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The copper-mediated regioselective C—H activation and C-O bond
formation of naphthylamides with arylboronic acids has been
developed using water as an oxygen source. The kinetic isotope
study suggests that C—H bond activation is the rate-determining
step. The H,0® labelling experiment reveals the incorporation of
oxygen from water. The substrate scope, functional group diversity
and post synthetic utilities are the important practical features.

The facile unification of molecular fragments via C-O bond
construction exemplifies a vital and challenging objective in
modern synthetic chemistry. Owing to the prevalence of biaryl
ether moieties in pharmaceuticals, natural products and func-
tional materials (Fig. 1)," the area of C-O bond formation has
been dominated by the traditional Cu-based Ullmann® or Chan-
Evans-Lam® and Pd-based* coupling reactions. However, the
routine use of the prefunctionalized substrate precursors and
often harsh reaction conditions limits their potential application.
Thus, there has been a resurgence of directing group assisted
C-H activation® in the development of analogous methods to
achieve comparable C-H etherification efficiencies. Following the
landmark reports on the alkoxylation of unactivated C-H bonds
by the Sanford®®” and Yu® groups, direct alkoxylation® has been
considerably investigated, using alcoholic nucleophiles. Despite
these advances, few studies have been focused on the direct
aroyloxylation of arenes using phenols.”® The development of
new synthetic routes to synthesize biaryl ethers through direct
aroyloxylation is thus in demand. Recently, the directing group
assisted C-C coupling of arenes with arylboron reagents has
attracted considerable attention in the presence of Pd,”¢ Ru,*”
cu® and Co¥* based systems (Scheme 1a). Herein, we wish
to report an unprecedented Cu-mediated regioselective C-H
etherification of naphthylamides with arylboronic acids using
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Fig. 1 Examples of some biologically important naphthyl aryl ethers.
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Scheme 1 Directed C-H functionalization of arenes with arylboron
reagents.

picolinamide'® as the directing group and water as the oxygen
source (Scheme 1b). The reaction can tolerate a variety of func-
tional groups and is complementary to the previous methods for
the synthesis of aryl naphthyl ethers.

We commenced the optimization studies with N-(naphthalen-
1-yl)picolinamide 1a and phenylboronic acid 2a as the model
substrates using various copper salts, bases and solvents (Table 1).
Pleasingly, C-H etherification occurred to furnish 3a in 46% yield
when the substrates 1a and 2a were stirred with 1.5 equiv. of
Cu(OAc),-H,0 and 2 equiv. of Na,CO; at 130 °C in DMF in air
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Table 1 Optimization of the reaction conditions?

‘ I L ‘ I
[Cu] source, base
N X - s N | B
solvent, temp, air N
O

3a

1a 2 |
Ph

Entry [Cu] Base Solvent yield” [%)]
1 Cu(OAc),-H,0 Na,CO; DMF 46
2 Cu(OAc), Na,CO;  DMF 57
3 CuO Na,CO; DMF nr
4 Cul Na,CO3 DMF nr
5 CuCl, Na,CO; DMF nr
6 CuSO, Na,CO; DMF nr
7 Cu(OAc), K,CO;4 DMF 68
8 Cu(OAc), K3;PO, DMF 64
9 Cu(OAc), Cs,CO; DMF 78
10 Cu(OAc), Cs,CO3 DMSO 82
11 Cu(OAc), Cs,CO; Toluene nr
12 Cu(OAc), Cs,CO; 1,4-Dioxane nr
13 Cu(OAc), Cs,CO; (CH,CI), nr
14 Cu(OAc), Cs,C0; DMSO 50°
15 Cu(OAc), Cs,CO;4 DMSO 16¢
16 — Cs,CO;3 DMSO 0

¢ Reactions conditions: 1a (0.2 mmol), 2a (0.4 mmol), [Cu] (0.3 mmol),
base (0.5 mmol), solvent (1.0 mL) at 130 °C for 10 h, air. ? Isolated yield.
° At 110 °C. ¢ Using 30 mol% Cu(OAc),. nr = no reaction.

for 10 h (entry 1). The yield increased to 57% when Cu(OAc),
was employed (entry 2). In contrast, CuO, Cul, CuCl, and CuSO,
showed no effect (entries 3-6). Subsequent screening of the
base led to an enhancement in the yield to 82% when Cs,CO;
was used, whereas K,CO; and K;PO, gave 68 and 64% yields,
respectively (entries 7-9). DMSO was found to be the solvent of
choice. In contrast, toluene, 1,4-dioxane and (CH,Cl), failed to
produce the desired product (entries 10-13). A decrease in the
reaction temperature or Cu(OAc), loading (30 mol%) led to a
drop in the yield significantly (entries 14 and 15). A control
experiment in the absence of copper salt revealed no product
formation, and the starting material was recovered intact (entry 16).
In addition, the reaction with some N/O-directing groups (A-E)
indictaed that an N,N-bidentate coordination and the relatively
acidic NH of 1a are believed to play a crucial role in the etherifica-
tion (see the ESIT).'*

Having optimized the reaction conditions, the scope of the
peri-selective etherification was explored for electronically varied
arylboronic acids 2b-r with 1a as a standard substrate (Scheme 2).
The reaction of 2b bearing a 2-methyl group gave 3b in 71% yield.
The substrates with substitutions at the 3-position with chloro 2c,
methoxy 2d, methyl 2e, nitro 2f and trifluoromethyl 2g groups
underwent the reaction to afford the target ethers 3c-g in 51-73%
yields. Notably, the tolerance of strong electron-demanding groups,
such as nitro and trifluoromethyl highlights the potential of this
etherification. Similarly, the substrates bearing halo groups at the
4-position, 2h, 2i and 2k, readily reacted to give the oxygenated
products 3h, 3i and 3k in 63, 70 and 78% yields, respectively. The
structure of 3k was confirmed using single crystal X-ray analysis.
The electron-releasing functional groups at the 4-position of the
boronic acids 2j and 2l-m were also amicable and provided 3j and
3l-m in 77, 71 and 82% yields, respectively. We were pleased to
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Scheme 2 Substrate scope of arylboronic acids with 1a. Reaction conditions:
1a (0.2 mmol), 2b-r (0.4 mmol), Cu(OAc), (0.3 mmol), Cs,CO3 (0.5 mmol),
DMSO (1.0 mL), 130 °C, 8-10 h, air. Isolated yield. nr = no reaction.

find that a vinyl functionality, di-substitution and heteroaryl-
boronic acid congeners 2n, 20 and 2p efficiently oxygenated to
furnish the biaryl ethers 3n, 30 and 3p in 79, 55 and 59% yields,
respectively, which were proven to be challenging substrates. In
contrast, alkylboronic acids, such as 2q-r failed to yield the
desired products.

The scope of the procedure was extended for the reaction of
diversely decorated naphthylamides 1b-i with boronic acid 2a as a
standard substrate (Scheme 3). The reactions of the structurally
similar picolinic acid derived naphthylamides 1b-d were envisaged.
Gratifyingly, the outcome was comparable to those with the parent
picolinamide derivative 1a and offered the ethers 3s, 3t and 3u in
61, 67 and 71% yields, respectively. Notably, the aminoisoquinoline
1e effectively oxygenated to give the ether 3v in 65% yield, demon-
strating the overriding potential of this reaction in heteroatom
poisoning for [Cu] deactivation. In addition, the substrates 1f and
1g bearing the electron-withdrawing 4-cyano and 4-nitro groups
were amenable for producing the desired products 3w and 3x in 65
and 68% yields, respectively. Intriguingly, an extended n-cycle, such
as pyrenyl derivative 1h was also proficiently oxygenated to give the
ether 3y in 70% yield. Furthermore, the directing group having an
-NH group attached to the aliphatic ring 1i efficiently responded to
the methodology to furnish the ether 3z in 50% yield.

To gain insight into the mechanism,"" an intermolecular
kinetic isotope experiment was performed using 1a and 1a-d as

This journal is © The Royal Society of Chemistry 2018
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Scheme 3 Substrate scope of naphthylamides with 2a. Reaction condi-
tions: 1b—i (0.2 mmol), 2a (0.4 mmol), Cu(OAc), (0.3 mmol); Cs,COs3
(0.5 mmol), DMSO (1.0 mL), 130 °C, 8-10 h, air. Isolated yield.

the representative examples to give ky/kp = 1.94 (Scheme 4A),
which suggests that the C-H bond cleavage might be the rate-
determining step.'™ Next, the reaction was performed under an
argon atmosphere. The reaction occurred to produce the ether
3a in 70% yield, which suggests that air may not be involved as
the oxygen source. Then, the reaction was investigated using
labelled water (H,0'®) (Scheme 4B). Mass analysis revealed the
incorporation of 0'® in 3a (0'®:0'® ~ 2:1), which suggests that
H,O is the oxygen source. Thus, the reaction of Cu(OAc), with
substrate 1 using a base can give Cu(u) species a that can be
oxidized by Cu(OAc), to furnish the tetracoordinated Cu(ur)
complex b (Scheme 5). The intramolecular activation of the C-H
bond via a cyclometalation can lead to the formation of copper(i)
species ¢ that can react with a boronate complex®**%¢ and water
to produce copper(m) intermediate d. The latter can lead to the
reductive elimination to furnish the ether scaffold 3 and Cu(r)
species. The described reaction pathway explains the require-
ment of an excess of Cu(OAc), and base to obtain the ethers in

good yields.

KilKp = 1.94

A. Kinetic isotope experiment
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H
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Scheme 4 Preliminary mechanistic investigation.

This journal is © The Royal Society of Chemistry 2018

View Article Online

Communication

QW

sgas
Cu----N
W\ P

b OAc

Cu(OA«
N Cu(OAciZ Cs,C0; u °’7
cchoJ Cu - N -CuOAc

Cs,005 +2AcOH — > 2CsOAc +CO, + H0
Cs,C0;

- ~CsHCOs
ATBOH); +C3,C0y — > ¢ quH),(oH) 280
~CsHCO;
0
. reductive _ > N
elimination CsHB(OH); Clu----Nl >
|
oA

Scheme 5 Proposed mechanism.

P | i O
‘ ,I Ar ‘
|
NH, a E N = 4
A I NH,
N~
? 7
Ph Ar o

|
4a,91% 3a,3y 4b,87% "

Scheme 6 Removal of the directing group. Reaction conditions: [a] 3a/3y
(0.1 mmol), NaOH (0.7 mmol), EtOH (2 mL), reflux, 3 h.
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Scheme 7 Synthetic applications. Reaction conditions: [a] 3a (0.1 mmol),
Cu(OACc)»-H,0O (20 mol%), PhlI(OAc), (0.2 mmol), AcOH (1 mL), 80 °C, air,
6 h; [b] 3a (0.1 mmol), Cu(OACc),-H,O (20 mol%), K,CO= (0.2 mmol), TsCl
(0.3 mmol), (CH,Cl), (1 mL), 80 °C, air, 16 h; [c] 3a (0.1 mmol), morpholine
(0.2 mmol), Cu(OACc),-H,0O (10 mol%), MgCl, (20 mol%), 1,4-dioxane (2 mL),
25 °C, 8 h, argon. PA = picolinamide.

Finally, the synthetic utility of the protocol was investigated.
The facile exclusion of the directing group was accomplished
using NaOH/EtOH to afford 4a and 4b in 91 and 87% yields,
respectively, as the representative examples (Scheme 6). Next,
bidentate chelation induced SET pathway'? guided regioselective
transformation of the ether 3a was carried out (Scheme 7).
Appreciably, we were able to install the acetyl (5a, 60% yield)
and tosyl (5b, 61% yield) groups at the remote C-4 position and
conduct ortho-amination (5¢, 43% yield) using morpholine. These
post-synthetic elaborations reflect the remarkable potential of
our approach to build functional scaffolds through sequential
C-H activation.

In conclusion, we have developed a Cu-mediated selective
etherification of naphthylamides with arylboronic acids using water
as an oxygen source via a picolinamide directed C(y)-H activation.

Chem. Commun., 2018, 54, 3899-3902 | 3901
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The kinetic isotope experiment suggests that the C-H activation
is the rate-determining step. The broad substrate scope, func-
tional group tolerance and use of water as the oxygen source are
the important features.
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