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(Z)-Propargylic oxime ethers derived from a,b-unsaturated aldehydes were converted to the correspond-
ing 2,3,6-trisubstituted pyridine oxides in moderate to acceptable yields with high regioselectivity. The
reaction proceeds via a tandem thermal [2,3] rearrangement, 4p electrocyclization, and ring expansion.
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Multisubstituted pyridines are found in numerous natural and
synthetic pharmaceutical agents.1 Pyridine scaffolds are also of
great interest in material science.2 Therefore, there is still a need
to develop efficient methodologies to synthesize pyridine deriva-
tives, of which the substituents are introduced in a regioselective
manner.3 We recently reported that the copper-catalyzed skeletal
rearrangement of (E)-O-propargylic a,b-unsaturated aldoximes
(E)-1 afforded 2,3,4,(5)-multisubstituted pyridine oxides 2 in good
to high yields (Eq. 1). 4–6 Herein, we report that the thermal
ll rights reserved.

ra).
cyclization of the corresponding Z isomers of O-propargylic oxime
(Z)-1 produced 2,3,6-trisubstituted pyridine oxides 3 that have a
different substitution pattern from 2, at an elevated temperature
in the absence of a copper catalyst (Eq. 2).

In our previous study, we reported that (Z)-1a was converted
into four-membered cyclic nitrone 4a in the presence of copper
in fairly high yield (Table 1, entry 1).4a In this reaction, a trace
amount of 2,3,6-trisubstituted pyridine oxide 3a was detected by
a thorough analysis of the crude mixture. The structure of 3a
was determined by NMR, IR, and X-ray crystallographic analyses.
The reaction of (Z)-1a proceeded even in the absence of the copper
catalyst (entries 2, 4–14). Among the solvents tested, the use of po-
lar DMF improved the mass balance, although a long reaction time
was needed (entries 5–10). An apparent temperature effect was
also observed; the yield of 3a was increased when the reaction
temperature was elevated (entries 4, 5, 11–14). In particular, the
reaction at 180 �C was completed within 15 min, affording 3a in
a good isolated yield (entry 14). Although the copper complex
exhibited catalytic activity for the formation of 4a in DMF at
100 �C (entry 3 vs entry 5) attempts to improve the chemical yield
by optimizing the copper catalyst failed.

Thus, thermally-induced skeletal rearrangement at 180 �C was
carried out using various substrates (Z)-1, as summarized in
Table 2.7 The reaction of substrate 1b having an electron-donating
p-anisyl group at the b position of the oxime group (R4) afforded
the desired product 3b in a higher yield than that of 1c that had
an electron-withdrawing p-nitrophenyl group (entries 2 and 3).
The reaction of 1e, whose R3 is a hydrogen atom, afforded 3e in a
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Scheme 1. Plausible mechanism.

Table 1
Optimization of the reaction conditions
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OPh
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+N

O
Ph

Ph

Ph

3a

Entry Solvent Copper catalyst a Temp. (�C) Time (h) Yield 3ab (%) Yield 4ab (%)

1 MeCN + 100 7 7 84
2 MeCN � 100 7 4 71
3 DMF + 100 3 6 86
4 DMF � 80 67 6 84 c

5 DMF � 100 23 12 82
6 DMSO � 100 23 9 48
7 DCE � 100 23 10 27
8 1,4-Dioxane � 100 23 5 55
9 Toluene � 100 23 5 58
10 THF � 100 23 6 74
11 DMF � 120 3 12 83
12 DMF � 140 3 39 40
13 DMF � 160 3 62 0
14 DMF � 180 0.25 60 (58) 0

a Copper catalyst, +: with 10 mol % CuBr(PPh3)3, �: without copper catalyst.
b The yield was determined by 1H NMR using CH2Br2 as the internal standard. Isolated yield in parentheses.
c 5% of (Z)-1a was recovered.

Table 2
The reaction of 1a–ha
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180 °C

DMF

Entry 1 R1 R2 R4 Time (h) 3 (4) Yieldb (%)

1 1a Ph Ph Ph 0.25 3a 58
2 1b Ph Ph p-MeOC6H4 0.25 3b 51
3 1c Ph Ph p-O2NC6H4 0.25 3c 37
4 1d Ph Ph Me 0.5 3d 38
5 1e Ph Ph H 0.5 3e 12
6 1f n-Pr Ph Ph 0.25 3f 56
7 1g Cy Ph Ph 0.25 3g 53
8 1h Ph n-Pr Ph 3 3h 18
9 c 1h Ph n-Pr Ph 7 days (4h) 56d

a The reaction of 1 was carried out in DMF at 180 �C.
b Isolated yield.
c At 100 �C.
d 11% of 3h was obtained.
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low yield (entry 5). Substrates 1f and 1g bearing an alkyl group at
the alkyne terminus (R1) were effectively converted into products
3f and 3g in moderate yields (entries 6 and 7). In contrast, the reac-
tion of 1h with an alkyl substituent at the propargylic position (R2)
gave the desired product in a low yield due to the decomposition of
1h and 4h at 180 �C (entry 8), although the reaction of 1h at 100 �C
afforded cyclic nitrone 4h in an acceptable yield (entry 9).

As expected from the results of Table 1, when isolated 4a was
heated at 180 �C for 15 min, 3a was obtained in 60% isolated yield,
suggesting that four-membered cyclic nitrone 4 is a key intermedi-
ate to produce pyridine oxide 3 in the present reaction (Eq. 3).
N
OPh

Ph Ph

4a

DMF
180° C, 15 min

N
O

Ph

Ph

Ph

3a, 60%

ð3Þ

A plausible mechanism for the present reaction is shown in
Scheme 1. First, the thermal [2,3]-rearrangement of (Z)-1 leads to
N-allenylnitrone species 5. Its rotamer 50 undergoes 4p-electrocyc-
lization to form four-membered cyclic nitrone 6.8 The sp3-carbon–
nitrogen bond is cleaved to form zwitterionic intermediate 7. At a
low reaction temperature, the re-formation of the C–N bond takes
place via zwitterionic intermediate 8, yielding another four-mem-
bered cyclic nitrone 4 having a longer conjugated chain than 6, as
the thermodynamic product at 100 �C. At a high reaction tempera-
ture, the re-formation of the sp3-carbon–nitrogen bond occurs via



6

N
O

R2

R4 R1

(Z)-1 N

R1

O

•

H
4π

H

(E)-1 N

R1

O

•

cat. Cu

R2

R4

6π

N
O

R1R2
H

R2

H

N
O

R2

R1H

R4

N
O

R2

R1H

R4

5' 3

11 12 2

R4
R4

R3

R3 R3

Δ
(or cat. Cu)

Scheme 2. Electrocyclization steps in the reaction of (Z)-1 and (E)-1.
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intermediate 9. Resulting dihydropyridine oxide 10 readily isomer-
izes to 2,3,6-trisubstituted pyridine oxide 3. The reaction of 1h at
180 �C afforded only small amounts of 3h although corresponding
cyclic nitrone 4h was obtained in a good yield at 100 �C (Table 2,
entries 8 and 9). These results suggest that the low stabilizing abil-
ity of the alkyl group at R2 toward the carbocation of intermediate
8 resulted in the suppression of the cleavage of the sp3-carbon–
nitrogen bond of the cyclic nitrone 4h.

The reaction of Z isomer (Z)-1 afforded 2,3,6-trisubstituted pyr-
idine oxide, whereas that of E isomer (E)-1 produced 2,3,4,5-tetra-
substituted pyridine oxides 2 (Scheme 2, Eq. 2 versus Eq. 1). 4 The
key to changing the substitution pattern is the geometry of the nit-
rone moiety in the electrocyclization step of the N-allenylnitrone
intermediates 50 and 11 (Scheme 2); that is, in the latter case, the
carbon–carbon double bond can be located close to the allene moi-
ety, enabling participation in the 6p-electrocyclization, whereas in
the former case, the olefinic moiety is at the opposite side, result-
ing in exclusive 4p-electrocyclization. Moreover, it is noteworthy
that the cyclization of the Z isomer proceeds without the aid of
any catalysts, whereas the E isomer requires a copper catalyst.9

In the [2,3]-rearrangement of (E)-1, the substituent R1 derived
from the alkyne terminus and the substituent at the oxime moiety
(R4–CH@CH–) approach each other (Scheme 3). To overcome the
steric repulsion, the catalyst possibly generates the cyclic vinylcop-
per intermediate 14, which allows the rearrangement to proceed
quickly. In contrast, because the substituent at the oxime moiety
is located at the opposite side of R1 in the rearrangement of (Z)-1
to 5, as indicated in 13 as the transition state, the reaction of
(Z)-1 proceeds in a concerted manner even in the absence of the
catalyst.10 However, it should be noted that the copper catalyst
exhibited catalytic activity in DMF at 100 �C (Table 1, entry 3 vs
5), suggesting that the cyclization process in the reaction of the Z
isomer was also accelerated by the copper catalyst.
In conclusion, we have developed a new approach to the
multisubstituted pyridine oxides. It should be noted that three dif-
ferent substituents can be substituted at the 2, 3, and 6 positions of
the pyridine ring in a regiospecific manner. Further investigations
of the reaction mechanism are underway in our laboratory.
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