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The site-selectivity and mechanism of Pd-catalyzed
C(sp?)—-H arylation of simple arenest

Daeun Kim,?® Geunho Choi,® Weonjeong Kim,? Dongwook Kim,® Youn K. Kang @ ¢
and Soon Hyeok Hong @ *2

Control over site-selectivity is a critical challenge for practical application of catalytic C—H functionalization
reactions in organic synthesis. Despite the seminal breakthrough of the Pd-catalyzed C(sp?)—H arylation of
simple arenes via a concerted metalation—deprotonation (CMD) pathway in 2006, understanding the site-
selectivity of the reaction still remains elusive. Here, we have comprehensively investigated the scope, site-
selectivity, and mechanism of the Pd-catalyzed direct C—H arylation reaction of simple arenes.
Counterintuitively, electron-rich arenes preferably undergo meta-arylation without the need for
a specifically designed directing group, whereas electron-deficient arenes bearing fluoro or cyano
groups exhibit high ortho-selectivity and electron-deficient arenes bearing bulky electron-withdrawing
groups favor the meta-product. Comprehensive mechanistic investigations through a combination of
kinetic measurements and stoichiometric experiments using arylpalladium complexes have revealed that
the Pd-based catalytic system works via a cooperative bimetallic mechanism, not the originally proposed
monometallic CMD mechanism, regardless of the presence of a strongly coordinating L-type ligand.
Notably, the transmetalation step, which is influenced by a potassium cation, is suggested as the
selectivity-determining step.

because traditional cross-coupling methods require the prepa-
ration of prefunctionalized organometallic or main-group

The functionalization of aromatic compounds is a central topic
in organic synthesis, which has great applicability." Among
them, electrophilic aromatic substitution (EAS) has been widely
used for the functionalization of arenes.> Since the pioneering
work of Friedel and Crafts,?® its site-selectivity has been well

reagents.'>*4*45 To date, significant advances have been ach-
ieved in the C-H arylation of heteroarenes®*® and electronically
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biased” or chelation-assisted® arenes to activate certain C-H
bonds. However, these approaches limit the applicability of the
reaction by requiring electronically activated substrates or
additional synthetic operations, such as the installation and
removal of a directing group to attain the target compound.
Therefore, site-selective C-H arylation of unactivated, simple
arenes is a fundamental challenge in catalysis to broaden the
value of the reaction. Recently, site-selective C-H arylations of
simple arenes have been achieved by elaborately designed
strategies. For example, para-selective arylations of simple are-
nes have been reported using various arylating reagents such as
diaryliodonium salts,’ arylsilanes,' electron-poor arenes,"* and
aryl boronic acids.*** Inspired by the Catellani reaction,™ Yu
and co-workers developed a meta-selective arylation reaction of
simple arenes such as anisole and fluorobenzene with aryl
iodide using a Pd/norbornene-based catalytic system to relay
the palladium catalyst to the meta-position.* The Larrosa group
also reported a one-pot direct meta-selective arylation of simple
arenes using a traceless directing group relay strategy utilizing
CO,.%* To develop a highly selective and efficient catalytic
system, it is crucial to understand the underlying mechanism
and factors that control the site-selectivity of the intrinsic
palladium catalytic system.

During the past few decades, significant attention has been
focused on investigating the underlying mechanism of Pd(u)-
catalyzed C(sp®)-H bond cleavage. In 1985, Ryabov and co-
workers proposed an electrophilic palladation pathway in the
directed C-H activation of N,N-dimethylbenzylamine by
Pd(OAc),."* Subsequently, Martinez,"”” and Davies and Mac-
gregor’® suggested that C-H bond cleavage proceeds via
a concerted intramolecular proton abstraction by the acetate
ligand. This concerted metalation-deprotonation (CMD) is
regarded as an elegant pathway to cleave C-H bonds with a base
ligand as the proton shuttle and has been extensively applied in
various catalytic C-H functionalization reactions.*»”%*°

In the pioneering work of Pd-catalyzed C-H arylation of
arenes by the Fagnou group, the CMD pathway efficiently
facilitates the aryl C-H bond activation step operating using the
combination of a sub-stoichiometric amount of pivalic acid
(PivOH) and K,CO,.”® Both the Brensted acidity of the C-H bond
and distortion-interaction analysis of the CMD transition state
using density functional theory (DFT) studies have been adop-
ted to predict the site-selectivity of the Pd-catalyzed C-H aryla-
tion of (hetero)arenes.> However, the prediction was not well-
matched with various simple arenes such as anisole (1b) and
benzotrifluoride (1m). For example, although the ortho C-H
bonds of 1b and 1m are the most acidic and reactive positions
based on the current understanding of the CMD mechanism,
the meta-isomers were observed as the major products in the
previously reported studies.?*>>

After the initial proposition of the Pd(u)-catalyzed mono-
metallic CMD mechanism in the C-H arylation with aryl
halides,** Hartwig and co-workers experimentally uncovered
that a cooperative bimetallic mechanism is operative in the C-H
arylation of pyridine N-oxide catalyzed by Pd(OAc), and P¢tBu;.**
Gorelsky reported that the cooperative bimetallic mechanism
involving two palladium species is favored using computational
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studies with phosphine-based Pd catalytic systems.> Our group
has also reported that a Pd-diimine catalyst facilitates the direct
C-H arylation of benzene via a cooperative bimetallic mecha-
nism with noticeably improved TONs.?® However, despite these
advances, it is still questionable whether the suggested bime-
tallic pathway is generally operative even in the absence of
a relatively strongly coordinating L-type ligand, such as phos-
phine or diimine. Moreover, although it is crucial to achieve the
site-selective catalytic C-H arylation of simple arenes, there has
been no focused study on understanding the site-selectivity of
the reaction.

Herein, we investigate the scope and site-selectivity of the Pd-
catalyzed C-H arylation reaction of simple arenes with aryl
bromides (Scheme 1b). Comprehensive mechanistic studies
have been conducted using a combination of extensive kinetic
measurements and stoichiometric experiments with arylpalla-
dium complexes to address the operating catalytic cycle and
factors determining selectivity. Consequently, it is demon-
strated that the applied Pd-based catalytic system works via
a cooperative bimetallic mechanism involving two Pd catalytic
species, which accounts for the observed counterintuitive site-
selectivity trend by disclosing the transmetalation step as the
selectivity-determining step.

Results and discussion

The reaction of ethoxybenzene 1a with 3-bromotoluene 2a in
DMA was initially chosen to investigate both the reactivity and
site-selectivity of the Pd-catalyzed direct C-H arylation (Table 1).
The use of palladium acetate (Pd(OAc),) and DavePhos,
employed under Fagnou's condition,* afforded the desired
biaryl product 3aa in 54% yield with 69% meta-selectivity (entry
1). When using PtBu; as a ligand, which is used for the arylation
of pyridine N-oxide,***” Pd(OAc), exhibits similar reactivity to
DavePhos (entry 2). Increased reactivities in the C-H arylation
reaction were observed in the absence of a phosphine ligand, as
reported by the Hartwig group, along with slightly increased
meta-selectivity (entries 3 and 4).>® Changing the Pd precursor to
PdCl, enhanced the reactivity (75%, entry 5). To our delight, the
use of Pd(CH;CN),Cl, further improved the reaction efficiency
to 79%, which could be attributed to the improved solubility of
the Pd precursor (entry 6). The previously reported Pd-diimine
catalyst also displayed good reactivity (81%) with 68% meta-
selectivity (entry 7).*® Increasing the catalyst loading (10 mol%)
or the use of stoichiometric KOPiv instead of a combination of
PivOH and K,CO; resulted in a much lower yield (15% and 32%,
respectively) accompanied by the homocoupling and hydro-
debromination of 2a (entries 8 and 9).*° It is interesting to see
that an appropriate choice of an acid and base rather than the
Pd catalyst or ligand is essential to obtain high efficiency and
selectivity (entries 10-12 and Tables S1-S371).**»?° The meta-
selectivity was noticeably decreased when Rb,COj;, NaOPiv, or
CsOPiv was used as the base instead of K,CO; or KOPiv, sug-
gesting that there may be a cation effect on the site-selectivity
(entries 10-12). The use of other aryl halides including aryl
chloride and iodide gave poor reactivities (0% and 4.4%,
respectively), suggesting the involvement of halide anions in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimization of the reaction conditions®
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o
o Br [Pd] catalyst (3 mol %)
Ligand (3 mol %)
(j ’ PivOH (0.3 equiv) @
Base (2.5 equiv)
DMA, 120°C, 18 h ©/
1a 2a 3aa
% selectivity

Entry Catalytic condition Base Yield (%) Selectivity (o/m/p) (o/mip)
1 Pd(0OAc),, DavePhos K,CO; 54 1/7.2/2.3 9/69/22
2 Pd(OAc),, PtBu,-HBF, K,CO; 57 1/6.8/2.6 10/65/25
3 Pd(OAc), K,CO;4 68 1/9.7/3.1 7/70/23
4 (OPIV) K,CO3 67 1/10.0/3.0 7171/22
5 Pd 1, K,CO,4 75 1/10.0/3.1 7/71/22
6 Pd(CH,CN),Cl, K,CO; 79 (767) 1/10.2/3.2 7/71/22
7 Pd(diimine)Cl, K,CO; 81 1/9.0/3.0 7/68/25
g Pd(CH,CN),Cl, K,CO;4 15 1/10.3/3.0 7/72/21
9¢ Pd(CH;CN),Cl, KOPiv 32 1/6.2/2.0 11/68/21
10 Pd(CH,CN),Cl, Rb,CO; 75 1/5.7/2.9 10/59/31
114 Pd(CH;CN),Cl, NaOPiv 1.3 1/1.6/1.2 26/43/31
12¢ (CH3CN)2C12 CsOPiv 4.3 1/1.4/1.8 31/45/24
13° Pd(CH;CN),Cl, K,CO;4 0 — —

14 Pd(CH,CN),Cl, K,CO;4 4.4 1/2.0/4.0 14/29/57
154 Pd(CH;CN),Cl, K,COs 0 — —

¢ Reaction conditions: 2a (0.2 mmol), 1a (60 equiv.), [Pd] catalyst (3 mol%), ligand (3 mol%), PivOH (0.3 equiv.), base (2.5 equiv.) and DMA (1.2 mL)
at 120 °C for 18 h; the total yield and regloselectwlty (ortho/meta/para) were determined by GC analy31s of the reaction mixture using dodecane as an

internal standard Isolated yield. © [Pd] catalyst (10 mol%). ¢
diimine. ¢ With 3-chlorotoluene.” With 3-iodotoluene.

catalytic cycle (entries 13 and 14). Control experiments indi-
cated that a source of pivalate is essential for the reaction,
which is consistent with previous reports (entry 15).2%2¢2%¢
With the optimized conditions in hand, the site-selectivity of
the direct C-H arylation of various simple arenes was examined
with 1-bromo-3,5-dimethylbenzene 2b as the coupling partner
(Table 2). The major isomers are illustrated in Table 2 and the
observed % site-selectivity is reported in parenthesis as (ortho/
meta/para) or (a/B). To gain an idea of the correlation between
the C-H bond acidity and site-selectivity in the transformation,
proton affinity at every C-position in the various arenes was
calculated (Table S171); however, no consistent correlation was
observed (Table 2). Various monosubstituted electron-rich are-
nes exhibit good reactivities, counter-intuitively providing the
meta-isomer as the major product (>60% selectivity).
a similar manner to ethoxybenzene, anisole provided biaryl
products 3bb in 58% yield with 67% meta-selectivity. In the case
of alkylbenzenes, an almost statistical ratio of the meta- and
para-isomers (~2 : 1) was observed in excellent yields (3cb-3eb).
N-Methylacetanilide provided biaryl products 3fb (>96%) with
62% meta-selectivity. Electron-neutral arenes also exhibited
good efficiency. Benzene afforded biaryl 3gb in quantitative
yield (>96%). Naphthalene provided 3hb (70%) in a 1.7 : 1 ratio
favoring the o-arylated product. Various monosubstituted
electron-deficient arenes exhibit higher efficiency even when
using a lower amount of the arene (6 equiv.) or a shorter reac-
tion time (3 h). Fluorobenzene provided biaryl products 3ib in
96% yield with 88% ortho-selectivity when using 6 equiv. of

© 2021 The Author(s). Published by the Royal Society of Chemistry

Without PivOH. diimine = (1E,2E)-N',N*-bis(2,6-di(pentan-3-yl)phenyl)ethane-1,2-

arene over 3 h. Similarly, when benzonitrile was subjected to the
standard reaction conditions, the arylated products 3jb were
obtained in 72% yield in favor of the ortho-isomer (69% selec-
tivity). The ortho-selectivity observed using the electron-
deficient arenes has been well acknowledged in the literature
and attributed to both the most acidic ortho C-H bond and its
lower distortion energy in the CMD transition state.*'**
However, we observed that the steric effect of the substituent
can significantly affect the site-selectivity in the CMD catalytic
system. Chlorobenzene, which is predicted to exhibit a similar
trend to fluorobenzene,* efficiently produced biaryls 3kb (95%)
in favor of the meta-isomer (64% selectivity). (Trifluoromethoxy)
benzene and benzotrifluoride gave products 31b (64%) and 3mb
(86%) with good meta-selectivities (61% and 71%, respectively).
When using acetophenone as the arene substrate, a-arylation of
the ketone occurred exclusively because the o-C(sp®)-H bond
adjacent to the carbonyl group is much more acidic than the
aryl C(sp”)-H bond (Scheme S$17).** When pivalophenone was
used to block the undesired C(sp®)-H arylation, 3nb was
produced in 91% yield with 66% meta-selectivity. Nitrobenzene
provided biaryl products 3ob (95%) with decreased meta-selec-
tivity (44%) and an almost statistical distribution of
regioisomers. The selectivity is significantly dependent on the
solvents, as demonstrated in the ortho-arylation of nitrobenzene
by the Fagnou group®®” and our solvent screening results (Table
S47). The current method is well suited for disubstituted arenes
and displays excellent regioselectivity. m-Xylene provided biaryl
product 3pb (53%) as the sole isomer functionalized at the least

Chem. Sci., 2021, 12, 363-373 | 365
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Table 2 Substrate scope with respect to the arene®

H Br
7N
R-+ +
_

Pd(CHsCN),Cl, (3 mol %)
PivOH (0.3 equiv), K,CO3 (2.5 equiv)

DMA, 120 °C, 3or 18 h

3ab, 81% 3bb, 58% 3cb, 87% 3db, 77%
(7169 /24) (12/67/21) (5/641/31) (2/63/35)
o
\N)J\
| S
s Q/ ]
3eb, 79% 3fb, >96% 3gb, >96% 3hb, 70%9
(0/67/33) (14 162/ 24) (62/38)
cl OCFs
F CN
i A i y \Q/ (;/
3ib, 96%5.° 3jb, 72%b°4 3kb, 95%°9 3Ib, 64%°
(88/10/2) (69/221/9) (15/64121) (19/61120)

@*@ S G

3mb, 86%>° 3nb, 919%bd

\@\Qj

3ob, 95%¢ 3pb, 53%

(0/71/29) (3/66/31) (37/44/19)
OMe CF3

3qb, 93%>° 3rb, 92%° 3sh, 87%°° 3tb, 94%"°°

The most acidic C-H bond in the gas phase®

¢ Reaction conditions: 2b (0.2 mmol), arene (60 equiv.), Pd(CH;CN),Cl,
(3 mol%), PivOH (0.3 equiv.), K,CO; (2.5 equiv.) and DMA (1.2 mL) at
120 °C for 18 h. All yields are isolated yields. The regioselectivity
(ortho/meta/para or o/B) was measured by GC analy51s of the reaction
mlxture using dodecane as an internal standard. ? Arene (6 equiv.).

°3 h. “Gc yleld ® The C-position with the lowest proton affinity
(calculated using G3MP2; see Table S17, ESI).

sterically hindered meta-position with respect to the methyl
substituent. Fluorotoluene and fluoroanisole resulted in prod-
ucts 3qb-3sb, which were exclusively functionalized adjacent to
the fluoro group. In summary, the C-H arylation of electron-rich
arenes exhibits meta-selectivity. High ortho-selectivity is
observed in the case of electron-deficient arenes containing
fluoro or cyano groups, as previously reported. However, arenes
bearing large electron-withdrawing groups are arylated in favor
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of the meta-isomer rather than at the most acidic ortho C-H
position.

Next, we explored an array of aryl bromides as the coupling
partner in the C-H arylation of ethoxybenzene (Table 3). A
variety of electron-rich aryl bromides provided their corre-
sponding biaryl products efficiently (61-83%) with good meta-
selectivities (66-72%). Methyl- and dimethyl-substituted aryl
bromides displayed good reactivities (3aa-3ad). Phenyl and
naphthyl groups also gave good product yields (3ae-3ag). 4-
Bromoanisole (2h), an aryl ether, exhibited slightly decreased
reactivity (61%), but the meta-selectivity (70%) was maintained
(3ah). Electron-deficient aryl bromides bearing trifluoromethyl,
chloro, or cyano substituents also provided their corresponding
biaryl products (3ai-3al) in moderate to good yields (44-69%).
However, to our surprise, the presence of an electron-
withdrawing substituent on the aryl bromide resulted in
dramatically decreased meta-selectivities (37-53%), contrary to
our expectation that the nature of aryl bromide would not
significantly affect site-selectivity. Similar results were observed
with stoichiometric amounts of ethoxybenzene (Scheme S27).
The results imply that the electronic properties of aryl bromide
significantly affect the selectivity-determining step in the cata-
Iytic cycle.

Table 3 Substrate scope with respect to aryl bromide®

o™
Pd(CH3CN),Cl, (3 mol %)
PivOH (0.3 equiv), K,COj3 (2.5 equiv)

o™ Br " R "
O O e
LY o
" { XN
= ‘7R

DMA, 120 °C, 18 h

_
3
5 @ @ °
3aa, 75% 3ac, 78%° 3ad, 83%° 3ab, 81%
(7171122) (8168124) (7172121) (7169/24)
' “ Me
3ae, 81%° 3af, 73% 3ag, 82% 3ah, 61%
®170/22) (12166122) (9168/23) (6170124)
A\ A\ A\
o™ o™ o™
o™
CFs CFy c
3ai, 54%" 3aj, 69%b° 3ak, 49%° 3al, 44%°
(26148 126) (35/38127) (22153 /25) (37137126)

“ Reaction conditions: aryl bromide (0.2 mmol), 1a (60 equiv.),
Pd(CH;CN),Cl, (3 mol%), PivOH (0.3 equiv.), K,CO; (2.5 equiv.) and
DMA (1.2 mL) at 120 °C for 18 h; the total yields and regioselectivity
(ortho/meta/para) were determined by GC ana1y51s of the reaction
mixtures using dodecane as an internal standard. ” 48 h. © 140 °C.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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To understand general reactivity and selectivity trends
mechanistically, the reaction rates were first compared with
a variety of arenes (Scheme 2). As rationally expected in the rate-
limiting proton-transfer CMD pathway,>>*»* arenes with
inductively withdrawing groups reacted faster than electron-
rich arenes, which is a reversed tendency to the reactivity
profiles obtained for electrophilic aromatic substitution
reactions.?”

Standard kinetic isotope effect (KIE) experiments were con-
ducted using benzene 1g and benzene-ds 1g-des to gain addi-
tional insight into the rate-limiting step (Scheme 3a). The
observed large primary KIE (ky/kp = 4.4) suggests that the C-H
bond cleavage step is involved in the rate-limiting step. This is
in agreement with that previously reported,”®*” implying the
involvement of C-H bond cleavage in the rate-limiting step. The
dependence of the reaction rate on [Pd], [ArBr], KOPiv and
K,CO; was comprehensively investigated (Scheme 3b). A first-
order dependence with respect to [Pd] and a zero-order with
respect to [ArBr] and K,CO; were observed. A positive depen-
dence of the reaction rate on KOPiv was observed,** but unde-
sired homocoupling and hydrodebromination of 2b were
observed using higher amounts of pivalate (>0.2 equiv.), which
retarded the reaction (Table 1, entry 9). These results indicate
that the C-H bond cleavage step follows the Pd-pivalate-
promoted CMD pathway.

Following the initial mechanistic studies, a mechanistic
outline involving Pd-pivalate-promoted C-H bond cleavage was
constructed. For the Pd-catalyzed C-H arylation reaction, two
pathways can be operative: (1) the originally proposed Pd(0/u)
monometallic mechanism (Scheme 4, top pathway) or (2)
a cooperative bimetallic mechanism (Scheme 4, bottom
pathway), based on the literature precedent.?***® As outlined in
Scheme 4, the most distinguishable difference between the
monometallic and cooperative bimetallic processes is the

Br Pd(CH4CN),Cl, (4.6 mM)
PivOH (0.3 equiv), K,CO; (2.5 equiv)
R +
DMA, 120 °C
R
1,6 equiv 2b 3
154 mM
35
30 . *
- »
25 e .
v
s 3 .
E 20 2 = >
g @ "
g1 g v o
a - >
04, ‘ v PhCF;
T ¢ PhF = PHH
5+ 4 PhNO, » PhOEt
¢ PhCN PhMe
0 T T T T T
0 20 40 60 80 100 120
Time (min)
R F NO: CN CF3 H OEt Me
kel 2.6 2.2 1.9 1.3 1 0.54 0.31

Scheme 2 Comparision of reaction rates. Combined yields of all
isomers, determined by GC using dodecane as an internal standard,
were used for kinetic plots. o, = Hammett constant. k.. = relative
reaction rate vs. Kr—p)-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a) H/D kinetic isotope effect

Pd(CH3CN),Cl, (3 mol %)
PivOH (0.3 equiv), K,CO3 (2.5 equiv)

o
A

DMA, 120 °C
Do 2
s KIE = ky/ kp = 4.4
1g or 1g-ds
60 equiv 3gb or 3gb-ds

b) Kinetic order measurement
Br
’ /@\
2b

19
Br

60 equiv

Pd(CH3CN),Cl, (1.4-4.2 mM)
PivOH (0.3 equiv), K,COj3 (2.5 equiv)

2

3gb

DMA, 120 °C

Pd(CH3CN),Cl, (3 mol %)
PivOH (0.3 equiv), K,COj3 (2.5 equiv)

2,

S
& y

DMA, 120 °C
1g 2b 3gb
60 equiv 50-110 mM
05
‘e
0.6
0.4+
s . =
E . Eos
Eo 3 é - __ - __, .
0.2 . 02
e
é - - -y =0.1164x - 0.005
R?=0.9809
0.1 - r 0.0
1 2 3 4 40 50 60 70 80 90 100 110 120
[Pd] (mM) [ArBr] (mM)
Br Pd(CH3CN),Cl, (3 mol %)
KOPiv (0.05-0.6 equiv), K,COj3 (2.5 equiv)
+ /-
DMA, 120 °C ©
19 2b 3gb
60 equiv
Br Pd(CH3CN),Cl, (3 mol %)

KOPiv (0.3 equiv), K,CO4 (0.3-2.5 equiv)

19 2b 3gb

DMA, 120 °C

o
Y

rate (mM/min)
°
R
.

o
o

00 02 04 06 00 05 10 15 20 25 30
KOPiv (equiv) K,CO; (equiv)

Scheme 3 Mechanistic studies.

presence of a transmetalation step that only exists in the
bimetallic mechanism. Stahl*> and Hong?® previously proposed
that a Pd-catalyzed arylation reaction operated by a cooperative
bimetallic pathway can display a first-order dependence at high
[Pd], but second-order dependence at low [Pd], where the
transmetalation step becomes the rate-limiting step. The
second-order dependence can be more pronounced in the
deuterated substrate because the slower rate of C-D bond
cleavage significantly lowers [Pd-Ar] and thus, further deceler-
ates the rate of the transmetalation step. In previous Pd-diimine
catalyzed C-H arylations of simple arenes, we proposed that the
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a) Two possible catalytic pathways

Monometallic mechanism
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PivOH KOPiv <—— PivOH + K,CO5
L 7Pd” —KHCO;4

“OPiv KBr

C-H activation step as the selectivity-determining step

Cooperative bimetallic mechanism

e PIVOH
Ar—Br b Pd La Pd”
LnPd® K2CO;,
KHCO3
Ar'—H
Ar—Ar -
bn PA LPd'—OPiv

Transmetalation step involved by a second Pd species

b) Kinetic order in [Pd] at low concentration

Pd(CH;CN),Cl,

(0.08-0.31 mM)
PivOH, K2003
DMA, 120 °C Ds
1g-dg 3gb-ds
60 equiv
0.4
»
0.04 e
-
:l_!\ ° .7
S 04 L7
[ -
oS -~
0.8 L7
¢ — - -y =1.9058x + 1.1586
R2=0.9715
1.2 . " ;
1.2 1.0 08 06 0.4
log([Pd])

Cooperative bimetallic mechanism without an external ligand

Scheme 4 Mechanistic hypothesis and kinetic studies.

rigid bidentate diimine ligand drives the cooperative bimetallic
pathway because an open coordination site for the C-H bond of
the arene is required to undergo the CMD process for the
monometallic pathway to be operative. In regard to the current
Pd catalytic system, we conjectured a monometallic CMD
pathway in operation because there is no strongly coordinating
ligand such as a diimine or electron-rich phosphine present. To
verify the operative catalytic cycle, we investigated the depen-
dence of the reaction rate at low concentrations of Pd(CH,-
CN),Cl, in benzene-ds (Scheme 4c). To our astonishment, the
kinetic study revealed second-order dependence at very low
[Pd], strongly supporting that the reaction follows a cooperative
bimetallic mechanism (Scheme 4b). Inspired by the results, we
performed extensive kinetic studies to determine whether the
cooperative bimetallic mechanism is generally operative.
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Second-order kinetics were consistently observed at low
concentrations of Pd(OAc), in the presence of various phos-
phine ligands (DavePhos, PCy;, PPh;, and P(CeFs);) (Fig. S14-
S21t). Notably, the Pd(OAc),-based catalytic system without any
external ligand (Table 1, entry 3) also exhibits second order
kinetics at very low concentrations of Pd(OAc), (Fig. S137),
indicating that the cooperative bimetallic pathway is generally
working in the Pd-catalyzed arylation of simple arenes with aryl
bromides under CMD conditions.

With evidence for the cooperative bimetallic mechanism in
hand, we attempted to elucidate the origin of the observed site-
selectivity. Meta-selectivity observed for many electron-rich and
electron-deficient arenes (Table 2) was unexpected, counter-
intuitive, and contrary to previous reports suggesting that the
CMD step is both the rate-limiting and selectivity-determining
step based on a monometallic mechanism.>**3?

Because the C-H bond cleavage step is independent of the
oxidative addition of aryl bromides in the cooperative bimetallic
mechanism, the dependence of selectivity on the electronic
effect of aryl bromides with ethoxybenzene (Table 3) indicates
that the C-H activation step is not the selectivity-determining
step. The site-selectivity distribution was further investigated
using electron-poor arenes, such as fluorobenzene (1i) and
chlorobenzene (1k), in the C-H arylation with two electronically
different aryl bromides (2b and 2j) under stoichiometric
conditions (Scheme 5). In the case of highly ortho-selective flu-
orobenzene, the site-selectivity slightly changed when using 2b
and 2j. In the arylation of chlorobenzene, the site-selectivity
significantly varied from 46% meta-selectivity with 2b to 61%
ortho-selectivity with 2j, supporting the validity of the hypoth-
esis that the C-H activation step is not the selectivity-
determining step.

To scrutinize which elementary step is the selectivity-
determining step, we first checked the reversibility of the
oxidative addition and the C-H cleavage steps. A competition
experiment was carried out using electronically different sets of
aryl bromides (Scheme 6a). The reaction was conducted using
2e and electron-rich aryl bromide 2a, while the other reaction
used 2e and electron-deficient aryl bromide 2i as the competing
substrate. In the former reaction, similar yields of 3ae and 3aa
were observed in a combined 54% yield. In contrast, only a trace

R
Pd(CH3CN),Cl, (3 mol %)
PivOH (0.3 equiv), K,CO; (2.5 equiv) F
@ )

DMA, 120°C, 3 h

&0,

1i R=CHy, 2b R = CH, 3ib, 96% (88 /10 /2)
6 equiv CF3, 2j R =CF3, 3ij,63% (89/7/4)
R
Pd(CH3CN),Cl, (3 mol %)
PivOH (0.3 equiv), K,CO; (2.5 equiv) cl
DMA, 120 °C, 3 h © R

R = CHa, 2b R = CH,, 3kb, 32% (34 / 46 / 20)

6 equlv CFy, 2j R =CF3, 3kj, 31% (61/27/12)

Scheme 5 C-H arylation of fluorobenzene and chlorobenzene with
two different aryl bromides.
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Br
Pd(CHsCN),Cl, (3 mol %)
o PIVOH (0.3 equiv) o o™
KoCO3 (2.5 equiv)
+ 2e, 1 equiv . +
. R
DMA, 120 °C, 8 h
1a R ‘ N .Br
= 3ae 3aa or 3ai
1 equiv yield of 3ae (%) yield (%)
R=CHj, 2a
CFy, 2 R=CH, 30 (12/65/23) 3aa, 24 (8/68/24)
R=CF3 trace 3ai, 10 (18/51/31)

b) H/D scrambling experiments

$b

o™
~10.2%
Pd(CH3CN);Cl, (3 mol %) 10.2%D
PivOH (0.3 equiv), K,COs (2.5 equiv) (H/D)4

D,0 (3 equiv)
DMA, 120 °C, 18 h
1a, 3 equiv 2b, 1 equiv
3ab, 14%
o™ »
o~ o PA(CHyCN),Cl, (3 mol %) ~6.4%D
PivOH (0.3 equiv), K,CO3 (2.5 equiv) (H/D)y
¥
CgDs (3 equiv)
DMA, 120 °C, 18 h
1a, 3 equiv 2b, 1 equiv

3ab, 36%

Scheme 6 Competition experiments.

amount of 3ae was produced in the presence of 2i, and 3ai was
formed as the dominant product, albeit in a low yield (10%). If
the oxidative addition was reversible, the coupling reaction with
electron-richer aryl bromide 2e could occur with a reasonable
yield despite the predominant oxidative addition of the
electron-poor substrate 2i.** Instead, the observed poor yields
indicate that the oxidative addition step is irreversible. We
hypothesized that electron-poor substrates exhibit poor yields,
despite the predominant oxidative addition, due to the trans-
metalation step. The same trend of lower reactivity with
electron-poor aryl bromides was observed when examining the
substrate scope (Table 3, 2i-2I). Subsequently, deuterium
exchange reactions were carried out with stoichiometric
amounts of ethoxybenzene (1b) in the presence of D,O and
benzene-d, (3a-ds), respectively, to confirm the reversibility of
the C-H bond cleavage step (Scheme 6b). Deuterium incorpo-
rations into the aryl group of 3ab (10.2 and 6.4%, respectively)
via H/D scrambling were observed using ’H NMR spectroscopy.
If the C-H bond cleavage by the Pd-pivalate species were irre-
versible, deuterium incorporation into 3ab would not occur.
These results strongly support the reversibility of the C-H
activation step. Therefore, the following steps, transmetalation
or reductive elimination, may govern the site-selectivity of the
reaction.

Stoichiometric reactions with arylpalladium complexes,
which are analogous intermediates, were designed to affirma-
tively validate the cooperative bimetallic mechanism and
further explore the selectivity-determining step. Two different
arylpalladium pivalate complexes bearing either electron-rich
or electron-poor aryl groups (4a and 4b) were prepared upon
the reaction of Pd(dba), with PtBu; *) in neat aryl iodide, fol-
lowed by ligand exchange from iodide to pivalate using AgOPiv

© 2021 The Author(s). Published by the Royal Society of Chemistry
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| PtBu;
Pddba),  + - Pd—1
neat, rt Bug P
R = Me, 60%
D R =Cl, 55%
QL o
\ ci28 R
\\ o O P AgOPiv
[ < < /Pd\ > { Pentane, rt
Al 7 entane,
/)—]\ P 015 . tBuz P o
d Lo O

4a, R = Me, 49%
4b, R =Cl, 48%

Scheme 7 Synthesis of arylpalladium pivalate complexes.

(Scheme 7).>® The solid-state structure of Pd complex 4b was
confirmed by single-crystal X-ray diffraction analysis (CCDC
2000400). Complex 4a containing the o-tolyl group was sub-
jected to stoichiometric reactions with ethoxybenzene in DMA
(Table 4). The reaction did not provide the desired product 3ac
in the absence of any additive (entry 1). The addition of PivOH,
K,CO3, and a bromide source increased the reactivity up to 21%;
however, the resulting meta-selectivity was significantly low (30
and 35%, entries 2 and 3). In contrast, when an additional Pd
source, Pd(CH3;CN),Cl,, was added, the meta-selectivity
increased (24% and 64%, entries 4 and 5) to a level similar to
that observed under the standard conditions using PtBu; (65%
meta-selectivity, Table 1, entry 2). These results strongly suggest
that meta-selectivity can be only achieved by the cooperative
bimetallic mechanism. When complex 4b containing an o-
chlorophenyl group was subjected to the stoichiometric reac-
tions, the selectivities observed in the products 3am were
completely different from those observed with 4a. A high ortho-
selectivity (84%), albeit in a low yield (7%), was observed in the
absence of an additional Pd complex (entry 6). Notably, when an
additional Pd source was added, the ortho-selectivity signifi-
cantly decreased (from 84 to 48%) with increased meta-selec-
tivity (from 8 to 33%, entry 7). If the reaction would follow
a monometallic mechanism, the reaction efficiency and selec-
tivity would not vary significantly, regardless of the addition of
an external Pd complex. These results consistently support that
the reaction majorly operates via a cooperative bimetallic
mechanism and the C-H bond cleavage step was not the
selectivity-determining step because C-H activation is inde-
pendent of the electronics of the aryl groups of the arylpalla-
dium species under the cooperative bimetallic mechanism.
Notably, the effect of the cation in the carbonate base on the
site-selectivity of the C-H arylation of ethoxybenzene (1a) was
observed (Table 1, entry 10). The cation effect was further
investigated upon the addition of 18-crown-6 under the stan-
dard reaction conditions.*® As the amount of 18-crown-6
increased, the meta-selectivity in the C-H arylation of ethox-
ybenzene gradually decreased (from 71 to 39%, Table 5). The
same phenomenon was also observed in the C-H arylation of
toluene (1c), excluding the effect of potential cation-ethox-
ybenzene interactions on the meta-selectivity (Table S177).
Amatore and Jutand demonstrated that the counterion of the
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Table 4 Stoichiometric reaction of Pd complexes®
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QO
O +
SN OH @

Additive

G0

PhOEt/DMA
Bu P 120°C, 18 h
21 mM R = Me, 3ac
R =Me, 4a =Cl, 3am
=Cl, 4b
Yield of 3ac Selectivity % selectivity
Entry [Pd] Additive (equiv.) or 3am (%) (o/mip) (o/m/p)
1 4a None 0 — —
2 4a PivOH (20) and K,CO; (160) 0.6 1/0.7/0.7 42/30/28
3 4a PivOH (20), K,CO; (160), and nBu,NBr (10) 21 1/1.3/1.4 27/35/38
4 4a PivOH (20), K,CO; (160), and Pd(CH;CN),Cl, (5) 26 1/0.8/1.6 29/24/47
5 4a PivOH (20), K,CO; (160), nBu,NBr (10), and Pd(CH;CN),Cl, (5) 65 1/6.2/2.6 10/64/26
6 4b PivOH (20), K,CO; (160), and nBu,NBr (10) 7 1/0.1/0.1 84/8/8.0
7 b PivOH (20), K,CO; (160), nBuyNBr (10), and Pd(CH;CN),Cl, (5) 65 1/0.7/0.4 48/33/19
“ The total yield and regioselectivity (ortho/meta/para) were determined by GC analysis of the reaction mixture using dodecane as an internal
standard.
Table 5 Impact of crown ether additives on the C-H arylation process, particularly at our reaction temperature of 120 °C.*° It
i a . . . . .
reaction is less likely to be the selectivity-determining step of the reac-
- tion. To confirm it further, we conducted DFT modelling of the
o~ o PA(CH3CN),Cl, (3 mol %) ? reductive elimination pathways to check whether the reductive
PIVOH (0.3 equiv), KoCO3 (2.5 equiv) N . .
R elimination process theoretically produces the experimentally
g o) ©/ observed site-selectivity. C-H arylations of fluorobenzene and
chlorobenzene using 2b were selected as model reactions for
1a 2a 3aa . .
60 equiv the computational studies. Scheme 5 shows fluorobenzene and

18-Crown-6 (x % selectivity

Entry equiv.) Yield” (%) Selectivity (o/m/p) (o/m/p)
1 — 79 1/10.2/3.2 7/71/22
2 0.3 91 1/8.0/2.6 9/69/22
3 1 90 1/4.4/1.9 14/60/26
4 2.5 85 1/2.8/1.5 19/53/28
5 5 80 1/2.0/1.4 23/47/30
6 10 59 1/1.4/1.2 29/39/32

¢ Reaction conditions: 2a (0.2 mmol), 1a (60 equiv.), Pd(CH;CN),Cl,
(3 mol%), PivOH (0.3 equiv.), K,CO3 (2.5 equiv.), 18-crown-6, and
DMA (1.2 mL) at 120 °C for 18 h; the total yield and regioselectivity
(ortho/meta/para) were determined by GC analysis of the reaction
mixture using dodecane as an internal standard.

base can affect the rate of transmetalation by coordinating the
countercation to the Pd intermediate in Pd-catalyzed Suzuki-
Miyaura cross-coupling reactions.®” Although we do not fully
understand the Pd species involved in the transmetalation step,
the results indicate that a potassium cation can affect the site-
selectivity in the transmetalation process rather than the
reductive elimination process.

Reductive elimination is a common process in transition-
metal catalysis and its mechanism is well understood.*® The
reductive elimination of [Pd(u)]ArAr’ complexes to form biaryls
has been thoroughly examined as a facile and irreversible

370 | Chem. Sci,, 2021, 12, 363-373

chlorobenzene undergo the arylation reaction to produce biar-
yls 3ib (96%) with 88% ortho-selectivity and 3kb (32%) with 46%
meta-selectivity, respectively. To compare with the experimental
results, the reductive elimination processes for each isomeric
position were calculated (Table 6 and Fig. S23t). The Gibbs free
energy changes (AG), energy barriers (AG*), and energetic
differences (AAGY) are listed in Table 6. In the case of fluo-
robenzene, the reductive elimination at the meta-position is
preferred over at the ortho-position, as indicated by the negative
AAG* value (—1.1 keal mol ™). In the case of chlorobenzene, the
para-position is the most reactive in the reductive elimination
process with a negative AAG* value of —1.7 kcal mol~*. The
obtained theoretical selectivities, assuming the reductive elim-
ination step is the selectivity-determining step, are completely
different from the experimental results. Therefore, the possi-
bility of the reductive elimination being the site-selectivity
determining step is excluded using the computational investi-
gations and the previous studies on the reductive elimination
processes occurring in Pd-catalyzed biaryl cross-coupling reac-
tions.*® Thus, we concluded that the transmetalation step is the
selectivity-determining step based on the overall observations
and control experiments. Due to the nature of the transition
state and intermediate in the transmetalation step still being
unknown,***?# attempts to predict site-selectivity using
computational studies were unsuccessful.

A summary of the investigated mechanism is illustrated in
Scheme 1. The Pd catalytic system without an external ligand

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Investigation of reductive elimination processes
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R
R Ol ey
-, ., R@ +  Pd(DMA)

N

DMA—Pd—Ar

DMA—Pd---Ar

R=ForCl 3ib or 3kb
DFT calculated® Experimental
% selectivity
Arylation site AG AGH AAG*? (o/m/p) AAGH % selectivity (o/m/p)
Fluorobenzene
ortho 5.0 13.3 0 (18/70/12) 0 (88/10/2)
Meta —-8.1 12.2 -1.1 1.3
Para -7.0 13.6 0.3 3.0
Chlorobenzene
ortho -3.3 14.2 0 (9/14/77) 0 (34/46/20)
Meta —=5.1 13.9 —-0.3 —-0.3
Para —6.8 12.5 -1.7 0.4

“ Free energies in solution (kcal mol™?) obtained at the B3LYP-D3(IEFPCM)/SDD/6-311++G**//B3LYP-D3/LanL.2DZ/6-31G** level of theory.* ” The
value obtained using AG*(ortho) — AG¥(position). A negative value indicates the lower energy barrier of the C-position than the ortho-position. Ar =

3,5-dimethylphenyl.

operates via a cooperative bimetallic mechanism. One Pd-Ar
species B is generated from the irreversible oxidative addition of
the aryl bromide (ArBr) to Pd(0) A, while another Pd-Ar’ species
D is generated from the rate-limiting C-H bond cleavage of the
arene (Ar'H) by Pd(u)-pivalate species C. Both Pd species (B and
D) undergo transmetalation to afford Pd(u)ArAr’ E and regen-
erate Pd(u)-pivalate species C. Importantly, the transmetalation
step is disclosed to be the selectivity-determining step with the
help of a potassium cation after the reversible C-H activation
step. Finally, the reductive elimination of Pd(u)ArAr’ E affords
the desired biaryl product and the initial Pd(0) species A, which
then re-enters the catalytic cycle.

Conclusions

In conclusion, we have comprehensively investigated the scope
and site-selectivity of the Pd-catalyzed direct C-H arylation of
simple arenes using aryl bromides as a coupling partner. The
site-selectivity of the C-H arylation reaction is affected by the
steric effect of the substituents on the arene as well as C-H bond
acidity. Generally, electron-rich arenes exhibit meta-selectivity.
Although electron-deficient arenes bearing fluoro or cyano
groups result in high ortho-selectivity, electron-deficient arenes
bearing bulky electron-withdrawing groups produce the meta-
isomer as the major product. Thorough mechanistic investiga-
tions, including kinetic studies, control experiments, and stoi-
chiometric reactions with arylpalladium complexes, suggest
that the reaction follows a cooperative bimetallic mechanism.
Notably, the transmetalation step, which is influenced by
a cation, is identified as the selectivity determining step, which
refutes the previous understanding that the C-H bond cleavage
step determines the site-selectivity in the reaction.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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