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ABSTRACT: We demonstrated the rapid Johnson−
Claisen rearrangement of allyl alcohol and triethyl
orthoacetate with a continuous flow apparatus combined
with a microwave reactor. The reaction could be carried
out without solvent, and only a catalytic amount of acetic
acid was sufficient to promote the reaction under
microwave irradiation conditions. To confirm the optimal
reaction conditions found experimentally, we performed
Design of Experiments (DoE) by the Nelder−Mead
method and a least-squares method regarding the amount
of acetic acid and the flow rate. Consequently, the highest
yield of the desired γ,δ-unsaturated ester was obtained,
and the productivity at the reaction step of the continuous
process was 89.5 g/h under the optimal conditions,
suggesting that 2.1 kg of the product would be
theoretically obtained in 1 day. We also investigated the
Johnson−Claisen rearrangement using other allylic
alcohols, and the corresponding products were obtained
in good to high yields per unit of time.
KEYWORDS: Johnson−Claisen rearrangement, microwave,
flow chemistry, γ,δ-unsaturated ester

■ INTRODUCTION
[3,3]-Sigmatropic rearrangements are recognized to be an
important tool for constructing unique organic frameworks.
Among them, the Johnson−Claisen rearrangement is partic-
ularly useful for the construction of a γ,δ-unsaturated ester
framework from an allylic alcohol,1,2 and it has often been
utilized in the synthesis of natural and unnatural bioactive
compounds.2 Generally, external heating by an oil bath or a
heat block has traditionally been used for this transformation.2

While such methods are reliable, simple reflux conditions
normally require a longer reaction time until the completion of
the reaction. As the key to address this issue, high pressure and
high temperature are known to be effective to accelerate the
reaction dramatically.2c

Microwave (MW) irradiation is now a common method in
synthetic organic chemistry because rapid heating can be
achieved easily by direct heating of materials, including
solvents.3 The Johnson−Claisen rearrangement has been

performed under MW irradiation conditions, and a consid-
erable shortening of the reaction time was observed. In 1992,
Jones reported that the Johnson−Claisen rearrangement of
cyclic allylic alcohols under MW irradiation proceeded in high
yields within 9 min in the presence of montmorillonite KSF.4

Subsequently, a MW-assisted Johnson−Claisen rearrangement
in DMF5 and a solvent-free reaction6 were reported. However,
a large excess amount of triethyl orthoacetate was necessary in
these reactions.
Continuous flow chemistry has attracted much attention

from the viewpoint of manufacturing technology because it is
expected to improve safety, to reduce energy consumption, and
to be scalable by protraction of the reaction time.7 Hessel
applied a high-pressure flow system to the Johnson−Claisen
rearrangement (220 °C, 100 bar), but the production scale was
less than 0.5 g after 100 min.8 Although MW irradiation would
be effective to accelerate the reaction at high temperature,
MW-assisted synthesis is quite difficult to scale up because of
the limited penetration depth of microwaves and the limited
irradiation power. Therefore, some groups have devised
multimode MW applicators and stopped-flow systems to
partly overcome the problem.9 In this context, we previously
developed a highly efficient single-mode MW applicator with a
resonance cavity in which the irradiation frequency is tuned
immediately using a technology to adjust the frequency for
electronic power transfer detected in the resonator, and we
revealed the unique features of the apparatus by demonstrating
fundamental organic reactions such as the Fischer indole
synthesis, the Diels−Alder reaction, and the Williamson ether
synthesis in a continuous manner.10,11 Subsequently, we have
been pursuing synthetic applications of our flow MW
apparatus. Herein we disclose the rapid and scalable
Johnson−Claisen rearrangement. To the best of our knowl-
edge, there has been no report of the Johnson−Claisen
rearrangement using a continuous flow MW system.

■ RESULTS AND DISCUSSION
In order to optimize the continuous flow MW-assisted
Johnson−Claisen rearrangement, we chose simple allyl alcohol
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(1) as a model substrate. Triethyl orthoacetate (2) and a
catalytic amount of acetic acid were mixed with 1, and the
resulting solution was pumped into the MW applicator. A
schematic illustration of our flow MW system is shown in
Figure 1.10,12 The irradiation power and flow rate were

controlled and monitored by the software. Since the Johnson−
Claisen rearrangement is known to become faster at higher
temperature, the MW irradiation power was set at 200 W in a
single mode, which is the maximum for our apparatus.10,12 The
volume of the helical tube (borosilicate glassware) in the cavity
was approximately 6.2 mL, and the reaction temperature was
monitored at the end of the reactor (using a thermocouple
located inside the helical tube reactor). The line pressure was
adjusted to 2.5 MPa, which is the maximum pressure for safe
usage, by a backpressure regulator to avoid boiling of the
materials, including ethanol and acetic acid. The yields were
determined by GC analysis using a calibration curve method12

to prevent non-negligible reduction of the product during
evaporation.
The results of the screening of the reaction conditions are

described in Table 1. First, the flow rate was examined (entries
1−6). Although only a 61% yield of the desired product was
obtained at 9.0 mL/min (entry 6), a high yield of 91% was
observed at 5.0 mL/min (entry 3). In this case, the reaction
time was calculated to be only 74 s. The amount of acetic acid
was screened next (entries 7−11). While the reaction efficiency
was decreased with 0.03 equiv of acetic acid (entry 7), the best
result was obtained when the reaction was operated with 0.2
equiv of acetic acid (entry 9). The desired product, 3, was
obtained in as high as 95% yield, accompanied by a small
amount of allyl acetate (4) (entry 9).
To confirm the optimized reaction conditions, we performed

a Design of Experiments (DoE)13 analysis by the Nelder−
Mead method14 using the data listed for entries 1−11 (Figure
2a).15 The Nelder−Mead method searches for the optimal
conditions by reflection, expansion, and contraction of a
simplex. This method is suitable for rough exploration
compared with the least-squares method. In Figure 2, the
impact of the flow rate and the amount of acetic acid on the
yield of 3 was investigated.15,16 According to the response
surface obtained from the DoE study, a larger amount of acetic
acid seemed necessary for the highest yield. Therefore, we
conducted four additional reactions (entries 12−15). Interest-
ingly, however, the yield decreased gradually as the amount of
acetic acid was increased further (entries 9−15). This is
probably due to the drop in the reaction temperature. Since
acetic acid negatively affects the heating rate of alcoholic media
under microwave heating conditions,17 it seems difficult to

estimate the exact impact of the acetic acid on the chemical
yield separately. Because the obtained yields were inferior to
that of entry 9, the DoE with a least-squares method18 was next
investigated using all of the data listed in Table 1 (entries 1−
15) to search for the maximum point more exactly.15

According to the response surface depicted in Figure 2b, the
use of 0.25 equiv of acetic acid and a flow rate of 4.5 mL/min
was suggested as the optimal conditions (entry 16). Indeed,
the desired product 3 was formed in 96% yield (87% isolated
yield) and the generation of the side product 4 was reduced,
which was slightly better or almost equivalent to the best yield
obtained experimentally. The present reaction could be scaled
up easily. Thus, the reaction was run for 1 h under the optimal
reaction conditions, and 89.5 g of 3 was successfully produced
without difficulty after workup and purification (entry 17). In
this case, the amount of the product was calculated to be 2.1 kg
if the reaction were operated continuously for 1 day. In all
cases examined in Table 1, only a trace amount of byproduct 5
was detected by GC analysis.
Reactions of other allylic alcohols were carried out using the

flow MW system (Chart 1).12 Contrary to the reaction of
simple allyl alcohol, allyl esters like 5 were formed in
appreciable amounts in the crude mixtures.12 Thus, the
crude mixtures were treated with NaOEt or NaOMe to
convert the allyl esters to the desired ethyl or methyl esters. A
substituent at the β-position of the allylic alcohol did not have
a significant impact on the reaction efficiency. Thus, when the
reaction was carried out with β-methallyl alcohol as a substrate,
the corresponding product 6 was obtained in high yield (91%).
Trimethyl orthoacetate could also be used in this Johnson−

Figure 1. Flow microwave system.

Table 1. Continuous Johnson−Claisen Rearrangement with
1 and 2

entry
flow rate
[mL/min]

equiv of
AcOH

temp.
[°C]

yield of 3
[%]a

yield of 4
[%]a

1 2.0 0.1 239 87 trace
2 3.0 0.1 235 88 1
3 5.0 0.1 221 91 2
4 6.0 0.1 220 89 1
5 7.0 0.1 219 84 1
6 9.0 0.1 221 61 trace
7 5.0 0.03 230 78 trace
8 5.0 0.05 230 88 trace
9 5.0 0.2 227 95 4
10 5.0 0.3 226 91 4
11 5.0 0.35 217 89 2
12 5.0 0.45 214 87 2
13 4.5 0.5 212 86 1
14 5.0 0.6 209 79 1
15 5.0 0.7 207 75 1
16b 4.5 0.25 224 96 (87c) 2
17d 4.5 0.25 224 96 (92c) trace

aThe yields were determined by GC analysis. bRun under the
conditions suggested by DoE with a least-squares method. cIsolated
yield. dRun for 1 h.
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Claisen rearrangement without difficulty, and compound 7 was
obtained in 90% yield. 3-Buten-2-ol, which is a secondary
alcohol, was found to provide only the E isomer of 8 in 76%
yield. Substitution at the γ-position of the allylic alcohol tended
to decrease the reaction efficiency, probably because of steric
hindrance in the transition state of the rearrangement.
Nevertheless, the yield of 9 was still good. In the reaction of
3-methyl-2-buten-1-ol, the desired product 10 was obtained in
modest yield (54%) under the described conditions. In this
case, a lower flow rate to improve the yield was not applicable
because of boiling in the reaction tube. Unfortunately,
cinnamyl alcohol could not be used because unidentified
byproducts were formed and the system became unstable,
suggesting that the absorption wavelength and the dielectric
loss of the reaction mixture might change during the reaction.

■ CONCLUSION
We have demonstrated the microwave-assisted continuous
Johnson−Claisen rearrangement. The combination of a quick
screening and the Design of Experiment technique provided
the optimal conditions for the standard reaction with simple
allyl alcohol. Various γ,δ-unsaturated esters were produced
continuously in good to high yields, indicating the possibility

of large-scale production. Further application of this system is
ongoing in our group.

■ EXPERIMENTAL SECTION

General. 1H and 13C NMR spectra were measured on a
JEOL ECX-500 spectrometer at 500 and 125 MHz,
respectively. Chemical shifts are reported in parts per million
downfield from TMS (δ = 0 ppm) or CDCl3 for 1H NMR
spectra. For 13C NMR spectra, chemical shifts are reported on
a scale relative to CDCl3. Column chromatography was
performed with silica gel N-60 (40−100 μm) purchased
from Kanto Chemical Co., Inc. TLC analysis was performed
on silica gel 60 F254-coated glass plates (Merck). Visualization
of TLC plates was carried out by means of UV irradiation at
254 nm and/or by spraying 12-molybdo(VI)phosphoric acid
ethanol solution as the visualizing agent.

Experimental Procedure for Johnson−Claisen Rear-
rangement of Allyl Alcohol (1). Allyl alcohol (27.2 mL, 0.4
mol), triethyl orthoacetate (2)(109.4 mL, 0.6 mol), and acetic
acid (5.7 mL, 0.1 mol) were charged into an Erlenmeyer flask.
The mixture was pumped into the microwave reactor at a low
rate of 4.5 mL/min under MW irradiation at 200 W. After 5
min, the exit temperature reached a steady state at 224 °C. At
this point, the crude reaction mixture started to be collected
for the next 1 min, while the exit temperature was maintained
at 224 °C. A portion of the crude product was submitted to gas
chromatography to determine the GC yield using n-decane as
an internal standard. The organic material was diluted with
Et2O and washed with brine. The organic layer was dried over
Na2SO4. After filtration, the filtrate was evaporated with care,
and the residue was purified by distillation to provide ethyl
pent-4-enoate (3)19a (1.4 g, 87%) as a colorless oil. 1H NMR
(500 MHz, CDCl3): δ = 5.86−5.78 (m, 1H), 5.06 (qd, J = 1.7,
17.2 Hz, 1H), 5.00 (qd, J = 1.2, 10.3 Hz, 1H), 4.13 (q, J = 6.9
Hz, 2H), 2.42−2.35 (m, 4H), 1.25 (t, J = 6.9 Hz, 3H). 13C
NMR (125 MHz, CDCl3): δ = 172.9, 136.6, 115.3, 60.1, 33.4,
28.8, 14.1.

Typical Procedure for Continuous Johnson−Claisen
Rearrangement (Chart 1). β-Methallyl alcohol (33.9 mL, 0.4
mol), triethyl orthoacetate (109.4 mL, 0.6 mol), and acetic
acid (2.1 mL, 36 mmol) were charged into an Erlenmeyer
flask. The mixture was pumped into the microwave reactor at a
flow rate of 3.1 mL/min under MW irradiation at 200 W. After
5 min, the exit temperature reached a steady state at 234 °C.
At this point, the crude reaction mixture started to be collected
for the next 1 min, while the exit temperature was maintained
at 234 °C. The crude product was treated with NaOEt (2.9 g,

Figure 2. Response surfaces for the yield of 3 by the DoE technique.

Chart 1. Microwave-Assisted Continuous Johnson−Claisen
Rearrangement

aThe yield was determined by NMR analysis using 1,1,2,2-
tetrachloroethane as an internal standard. bThe value in parentheses
is the isolated yield.
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43 mmol) in EtOH. The mixture was neutralized with 1 N
HCl aqueous solution. The organic material was diluted with
EtOAc and washed with brine. The organic layer was dried
over Na2SO4. After filtration, the filtrate was concentrated in
vacuo, and the residue was purified by column chromatography
on silica gel (n-hexane/EtOAc = 10:1 to 3:1) to provide ethyl
4-methylpent-4-enoate (6) (1.1 g, 88%) as a colorless oil.
Ethyl 4-Methylpent-4-enoate (6).19b Colorless oil (1.1 g,

88%). 1H NMR (500 MHz, CDCl3): δ = 4.74 (s, 1H), 4.69 (s,
1H), 4.13 (q, J = 6.9 Hz, 2H), 2.47−2.44 (m, 2H), 2.35−2.32
(m, 2H), 1.74 (s, 3H), 1.26 (t, J = 6.9 Hz, 3H). 13C NMR (125
MHz, CDCl3): δ = 173.2, 144.0, 110.2, 60.2, 32.6, 32.6, 22.4,
14.1.
Methyl 4-Methylpent-4-enoate (7).19c Colorless oil (762

mg, 85%). 1H NMR (500 MHz, CDCl3): δ = 4.74 (s, 1H),
4.68 (s, 1H), 3.67 (s, 3H), 2.48−2.45 (m, 2H), 2.35−2.32 (m,
2H), 1.74 (s, 3H). 13C NMR (125 MHz, CDCl3): δ = 173.7,
144.1, 110.3, 51.6, 32.6, 32.4, 22.5.
Ethyl (E)-Hex-4-enoate (8).19d Colorless oil (552 mg, 71%).

1H NMR (500 MHz, CDCl3): δ = 5.52−5.39 (m, 2H), 4.13
(q, J = 6.9 Hz, 2H), 2.36−2.33 (m, 2H), 2.32−2.28 (m, 2H),
1.64 (d, J = 5.7 Hz, 3H), 1.25 (t, J = 6.9 Hz, 3H). 13C NMR
(125 MHz, CDCl3): δ = 172.9, 129.1, 125.8, 59.9, 34.1, 27.7,
17.6, 14.0.
Ethyl 3-Methylpent-4-enoate (9).19b Colorless oil (573 mg,

73%). 1H NMR (500 MHz, CDCl3): δ = 5.77 (ddd, J = 6.9,
10.3, 17.2 Hz, 1H), 5.02 (d, J = 17.2 Hz, 1H), 4.95 (d, J = 10.3
Hz, 1H), 4.12 (q, J = 6.9 Hz, 2H), 2.72−2.64 (m, 1H), 2.34
(dd, J = 6.9, 14.9 Hz, 1H), 2.25 (dd, J = 7.5, 14.9 Hz, 1H),
1.25 (t, J = 6.9 Hz, 3H), 1.05 (d, J = 6.9 Hz, 3H). 13C NMR
(125 MHz, CDCl3): δ = 172.2, 142.3, 113.1, 60.0, 41.1, 34.3,
19.5, 14.1.
Ethyl 3,3-Dimethylpent-4-enoate (10).19e Colorless oil

(416 mg, 50%). 1H NMR (500 MHz, CDCl3): δ = 5.90 (dd,
J = 10.6, 17.5 Hz, 1H), 4.99−4.93 (m, 2H), 4.01 (q, J = 7.1 Hz,
2H), 2.29 (s, 2H), 1.24 (t, J = 7.1 Hz, 3H), 1.13 (s, 6H). 13C
NMR (125 MHz, CDCl3): δ = 171.6, 146.8, 110.7, 59.9, 46.7,
36.1, 26.8, 14.2.
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