of 1a with haloarenes 2a-

22.[a]
CO,H ,_
Me\© e 2l ‘
+ R |
NS
1a

[Ru(tBUCN)g](BF )2

conditions A

2a-z 3aa-3az

OM
l ve l C!OZ ¢ E"z ¢
Me Me OMeMe Me

3ad, so%lb cl
Me

3ac, 68%"’ "]

{PhBr, 80%L®)
'PhCI, 13%[ Me
{PhOTF, 57%!¢]
{PhOTSs, 0%l

X
O X=F (3ai, 87%)
X=

Cl (3aj, 93%)
X = Br (3ak, 76%)!1
=1(3al, 64% + 15% bis)(d!

CO,H
Me

=
[
O 3
3 @]
Ny
s
=
®

CO,H O
Ve O CF,
3ap, 76%

M

COZH COMe
come M€

3ar, 60%!1 3as, 77%l1

CO,H
/

z=
©

3av, 30%[°9l

NO CHO
COQH CO,H 2 CO,H
Me Me
3ax, 53% O 3ay, 0% O 3az, 0%

[a] Reaction conditions A: 1a (0.3 mmol), 2a-z (2.0equiv), [Ru(t-
BuCN)I(BF,), (3 mol %), K,CO; (2.0 equiv), KOC(CF;); (1.0 equiv) and tBuCN
(8.0 equiv) stirred under Ar in a closed vessel at 140 °C for 16 h. Yields are
of pure, isolated products. [b] [Ru(tBuCN)I(BF,), (6 mol%). [c] Isolated as
the corresponding methyl ester after derivatization with Mel. [d] 3.0 equiv
of H,0 were added. [e] Yield evaluated by "H NMR with 1,3-dinitroben-
zene as internal standard. [f] Reaction time 3 h. [g] Reaction time 1 h.

3au, 82%!

3aw, 95%

erates a wide range of substituents at the ortho, meta, and
para positions of the aryl iodide, affording the corresponding
biaryl products 3aa-3ax in moderate to excellent yields. Gen-
erally, electron-poor aryl iodides (3ab, 3ao-s, 3av) are less re-
active than electron-rich ones (3aa, 3af-g, 3at). Notably,
ortho-substituted aryl halides, which are unreactive under Pd

© 2017 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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3ah, 3am and 3au). Remarkably, halogen substituents were
tolerated while maintaining excellent yields (3 ai-n). Particularly,
the tolerance of bromo and iodo substituents open up new
avenues towards further coupling reactions. Electrophiles bear-
ing sensitive functional groups such as CO,Me (3bo), COMe
(3bn), SMe (3 bl) reacted smoothly in the protocol. In addition
to aryl iodides, the procedure was applicable to aryl bromides,
chlorides, as well as pseudohalide PhOTf, although with a re-
duced efficiency. Conversely, PhOTs was unreactive in the
system (3ae). Additionally, heteroaromatic iodides containing
the indole and thiophene core were successfully employed
under identical conditions (3av-3aw). Finally, iodoarenes con-
taining nitro- (3ay) and -CHO substituents (3 az) failed to react
in this system.

We then turned our attention to the generality of this
method with respect to the benzoic acid partner (Table 3). Ben-
zoic acids bearing a variety of electronically different substitu-
ents displayed excellent reactivity. Although ortho-substituted
benzoic acids reacted under standard conditions A (Table 1,
entry 7 and Table 2), meta- and para-substituted ones required

Table 3. Scope of the Ru-catalyzed arylation of benzoic acids 1b-1x with
4-iodoanisole 2a.”!

CO,H CO,H Ome
Z I [Ru(fBUCN)g](BF ), z
®F + — . ®f
X l conditions A or B X ]
MeO
1b-z 2a 3ba-za

[onho substituted benzoic acids (conditions A) PP = 4-( OMe)CsH4

COH CO,H
®\©, ' i _PMP Me\@PMP MeO. i ;

R = OMe (3ba, 93%) 3ga, 88%
R =F (3ca, 99%)

R = CF4 (3da, 92%)

R = COPh (3ea, 84%)!

[meta—substituted benzoic acids (conditions A or B)]

3fa, 94% R = Cl (3ha, 80%)!!
R = Br (3ia, 42%)!9

R = Me (3ja, 21%)

(30a, 78%) (A)

CO,H R = CF; (3Ka, 96%) (A)
(30a, 99%) (B)
R = OMe (3pa, 90%) (B)

PMP R =Ph (3la, 91%) (A)
R = CO,Me (3ma, 85%)!9 (A)
R = Me (3na, 82% + 10% bis)®! (A)
R = Cl (3qa, 94%) (B)

[para—substituted benzoic acids (conditions B)]

R =H (3ra, 97%)

R = Me (3sa, 85%)
PMP R = OMe (3ta, 84%)!1

R = SMe (3ua, 78%)

R = NMe, (3va, 84%)lfdl

PMF  CO,H R = CF; (3wa, 99%)
R = Cl (3xa, 88%)
R = Br (3ya, 65%)I"
R =1 (3za, 35%)!

[a] Reaction conditions A: 1b-n (0.3 mmol), 2a (2.0 equiv), [Ru(t-
BuCN)I(BF,), (3 mol %), K,CO; (2.0 equiv), KOC(CF,); (1.0 equiv) and tBuCN
(8.0 equiv) stirred under Ar in a closed vessel at 140 °C for 16 h. Yields are
of pure, isolated products. Reaction conditions B: 10-z (0.3 mmol), 2a
(4.0 equiv), [Ru(tBUCN)gI(BF,), (6 mol %), K,CO; (3.0 equiv), KOC(CF,),
(1.5 equiv), tBUCN (12.0 equiv) and H,O (3.0 equiv) stirred under Ar in
a closed vessel at 140°C for 24 h. Yields are of pure, isolated products.
[b] Isolated as the corresponding methyl ester after derivatization with
Mel. [c] [Ru(tBuCN)I(BF,), (6 mol%). [d] Reaction time 3 h. [e] Yield evalu-
ated by "H NMR with 1,3-dinitrobenzene as internal standard. [f] [Ru(t-
BuCN)I(BF,), (10 mol%). [g] Reaction time 1 h. [h] Reaction time 12 h, no
H,O was added. [i] Reaction time 4 h.
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the addition of 3.0 equivalents of H,O and, in the cases in
which bis-arylation was occurring, an adjustment of the rela-
tive stoichiometry of the reagents (conditions B). The beneficial
effect of H,0 might be due to an improved solubilization of
the poorly soluble 3- and 4-substituted potassium benzoates,
which are generated in situ during the reaction. Weakly coordi-
nating groups such as esters and ketones, which act as direct-
ing groups for a variety of TM-catalyzed C—H functionaliza-
tions®"” including Ru catalysis,"**?? were overridden by the car-
boxylic acid leading to the ortho-aryl adducts 3ea and 3ma
with complete regioselectivity. Remarkably, sterically hindered
benzoic acids were compatible with this system, yielding 3 ga-
3ja in modest to good yields. All previously reported methods
have failed to incorporate an aryl group in such an encum-
bered environment,®'¥ further highlighting another unique
feature of this system. When meta-substituted benzoic acids
3k-m were tested, the least hindered position selectively re-
acted. On the other hand, 3-fluoro benzoic acid only provided
the bis-arylated adduct 3la. This difference in regioselectivity
suggests that the preference for the least hindered site can be
in some cases less pronounced. Indeed, when two ortho-C—H
bonds possessing not exceedingly diverse steric impediment
are competing, a mixture of mono- and bis- arylation was ob-
tained (benzoic acids 3n, 3p,q). In the latter cases, in order to
selectively obtain bis-arylation, a higher loading of catalyst, po-
tassium perfluoro tert-butoxide and tBuCN, along with an ex-
tended reaction time, were required (conditions B). Finally,
para-substituted benzoic acids, as well as the parent benzoic
acid, selectively furnished the corresponding bis-arylated prod-
ucts, without even traces of mono-arylation (3ra-3za). This
represents another element of distinction from the previously
reported methods. For example, the Ir-catalyzed system led to
a mixture of mono- and bis-arylation" and the Pd proto-
cols™ " can be seen as orthogonal methods since mono-aryla-
tion was achieved in all cases.”

To demonstrate the utility of our Ru-catalyzed arylation, we
scaled the reaction more than 150 times while lowering the
catalyst loading to 0.5 mol% and tBuCN to 3.0 equivalents.
After a simple acid-base work up, followed by a recrystallization
in MeOH/H,0, product 3aa was afforded in 96 % yield (11.61 g,
Scheme 2).

[RuU(tBUCN)g](BF ), (0.5 mol %)

CO,H K,COs (2.0 equiv) COH O OMte
Me | KOC(CF3)3 (1.0 equiv) Me
+
\© Me0/©/ tBu1(‘:1r\(lJ (%Ozefﬁiv), O
1b 2a ' 3aa
6.81g, (2.0 equiv) 11.61 g, 96%
50 mmol

Scheme 2. Multi-gram scale synthesis of 3 aa.

The indole ring is present in a myriad of natural products
found in terrestrial and marine environments. Indole deriva-
tives are among the most studied class of heterocyclic com-
pounds in drug-discovery because of their exceptional activity
towards microbes, cancer cells, receptors involved in the
chemistry of the brain, and several other disorders in the
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human body.*” For these reasons, the development of new
strategies for selectively installing molecular complexity on the
indole core is of significant interest. Particularly, the C4, C5, C6
and C7 positions are highly challenging sites to C—H function-
alize due to the intrinsic higher reactivity of the fused pyrrole
ring positions C2 and C3.””' Indeed, single-step functionaliza-
tion protocols in which both C2 and C3 positions are un-
blocked are extremely rare.?**” Very recently the group of Shi
discovered that N-P(O)tBu, protected indoles can be arylated
at the C7 position under Pd catalysis with boronic acids and
stoichiometric amounts of Cu" and Ag' salts,** or at C6 under
Cu catalysis employing bisaryliodonium salts.

By applying similar reaction conditions to those developed
for the arylation of benzoic acids, 4-, 5-, 6-, and 7-indole car-
boxylic acids reacted exclusively at the carboxylic acid ortho
position(s), without any side-arylation products at either C2 or
C3 positions (Table 4). A wide array of functional groups is tol-
erated at the ortho, para or meta positions of the aryl iodide
coupling partner, including electron-rich, electron-poor and
halogen-containing ones. Interestingly, the N-methyl protec-
tion of the 7-indole carboxylic was required to prevent the car-
boxylate directed N-H arylation (5ba). On the contrary, 1H-
indole-6-carboxylic acids regioselectively provided bis-arylation
at C7 and C5 positions, without detecting coupling with the N
atom (5ea, 5fa). Particularly, these two examples constitute
the first C—H functionalizations at the fused benzene ring of
the indole without protecting at least one site of its pyrrole
core. Instead of C5+ C7 bisarylation, 1-methyl-1H-indole-6-car-
boxylic acid 4c provided exclusively mono-arylation at C5,
likely due to steric reasons. Also the drug-like 6-indole carbox-
ylic acid derivative 4d, en route to its N,N-dimethyltryptamine
analogue,”® was efficiently arylated (5da, 75%). Moreover, the
C5 position, which has never exclusively been accessed before,
can also be tackled from 1-methyl-1H-indole-4-carboxylic acid
49.” Unfortunately, indole 2 and 3 carboxylic acids 4k-n, as
well as unprotected 4 and 5 indole carboxylic acids (4h, 4j),
could not yet be converted. Finally, 1-methyl-1H-indole-5-car-
boxylic acid 5i was efficiently bis-arylated at C4 and C6 posi-
tions.

In conclusion, we developed the first Ru-catalyzed C—H ary-
lation of benzoic acids with aryl (pseudo)halides that does not
require any Ag' or Cu" salts as halide scavenger and/or oxidant.
Electron-rich, electron-poor, as well as halogen-containing aryl
iodides displayed excellent reactivity in the presented method.
Contrarily to Pd catalysis, ortho-substituted aryl halides were
suitable coupling partners. Sterically encumbered benzoic
acids, which have always failed to react with previous meth-
ods, were successfully arylated. para-Substituted benzoic acids
exclusively provided bis-arylation, offering an alternative to Pd-
catalyzed procedures that selectively deliver mono-arylation.
The process can be easily scaled up with a remarkably low cat-
alyst loading. Furthermore, 4-, 5-, 6- and 7-indole carboxylic
acids were regioselectively ortho-arylated, overriding the classi-
cally more reactive C2 and C3 positions. Particularly, the C5 po-
sition was for the first time selectively accessed, further high-
lighting the novelty of this method.

[26b]
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Table 4. Scope of the Ru-catalyzed arylation of indole carboxylic acids
4a-n with iodoarenes 2.

Ar
XN A~ [Ru(BUCN)G](BF.), 7 "
5COH + R | ——— 7 COH
Z X conditions: A or B N7 XN
R Ar/H
4a-n 2 5

[Indole—?—carboxylic acids (conditions A)] PMP = 4-(OMe)CgHy

R = OMe (5aa, 92%) / O
R = H (5ae, 90%) N

R
R = Me (5af, 90%) COH O
Q O R R =CF;(5a0, 82%)F!
R = F (5ai, 83%) R = 3,5-Me (5aaa, 92%)
N CO,H R = CI (5aj, 88%) R = CO,Me (5aba 64%)[l
R = Br (5ak, 77%)[

R = COMe (5ar, 51%)°

R R = CF3(5ap, 76%)
b,d]
Q Q R = OPh (5ad, 43%) i 5ba, 26%L1
R = F (5am, 78%)[°! N
1

CO,H

Indole -6-carboxylic acids (conditions A)lgl]

R R = OMe (5ca, 82%)
O R = CFj3 (5co, 64%)i%el
R = F (5ci, 56%)1
R = H (5ce, 72%)lce

e CO,H Me 5da, 75%li]

Cy
PMP
7
CO,H H CO,H
PMP PMP

5ea, 69% (B)"X 5fa, 59% (B)lfhKl

Indole 4-carboxylic acids (cond/t/ons A)le el] [Indole—5—carboxylic acid (conditions B)]

Ry= Me R, = H (5ge, 81%)
Ry =Me, R, = CFs (590, 69%)

= Me, R, = H (5ie, 92%)

COzH i R O COzH "5
R1 i \_nR,
R1=Me, R, = OMe (5ga, 70%)!" ! R; = Me, R, = OMe (5ia, 88%)

R = Me, Ry= CF5 (5i0, 84%)

R1=Me, R, =F (5gi, 68%) : R, = Me, R, = Cl (5ij, 76%)
R1 = Me, Ry = Br (5gk, 60%)!1 : R = Me, R, = Br (5ik, 82%)
Ry=H, R2 = OMe (5ha 0%) : R =H, R, = OMe (5ja 0%)

o E PMP,
H !
R =Me (5ka, 0%) 'HO_ // R = Me (5ma, 0%)
4 R = H (5la, 0%) : N R =H (5na, 0%)
PMP™ Ny ! N
R -

[a] Reaction conditions A: 4 (0.3 mmol), 2 (2.0 equiv), [Ru(tBUCN)(BF,),
(3 mol%), K,CO; (2.0 equiv), KOC(CF,); (1.0 equiv) and tBuCN (8.0 equiv)
stirred under Ar in a closed vessel at 140°C for 16 h. Yields are of pure,
isolated products. Reaction conditions B: 4 (0.3 mmol), 2 (4.0 equiv), [Ru(t-
BUCN)(I(BF,), (6 mol%), K,CO; (3.0 equiv), KOC(CF;); (1.5 equiv), tBuCN
(12.0 equiv) and H,0O (3.0 equiv) stirred under Ar in a closed vessel at
140°C for 16 h. Yields are of pure, isolated products. [b] Reaction time
8 h. [c] Reaction time 3 h. [d] [Ru(tBuCN)4I(BF,), (6 mol%). [e] 3.0 equiv of
H,O were added. [f] Isolated as the corresponding methyl ester after deri-
vatization with Mel. [g] [Ru(tBUCN)4(BF,), (5 mol%). [h]No H,O was
added. [i] Reaction time 5 h. [j] Isolated as the corresponding benzyl ester
after derivatization with BnCl. [k] Reaction time 12 h.
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