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ABSTRACT

A cationic Ir(I) complex-catalyzed O-to-N-alkyl migration in 2-alkoxypyridines bearing a secondary alkyl group on the oxygen atom by C�O bond
cleavage is described. The present transformation gave various N-alkylpyridones in moderate to good yields. The addition of sodium acetate
played a key role in suppressing β-hydrogen elimination.

N-Alkylpyridone is an important structural unit and is
widely found in heterocyclic compounds with biological
activities and medicinal applications.1 Although the direct
N�H alkylation of pyridone has been explored under
the basic conditions, O-alkylation is a competing process
because of the aromatic character of 2-oxypyridine.2

Thus, the synthetic protocols that begin with 2-alkoxypyr-
idines viaO-to-N-alkyl migration have attracted significant
attention for the efficient synthesis of N-alkylpyridone
because 2-alkoxypyridines can be easily synthesized by the
nucleophilic aromatic substitution of 2-halopyridines.3Var-
ious salts have been used in these migration reactions;
typically, stoichiometric amounts of metal salts are
required.4 Pt and Pd complexes realized catalytic reactions,
but they were Claisen rearrangements and the substrates
were limited to 2-allyloxypyridines.5,6 Therefore, a more
general method for O-to-N-alkyl migration is required.
Recently, Dong published a useful protocol using a Ru
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catalyst in the presence of a stoichiometric amount of base,
which led to efficient O-to-N-alkyl migration in pyridines
and other related heterocycles by sp3 ethereal C�O bond
cleavage.7

Here, wediscloseO-to-N-alkylmigration inpyridines by
sp3 C�O bond cleavage using a cationic iridium catalyst.
The reaction of 2-alkoxypyridines bearing a secondary
O-alkyl group could also be achieved to give the corre-
sponding N-alkylpyridones (Scheme 1). In contrast, the
Ru-catalyzed migration of a 2-alkoxypyridine bearing
a secondary O-alkyl group did not give the desired
N-substituted pyridone.7

We have focused on the development of cationic iridium-
catalyzed reactions initiated by C�Hbond activation,8 and
we recently presented the cationic iridium-catalyzed enan-
tioselective activation of the secondary sp3 C�H bonds
adjacent to a nitrogen atom using pyridyl as a directing
group.9 Based on the reported protocol, we studied the
cationic iridium-catalyzed activation of sp3 C�H bond
adjacent to an oxygen atom in 2-methoxypyridine under
the same conditions (Scheme 2, eq 1). Although the desired
C�H alkylated product was not obtained, a trace amount
of N-methylpyridone was formed by C�O bond cleavage.
It is noteworthy that the yield of N-methylpyridone was
improved in the absence of the phosphine ligand, and
the yield reached 95% NMR yield, when tetrakis(3,5-bis-
(trifluoromethyl)phenyl)borate (BARF) was used as a
counteranion (Scheme 2, eq 2).
O-to-N-alkyl migration in pyridines bearing a sec-

ondary O-alkyl group is more challenging, and we chose
2-(1-phenylethoxy)pyridine (1a) as a model substrate for

determining the optimal reaction conditions (Table 1).When
[Ir(cod)2]BARF by itself was used as a catalyst in chloro-
benzene, alkoxypyridine 1a was completely consumed, but
only a low yield of the desired pyridone 2a was obtained
(entry 1). Next, we examined various organic and inorganic
additives for the present reaction (entries 2�9) and found
that sodium acetate and pivalate exhibited higher catalytic
efficiencies among them (entries 8 and 9). Next, we tuned the
counteranion of the iridium complex using NaOAc as an
additive, but did not get better results than when BARFwas
used (entries 10 and 11). A catalytic amount of NaOAc was
sufficient to achieve an efficient transformation, but gave a
slightly decreased yield (entry 12); thus, we used the entry 8
conditions for further investigations.
A control experimentwas conducted to clarify the role of

NaOAc (Scheme 3). The reaction of 1a was examined

Scheme 2. Ir-CatalyzedO-to-N-Alkyl Migration of 2-Methoxy-
pyridine

Table 1. Optimization of the Reaction Conditionsa

entry catalyst additive yieldb (%)

1 [Ir(cod)2]BARF none 23

2 [Ir(cod)2]BARF pyridine 15

3 [Ir(cod)2]BARF NEt3 24

4 [Ir(cod)2]BARF Li2CO3 64

5 [Ir(cod)2]BARF Na2CO3 94

6 [Ir(cod)2]BARF K2CO3 45

7 [Ir(cod)2]BARF Cs2CO3 n.r

8 [Ir(cod)2]BARF NaOAc 95 (78)

9 [Ir(cod)2]BARF PivONa 95

10 [Ir(cod)2]BF4 NaOAc <5

11 [Ir(cod)2]OTf NaOAc 41

12 [Ir(cod)2]BARF NaOAcc 81

aConditions: 2-(1-phenylethoxy)pyridine (1a) (0.1 mmol), catalyst
(0.01 mmol), additive (0.11 mmol), PhCl (0.5 mL), unless otherwise
noted. bNMR yield. Isolated yield was given in parentheses. cNaOAc
(20 mol %) was used.

Scheme 1. Examples ofO-to-N-Alkyl Migration via C�OBond
Cleavage
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without and with NaOAc, followed by quenching after a
short reaction time, and the crude products were analyzed
by NMR. Pyridone 3 was generated in the absence of

NaOAc by β-hydrogen elimination after oxidative C�O
bond cleavage by the Ir complex. In contrast, the forma-
tion of pyridone 3 was not detected in the presence of
NaOAc. These results suggest that NaOAc completely
suppressed β-hydrogen elimination.
Subsequently, the scope of 2-alkoxypyridines bearing a

secondary O-alkyl group was examined for the present
transformation (Scheme 4). 2-Alkoxypyridines 1b�d with
an electron-donating group on the benzene ring gave the
desired pyridones 2b�d in moderate to good yields. Sig-
nificant steric effects on the reactivities were observed from
substituents: o-methyl substituent on the aromatic moiety
deterred the reaction, giving low yield of the corresponding
product 2e. The reaction of 2-alkoxypyridine 1f with an
electron-withdrawing group required a long reaction time.
2-Benzyloxypyridines 1g�i possessing other alkyl groups at
the benzylic position could be also transformed into the
corresponding N-substituted pyridones 2g�i. Not only
1-arylalkyl groups, but also 1-alkylethyl groups, such as
isopropyl and sec-butyl, could be used as the migrating
group, and N-alkylpyridones 2k and 2l were obtained.
Methyl-substituted pyridines 1n�p were also investigated
and the yields varied depending on the position of the
methyl group. Almost no effect was observed from sub-
stitutionat 3and5positions, but 6-methyl-2-alkoxypyridine
did not give pyridone 2p. These results indicate that steric
bulkiness around the nitrogen atom is important and that
the coordination of themetal to the nitrogen atom is crucial.
The introduction of an electron-withdrawing group could
be possible, and chloropyridone 2q was obtained in good
yield. One of the two alkyl groups migrated to give product
2r in a moderate yield when 3,6-dialkoxypyridazine 1r was
used as the substrate.
For 2-alkoxypyridines bearing a primary O-alkyl group,

the migration proceeded efficiently without NaOAc or sol-
vent, and the reactionof2-methoxypyridine and2-benzyloxy-
pyridine gave N-methylpyridone 5a and N-benzylpyridone
5b, respectively, in good to excellent yields at low catalyst
loadings (Scheme 5). The protocol is a facile way of synthe-
sizing N-alkyl pyridones bearing primary alkyl groups.
A series of experiments were carried out as a preliminary

mechanistic study (Scheme 6). The reaction of 1a was
examined in the presence of D2O (30 equiv), followed by
quenchingwithin 30min (Scheme 6, eq 3). H/D exchange at
the benzylic position was observed in both of the migrated
product 2a and the recovered 1a.10 Next, chiral substrate 1a

Scheme 3. Investigation of the Role of NaOAc

Scheme 4. O-to-N-AlkylMigration of 2-Alkoxypyridines with a
Secondary Alkyl Groupa

aConditions: 2-alkoxyheterocycles 1 (0.1 mmol), [Ir(cod)2]BARF
(0.01 mmol), NaOAc (0.11 mmol), PhCl (0.5 mL), 135 �C for 24 h,
unlessotherwise noted. bThe reaction timewas48h. c [Ir(cod)2]BF4wereused
in place of [Ir(cod)2]BARF, and the reaction proceeded without NaOAc.

Scheme 5. O-to-N-AlkylMigration of 2-Alkoxypyridines with a
Primary Alkyl Group

(11) In the absence of NaOAc, the significant decrease of enantio-
meric excess was also observed in 1a and 2a, which means that the
racemization was not due to base.
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was subjected to the reaction (Scheme6, eq4). Interestingly, a
significant decrease of the enantiomeric excess was observed
in both of the migrated product 2a and the recovered 1a.11

Based on these results, we speculated the reactionmech-
anism (Scheme 7). First, two pathways lead to C�O
bond cleavage: (a) direct oxidative C�O bond cleavage to
give intermediate A, which does not induce racemization,
and (b) oxidative C�H bond cleavage along with carbene
formation and 1,2-hydride migration, which induce
racemization.12 The subsequent intramolecular O-to-N-
alkyl migration and reductive elimination processes do not
generate free radicals or ionic intermediates.13,14

In summary,wedevelopedaprotocol for thecationic Ir(I)-
catalyzedO-to-N-alkyl migration in 2-alkoxypyridines bear-
ing a secondary O-alkyl group to afford various N-substi-
tuted pyridones. In this transformation, the β-hydrogen

elimination was completely suppressed by adding NaOAc.
Further studies on the scope of the substrate and the precise
mechanism are in progress in our laboratory.
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