COMMUNICATIONS

DOI: 10.1002/adsc.201600336

/ Catalysis

Nickel-Catalyzed Borylation of Aryl and Benzyl 2-Pyridyl Ethers:
A Method for Converting a Robust ortho-Directing Group

Mamoru Tobisu,*™* Jiangning Zhao,” Hirotaka Kinuta,” Takayuki Furukawa,’

Takuya Igarashi,” and Naoto Chatani™*

a

565-0871, Japan
E-mail: tobisu@chem.eng.osaka-u.ac.jp

E-mail: chatani@chem.eng.osaka-u.ac.jp

Center for Atomic and Molecular Technologies, Graduate School of Engineering, Osaka University, Suita, Osaka

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565-0871, Japan

Received: March 28, 2016; Revised: April 6, 2016; Published online: Il El, 0000

Supporting information for this article is available on the WWW under http://dx.doi.org/10.1002/adsc.201600336.

Abstract: The nickel-catalyzed borylation of aryl 2-
pyridyl ethers via the loss of a 2-pyridyloxy group is
described. This method allows a 2-pyridyloxy group
to be used as a convertible directing group in C—H
bond functionalization reactions. The nickel catalyst
can also borylate arylmethyl 2-pyridyl ethers, in
which the stereochemistry at the benzylic position
is retained in the case of chiral secondary benzylic
substrates.

Keywords: borylation; C—-O activation; cross-cou-
pling; directing group; nickel catalyst

The use of a directing group is a powerful strategy for
achieving the regioselective functionalization of C—H
bonds.! A 2-pyridyloxy (OPy) group has served as
a useful directing group, partly because of the strong
coordinating ability of its sp>-hybridized nitrogen
atom and its stability under various synthetic condi-
tions."”! Despite its robustness, the removal of the pyr-
idine ring in OPy proceeds through a two-step se-
quence involving N-methylation with MeOTTf, fol-
lowed by the cleavage of the resulting C(pyridini-
um)—O bond by a strong base such as NaOMe
(Scheme 1, top).”®! We previously reported on a new
catalytic method for the conversion of an OPy group,
namely, the rhodium-catalyzed borylation of aryl 2-
pyridyl ethers with B,(pin), (Scheme 1, middle).**
This rhodium-catalyzed protocol has the following ad-
vantages: (i) a high functional group compatibility
that is enabled by the neutral conditions employed
and the fact that strong alkylating reagents are not
needed, (ii) the OPy group can be converted into
a boryl group in one step, and (iii) the resulting boryl
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Scheme 1. The 2-pyridyloxy group as a convertible directing
group for ortho C—H bond functionalization reactions.

group can be directly used for further elaboration.
Herein, we report on the development of a nickel cat-
alyst that promotes the borylation of 2-pyridyl ethers
(Scheme 1, bottom). The use of a nickel catalyst not
only makes the process less expensive but also allows
the scope of the reaction to be expanded to secondary
benzylic ether substrates that are inapplicable when
the previous rhodium system is used.

We initiated our study by examining the reaction of
B,(nep), (1a, nep: neopentylglycolate) and the aryl 2-
pyridiyl ether 2 in the presence of a nickel cata-
lyst.>*”) After optimization, the expected borylation
product 2a was obtained in 80% isolated yield under
the conditions using NiCl,(DME) (DME: 1,2-dime-
thoxyethane) as a catalyst, PCy;-HBF, as a ligand,
K;PO, as a base in DME at 100°C for 15h (Table 1,
entry 1). Several other electron-rich ligands including
PBu; (34%), IMes-HCI [59%, IMes=1,3-bis(2,4,6-tri-
methylphenyl)imidazol-2-ylidene], IPr-HCl [78%,
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Table 1. Nickel-catalyzed borylation of aryl 2-pyridyl ether-
g.[al

NiCl,(DME) (5 mol%)

, PCy;-HBF, (10 mol%) O
Ar--OPy + Bj(nep), Ar—B :><
1a K3POy4 (1.1 equiv.) o)

(2 equiv.) DME, 100 °C, 15h

Entry  2-Pyridyl Ether Product  Isolated Yield [%]
1 R= tBu(2) 2a: 80
2 OPy Ph (3) B(nep) 3a: 68
3 NMe, (4) 4a: 55
4 OMe (5) 5a: 75
5 OPh (6) 6a: 77
6 R F(7) R 7a: 64
7 CF3(8) 8a: 81
8 CO,Et (9) 9a: 70
9 OPy| R=F(10) (nep)| 10a: 71
10 ©: CO.Et (11) @[ 11a: 68
1100l R Ph (12) 2a: 56c!

B(nep)
12 < :©/ < :©/ 13a: 86
o 13 O
B(nep)
>(©/ 14a: 80

0" "o 0" "o
'/ 14 /
1 OPy 1 B(nep)
14 | >4 2 15 (1-OPy) | 4 2 15a: 54
15 16 (2-OPy) = 16a: 62

— OPy — B(nep)
16 17a: 60
0o~ "0 17 0~ "0
oo™
18a: 73
NS
N

N N

&l Reaction conditions: 2-pyridyl ether (0.50 mmol), 1a
(1.0 mmol), NiCLL(DME) (0.025 mmol), PCy;-HBF,
(0.050 mmol) and K;PO, (0.55 mmol) in DME (1.0 mL)
at 100°C for 15 h.

) Ni(cod), (0.025 mmol) and PCy; (0.050 mmol) were used
instead of NiCl,(DME) and PCy;-HBF,.

[l The yield was determined by NMR because 12a could
not be separated from the unreacted 1a.

IPr=1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene]
also afforded 2a, while PPh; was completely ineffec-
tive. The use of B,(pin), (1b, pin=pinacolate) instead
of 1a significantly decreased the yield of 2a (19%).
The corresponding 4-pyridyl ether did not undergo
borylation under these conditions, indicating that the
presence of a 2-pyridyl moiety is essential for the acti-
vation of the C(aryl)~O bond.®! Various functional
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groups are tolerated in these nickel-catalyzed condi-
tions and includes amines (entry 3), ethers (entries 4
and 5), fluorides (entries 6, 7 and 9), esters (entries 8
and 10) and acetals (entries 12 and 13). Importantly,
substituents at the ortho position are acceptable, al-
lowing for this borylation to occur at a sterically con-
gested position (entries 9-11). w-Extended (entries 14
and 15) and heteroaromatic substrates such as cou-
marin (entry 16), quinoline (entry 17) and carbazole
(entry 18) were also applicable to this borylation.
Low-valent nickel catalysts in conjunction with an
electron-rich ligand have been reported to promote
the cleavage of various C(aryl)~O bonds.””! Neverthe-
less, an OPy group is activated with complete chemo-
selectivity in the presence of other C(aryl)-O bonds
(entries 4, 5, 12 and 16), indicating that an OPy group
significantly accelerates the C—O bond activation
event.

In view of several reports on C(benzyl)—O bond ac-
tivation using nickel catalysts,>*'*!" we next turned
our attention to the nickel-catalyzed borylation of ar-
ylmethyl 2-pyridyl ethers. In these cases, the present
nickel system was found to be able to successfully ac-
tivate an OPy group at the benzylic position. For ex-
ample, the 1-naphthylmethyl 2-pyridyl ether (20) af-
forded the corresponding borylated product 20a in
80% NMR yield, although the isolated yield of 20a
was decreased to 68% and a protodeboronation com-
pound (1-methylnaphthalene) was also produced in
19% (entry 1, Table 2). Benzyl ethers were less reac-
tive than naphthyl ethers® and required the use of
the stronger o-donor 1,3-dicyclohexylimidazol-2-yli-
dene (ICy) as a ligand to achieve an efficient reaction
(entries 3-6). It is noteworthy that this protocol can
also be used for borylation of secondary benzylic
ethers. The reaction of 2-naphthylmethyl ethers bear-
ing a methyl group at the benzylic position, i.e., 27,
gave the corresponding secondary benzylic boronic
ester 27a in 71% isolated yield (entry 10). While a sub-
strate bearing an n-butyl group could also be borylat-
ed with comparable efficiency, the yield was de-
creased significantly (30% ) when a bulkier isopropyl-
substituted substrate 29 was used with a protodeboro-
nation product being formed (46% ). The formation of
this undesired side product was suppressed by using
(£)-BINAP as a ligand to form the borylated product
29a in 68% yield (entry 12). When a phenyl group
was introduced at the benzylic position, the borylated
product was formed in 16% with the formation of
a protodeboronation product (66%, see the Support-
ing Information for details).

The reaction of secondary benzylic substrates pro-
vided us with an opportunity to examine the stereo-
specificity of this borylation using a chiral substrate.
Although a range of stereospecific cross-coupling pro-
cesses using chiral secondary benzylic electrophiles
have been reported to date, nearly all of the examples
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Table 2. Nickel-catalyzed borylation of arylmethyl 2-pyridyl
ethers.[
NiCl,(DME) (5 mol%)

X PCys-HBF, (10 mol%)

PN 3 4

Ar” S0Py + By(nep), Ar/\B(nep)
1a K3PO, (1.1 equiv.)

(2 equiv.) DME, 80°C,15h
Entry 2-Pyridyl Ether Product Isolated Yield [%]
T/CHzOPy 1<CzlizB(nep)

Bk
=

1 20 (1-CH,OPy) 20a: 68
2 21 (2-CH,0OPy) 21a: 67
40l B 22 +Bu 22a: 63

6lol MeO 23 MeO 23a: 75
OPy B(nep)
/[c] 24a: 70
OF’y B(nep)
8lel ﬁN (\N 25a: 71

Ph Ph
R

10 27 (R = Me) 27a: 71
11 28 (R = n-Bu) 28a: 66
124l 29 (R =i-Pr) 29a: 68

OPy

13 30 30a: 65

(o) Reaction conditions: 2-pyridyl ether (0.50 mmol), 1a
(1.0 mmol), NiCLL(DME) (0.025 mmol), PCy;-HBF,
(0.050 mmol) and K;PO, (0.55 mmol) in DME (1.0 mL)
at 80°C for 15 h.

] 1Cy-HCI (0.050 mmol) was used instead of PCy,-HBF,.

I Run for 24 h.

@ (+)-BINAP
PCy,HBF,.

(0.025 mmol) was wused instead of

involve the overall inversion of the benzylic stereo-
center, in which the reaction proceeds through an
S\2-type oxidative addition with inversion followed
by stereoretentive transmetalation and reductive
elimination.”"?) A notable exception is the nickel-cat-
alyzed cross-coupling of chiral secondary benzylic car-
bamates with arylboronic esters with retention of the
benzylic configuration.!"” The stereospecificity of our
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1a (2.0 equiv.)

NiCly(DME) (5 mol%)
ligand (10 mol%)

K3POy4 (1.1 equiv.)
DME, 60 °C, 3 h

(S)-27 (S)—27a
(S):(R) > 99:1
ligand = PCys-HBF, 81%, (S):(R) = 91:9
(R)-BINAP 87%, (S):(R) = 88:12
(S)-BINAP 87%, (S):(R) = 93:7

Scheme 2. Stereoretentive borylation of (5)-27.

benzylic borylation reaction was examined using (S)-
27 as the substrate and PCy; as the ligand (Scheme 2).
As a result, (5)-27a was obtained as the major isomer.
The use of (S)- and (R)-BINAP also afforded (S)-27a
with a good level of selectivity, in which the sense and
magnitude of the specificity was not affected signifi-
cantly by the absolute configuration of the BINAP.
These results indicate that the initial C(benzyl)—O
bond cleavage proceeds with retention of the configu-
ration possibly via transition state A or B, in which
the coordination of a pyridine nitrogen directs the
nickel center to attack from the same side as the leav-
ing OPy group. Unlike in the cases of aryl 2-pyridyl
ethers, IMes and IPr ligands were ineffective for the
borylation of arylmethyl 2-pyridyl ethers (0% yield in
both cases).

The sequential OPy-directed ortho C—H functional-
ization and borylative removal of the directing group
is demonstrated (Scheme 3). One of the advantages
of using a pyridine-based directing group is its stabili-
ty under oxidative conditions, which allows it to be
used in oxidative ortho C—H transformations. For ex-
ample, the pyridyl ether 3 readily underwent palladi-
um-catalyzed oxidative ortho methoxylation to form

1a (2.0 equiv.)
Pd(OAc), NiCly(DME) (5 mol%)

PhI(OAc),

—

. /CEOPV PCys HBF, (10 mol%) /@iB(”ep)
MeOH  p OMe K3POy (1.1 equiv.) Ph OMe

31 62% DME, 100 DC, 15h 31a 62 %
Pd(OAC),
oP same
AgTFA Y as above /@iB(nep)
5§ — ——
CO/OZ MeO COzEt MeO COZEt
EtOH 32 65% 32a 73 %

Scheme 3. 2-Pyridyloxy group-directed C—H functionaliza-
tion and its borylative removal.
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31,51 which can subsequently be converted to the
boron derivative 31a via the loss of an OPy group
under our nickel-catalyzed conditions. Similarly, the
ortho ethoxycarbonylation of 5! followed by our
borylation successfully delivered polyfunctionalized
phenylboronic ester 32a.

In summary, we report on the use of a nickel
system that can catalyze the borylation of aryl and ar-
ylmethyl 2-pyridyl ethers via the cleavage of C(aryl)—
O bonds. Given the utility of the OPy group as a di-
recting group in C—H functionalization reactions,”
the present method broadens the synthetic utility of
the C—H functionalized products to a considerable
extent by allowing the OPy group to be converted
into a versatile boryl group. This nickel system can
also be used to borylate more challenging secondary
benzylic substrates, in which case, the reaction pro-
ceeds with retention of configuration at the benzylic
stereocenter. This stereochemical course of the reac-
tion is complementary to the vast majority of stereo-
specific processes of chiral benzylic electrophiles,
which proceed with net inversion.”'” Further studies
directed to developing catalytic processes involving
boryl-metal species are currently underway in our lab-
oratories.

Experimental Section

Typical Procedure

NiCL(DME) (5.5mg, 0.025mmol), PCy;HBF, (18 mg,
0.050 mmol), 2 (114 mg, 0.50 mmol), 1a (226 mg, 1.0 mmol),
K;PO, (117 mg, 0.55 mmol), and DME (1.0 mL) were added
to a 5-mL screw-capped vial in air. The vial was then flushed
with nitrogen and the cap was closed. The mixture was
stirred at 100°C for 15 h followed by cooling to room tem-
perature. The resulting mixture was filtered through a Celite
pad (eluting with AcOEt). The filtrate was analyzed by
NMR using C,H,Cl, as an internal standard (88% NMR
yield). The filtrate was concentrated under vacuum and pu-
rified by flash column chromatography over silica gel (elut-
ing with hexane/AcOEt=10/1) to give 2a as a white solid;
yield: 98 mg (80%).
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