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ABSTRACT
Pd(OAC)z (5-10 mol %), ,
NCHIR' DMSO (10-20 mol %) P N(HR
7 X 0, (1 atm) <
R2X | + @-RS _ N .
X Z TFA, 80-100 °C, | R
10-18 h

4-11 equiv

18 examples, 59-94% yield

The ortho arylation of anilides to form biphenyls via a twofold C—H functionalization/C—C bond-forming process is described. The oxidative
coupling takes place in the presence of 5—10 mol % of Pd(OAc),, 10—20 mol % of DMSO, and 4—11 equiv of the aryl substrate in TFA under

an oxygen atmosphere. No metal-containing cocatalyst is required.

Organic chemists are faced with the challenges of accessing
complex organic molecules efficiently, producing a mini-
mum amount of waste and handling nonrenewable or
natural resources as economically as possible. In that
context, the growing number of reports of catalytic, direct
functionalization of C—H bonds by transition metals
represents a promising advance.? The application of C—H
bond functionalization to the synthesis of biaryls, molecules
with important applications in the polymer and pharmaceuti-
cal sciences, illustrates the potential utility of these protocols.®
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Scheme 1. Palladium-Catalyzed Simple and twofold C—H
Functionalization in the Presence of a Directing Group
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As shown in Scheme 1, biaryl synthesis via C—H bond
activation has been achieved viasimple®* and, most recently,
viatwofold® C—H functionalization approaches. High regi-
oselectivities have generally been observed only when
electron-rich arenes® ordirecting groups (DG)® such as
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Table 1. Screening Results of the Arylation of 2-Methylpivalanilide with Benzene

©/N(H)Pv ©

Pd calalyst (5 mol %)

addmve(s) gas{1atm), 18 h

Me

V

1a 2a 3a
entry® 2a (equiv) Pd catalyst additive(s) gas T (°C) convn® (%) yield® (%)

1 11 Pd(OAc), (o) 80 8 3
2 11 Pd(OAc), 5 equiv of HOAc (02 80 11 3
3¢ 11 Pd(OAc), 5 equiv of TFA Os 80 66 64
4 11 Pd(OAc)2 5 equiv of TFA, 10 mol % of DMSO Oz 80 91 87
5 11 Pd(O2CCFs)s 5 equiv of TFA, 10 mol % of DMSO (073 80 20 16
6 11 PdCl, 5 equiv of TFA, 10 mol % of DMSO 0Og 80 8

7 11 Pd(OAc), 5 equiv of TFA, 10 mol % of DMSO Oq 90 100 92¢
8 4 Pd(OAc), 10 equiv of TFA, 10 mol % of DMSO Og 100 97 78
9¢ 11 Pd(OAc), 5 equiv of TFA, 10 mol % of DMSO air 80 82 76

a Reactions carried out on a 1.0 mmol scale. ® Corrected GC data with dodecane as internal standard. © Reaction was carried out multiple times with
significantly varying results. ¢ Isolated yield: 90% (average of two runs). ¢ Reaction carried out on a 0.2 mmol scale.

anilides or pyridine are used as one of the coupling partners.
Despite substantial practical advances, however, important
limitations such as the need for Cu or Ag salts as cooxidants
(oftentimes in stoichiometric amounts)®**? and the require-
ment of up to a 100 equivalent excess of arene coupling
partner limit the synthetic utility of these methods. Fewer
examples have been reported of palladium-catalyzed C—H
functionalization using molecular oxygen as the only oxi-
dant.” In one elegant example, Stoltz and co-workers
described the oxidative annulation of indoles using a catalytic
system of Pd(I1)/ligand/O, (1 atm).®

During our investigations in C—H activation-type reac-
tions, we found that a twofold C—H functionalization occurs
between anilides and arenes to form substituted biaryls using
5—10 mol % of Pd(OAc), and 4—11 equiv of the aryl
coupling partner in the presence of oxygen as the terminal
oxidant.

Initially, we studied the coupling of 2-methylpivalanilide
(1a) with benzene (2a) in the presence of Pd(OAc), and
oxygen (1 atm) to afford 3a (Table 1).° The effects of
different palladium sources, additives, and temperature were
systematically examined. Low conversion of la to 3a was
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observed in the presence of 5 mol % of Pd(OAc), and 11
equiv (1 mL) of benzene (2a) under an oxygen atmosphere
at 80 °C (entry 1). Similar results were obtained when 5
equiv of acetic acid (AcOH) were added (entry 2). The
substitution of trifluoroacetic acid (TFA) for AcOH resulted
in better yields, but these results were not fully reproducible.
After some experimentation we found that loss of active
catalyst through palladium black formation could be slowed
by the addition of DMSO (10 mol %), thus affording the
expected biaryl in excellent yield (entry 4). The best results
were finally obtained at 90 °C, at which temperature 3a was
isolated in 92% vyield (entry 7).

The reaction could also be carried out with only 4 equiv
of 2a by increasing the amount of TFA to 10 equiv, although
the corresponding yield was lower. During the course of our
work, an elegant related paper by Shi appeared.® In this
disclosure, a single example of twofold C—H functionaliza-
tion using 6 equiv of arene coupling partner was reported.™®
As shown in entry 9, oxygen could be replaced effectively
by air, but lower conversions were generally achieved under
these conditions. Poor results were obtained if Pd(OAcC), was
substituted by other palladium salts such as Pd(O,CCF3), or
PdCl; (entries 5 and 6).

Using these optimized conditions, we next explored the
scope and generality of this process using benzene (2a) as
an arylating reagent. As shown in Table 2 (entry 1),
acetanilides, as well as pivaanilides, can be efficiently
arylated using our protocol. Nonetheless, due to their greater
stability and selectivity at higher temperatures, we decided
to focus our attention on pivalanilides.

Neutral or electron-rich substituents on the anilide afforded
arylated products in good yields of up to 91% (entries 2—5).
In the case of the dightly electron-deficient fluorinated
compound 1g the temperature had to be raised to 100 °C to
obtain a satisfactory yield of 68% (entry 6). However, even

(10) According to the Supporting Information of ref 5a most of the
examples use 28—37 equiv of arene counterpart.
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Table 2. Arylation of Anilides with Benzene

NEHR'
R2©/

Pd(OAC),/DMSO (1:2),

© TFA (5 equiv)
O, (1 atm), 18 h

+

N(H)R!
Rz—i |
3b-h

1b-h (1.0 mmot) 2a (1 mb)
entry anilide Pd(OAc), temp biphenyl yield?
Me Me
N(H)AC N(H)AC
1 (1b) 5 mol % 80°C O 70%  (3b)
Me N(H)Pv Me N(H)Pv
2 \©/ (1c) 5 mol % 90 °C 91%  (3¢)
Me Me
Me N(H)Pv Me N(H)Pv
3 (1d) 10 mol % 90°C O 84%  (3d)
Me Me
N(H)Pv N(H)Pv
4 (1e) 7.5 mol % 80°C O 87% (3e)
MeO MeO' O
F F
N(H)Pv N(H)Pv
5 (1) 10 mol % 90 °C O 86%  (3f)
Me’ Me’ O
F. N(H)Pv F. N(H)Pv
6 \©/ (19) 10mol%  100°C 68%” (3g)
Me Me
cl N(H)Pv cl N(H)Pv
7 (1h) 10 mol % 55°C O 59%5¢ (3h)

2 |solated yield, average of two runs. ® Incomplete conversion of the
starting material. © Reaction run for 96 h.

with 10 mol % of Pd(OAc),, thisreaction could not be driven
to completion. Furthermore, the arylated product 3h could
be isolated in only 59% yield after 96 h at 55 °C (entry 7).
In the case of the chlorinated example 1h, the reaction had
to be carried out at alower temperature to prevent reduction
of the aryl chloride and the immediate formation of palladium
black. Electron-deficient substrates such as those substituted
by CFs, CO.Me, or NO, groups underwent either no or only
trace amounts of arylation.

Prompted by these results, we next examined the arylation
of anilides with arenes other than benzene (Table 3). Either
electron-neutral or electron-rich arenes were equally effective
using 7.5—10 mol % of Pd(OAc),. The use of toluene as
coupling partner, however, afforded a mixture of ortho, meta,
and para regioisomers (Table 3, entry 1). The regiosel ectivity
was improved by employing anisole or arenes with several
substituents. In particular, the use of veratrole as the arene
coupling partner exclusively afforded the arylation product
4d in excellent yield as the only regioisomer.

Although the electronic effects of the substituents on the
arene are considerable in determining the substitution pattern
of the product (Table 3, entries 1, 3, 5, 7 vs 2, 4, 6, 8), steric
hindrance appears to play a more important role. For
example, when 1,3-dimethoxybenzene was used as the arene
coupling partner (entry 6), the 1,2,3-regioisomer arising from
coupling of the most electron-rich carbon, was not observed.
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Table 3. Arylation of Anilides with Different Aryls

Pd(OAC),DMSO (12)
Me N(H)PY 7 TFA (10 equiv) Me N(H)PY
SR G
N 0, (1 atm), 100 °C, 10 h N
1¢ (0.5 mmol) 2b-h (4 equiv) 4a-k =

product Pd(OAc),

entry selectivity? yle\d”

Me N(H)Py
omp X
O 7.5 mol % 11616 82%
),
Me

77%
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2 The ratio of the regioisomers was detemined by GC. ® Isolated yield
for the mixture of all regioisomers, averagge of two runs. ¢ The ratio of the
regioisomers was calculated by 'H NMR. © Incomplete conversion. © 5 equiv
of TFA were used.

Indeed, with all substrates tested, arylation at less hindered
positions was observed almost exclusively. In line with these
results, the arylation of 1,4-dimethoxybenzene was consis-
tently sluggish. These results are in accord with the results
recently described by Sanford and co-workers.>

Because of the excellent regioselectivity observed using
veratrole 2d as the arene coupling partner, we next turned
our attention to the reaction of this substrate with pivalanil-
ides with different substituents (Table 4). As expected, a
single regioisomer was observed in al cases, yielding the
corresponding biaryls in good yield.

It is worth mentioning that reactions employing fluoroben-
zene derivatives, such as 1,3-difluorobenzene or pentafluo-
robenzene, as the arene coupling partner resulted in notably
low conversions under these conditions. The significant
acidity of the ortho proton to the fluorine atom make these
substrates particularly reactive in a proton abstraction-type
mechanism. Thereby, our results suggest that another mech-
anism may be operative under our reaction conditions.>>1*
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Table 4. Arylation of Anilides with Veratrole 2d

OMe
& N(H)Pv+MeO o l N(H)PY
R | N OMe
4i-k OMe

2d {4 equiv)
entry amide product Pd(CAC), yield?

Me
NH)Pv N(H)Pv
(1e} MeO O OMe 7.5 moi % 70%

(4i)
OMe

£
NHPY N(H)Pv
(19 O OMe 10 mot % 70%¢
(4j)
NHPY F.
3 U
g

Pd(OAC)/DMSO (1:2)
TFA (10 equiv)

Op (1 atm), 100°C 10 h
te-g (0.5 mmol}

OMe
N(H)Pv

Q

OMe

(4k)
OMe

10 mol % 73%°

a|solated yield, average of two runs. ® Incomplete conversion.

In summary, we have developed a practical and mild
method for the synthesis of biaryl compounds from simple
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and readily accessible anilides and arenes via twofold C—H
functionalization using molecular oxygen at atmospheric
pressure as the only oxidant. Further mechanistic studies are
currently underway.
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