
Direct generation of an acyl radical from a formyl group
has been proven to be a versatile methodology for the cy-
clization of formylalkenes and formylalkenoates to cy-
cloalkanones.1,2) The reaction developed by us is catalyzed by
the combination of a radical initiator and a thiol.3) For exam-
ple, the treatment of a formylenoate (1) with 0.3 eq of 2,2�-
azobis(2-methylpropanenitrile) (AIBN) and 0.3 eq of tert-do-
decanethiol (R�tert-dodecanyl) in refluxing benzene for 19 h
gave 4 in 89% yield (Chart 1). This radical cyclization is in
sharp contrast to the thiolate-initiated consecutive Michael
addition-aldol cyclization of 1.4—7) Thiyl radical is supposed
to be the agent to abstract hydrogen radical from a formyl
group to generate an acyl radical 2, which undergoes in-
tramolecular addition to a C–C double bond to form a carbon
radical 3.8,9) Then, the radical 3 abstracts a hydrogen radical
from a thiol to provide both 4 and a thiyl radical that enters
into the catalytic cycle of the reaction. This scenario seems to
be reasonable,10) however, the generation of an acyl radical 2
by 1-cyano-1-methylethyl radical, produced from AIBN, in
place of thiyl radical in the first step, and regeneration of 1-
cyano-1-methylethyl radical by the donation of a hydrogen
radical from 2-methylpropanenitrile to 3 in the final step are
the alternate possibilities. We describe herein that a thiyl rad-
ical is essential for this cyclization. Furthermore the presence
of dioxygen in the reaction medium alters the reaction path-
way to give oxidation products.

Alternate Reaction Pathways in the Presence of Dioxy-
gen Under the strictly deoxygenated conditions (the mixture
was degassed by the freeze–thaw procedure three times in ad-
vance to heating), a mixture of 1 and AIBN in benzene was
stirred under reflux for 22 h to recover 1 in 98% yield (Chart
2). This experiment apparently indicates that 1-cyano-1-
methylethyl radical does not generate an acyl radical 2 or 2-
methylpropanenitrile does not donate a hydrogen radical to 3.

Under the open-air conditions, the reaction of 1 with
AIBN in refluxing benzene for 21 h gave 4 in 17% yield to-
gether with 5 in 63% yield and trace amount of 6 (Chart 3).
The structure of 5 was unambiguously determined by the di-
rect comparison with 5 prepared by the reported way.11)

Under the open-air conditions the reaction of 1 with AIBN
and N-hydroxyphthalimide (NHPI)12) in toluene at 80 °C for
23 h gave 4 in 20% yield, 5 in 38% yield, and trace amount of
6. These two reactions indicate that the radical species, prob-

ably peroxy radical generated from 1-cyano-1-methylethyl
radical and dioxygen, formed an acyl radical 2 that under-
went cyclization to 4 via 3, and also oxidation to 5 and 6.

Established nickel-catalyzed acyl radical generation and its
oxidation with dioxygen13) in 1,2-dichloroethane at room
temperature for 48 h gave 5 in 20% yield and 6 in 41% yield
(Chart 4). AIBN-mediated nickel-catalyzed oxidation in
chlorobenzene at 70 °C for 24 h gave also 5 and 6 in 54% and
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Chart 1. The Acyl Radical Cyclization of 1 to 4 via Radicals 2 and 3

Chart 2. No Reaction under the Deoxygenated Conditions and in the Ab-
sence of a Thiol

Chart 3. Oxidation Products 5 and 6 from 1 under Open-Air Conditions



10% yields. It is remarkable that cyclization product 4 was
not detected in these reactions, suggesting that both 5 and 6
was the direct oxidation products not coming from 4. It is
also important to note that at room temperature 6 is the major
product probably derived from initially formed acyl radical.

Interestingly the reaction of 1 with AIBN under open-air
conditions (CaCl2 tube) in chlorobenzene at 70 °C for 22 h
gave 5 and 6 in 63% and 11% yields (Chart 5). Under the
similar conditions 7 was converted to ketoester 8 in 24%
yield and acid 9 in 57% yield.

Attempted reaction of 1 with triethylborane-thiol or di-
methylzinc-thiol,14,15) other than diazoanalogues for radical
initiator, was unsuccessful, recovering 1 unchanged.

Plausible Way to Carboxylic Acids 5, 6, 8, and 9 The
reaction of formylalkenoates 1 and 7 with 1-cyano-1-methyl-
ethylperoxy radical produces acyl radical 10, which reacts
with dioxygen to give 11, because acyl radical 10 reacts with
dioxygen faster than cyclization in the present conditions
(Chart 6).16) Reduction of 11 gives carboxylic acids 6 and 9.
When the intramolecular attack of 11 to 12 is easy to take
place, epoxide 13 is the major pathway. Its rearrangement to

ketone 14 and reduction gives 5 and 8. Since 7-exo cycliza-
tion (for 1) is easier than 8-exo cyclization (for 7), it is rea-
sonably understandable that 1 gave ketoester 5 as a major ox-
idation product and 7 gave enoate 9 as a major product.17)

In conclusion, it was demonstrated that both thiyl radical
and peroxy radical, which are classified as electrophilic radi-
cals, directly generate an acyl radical from a formyl group,
while the nucleophilic 1-cyano-1-methylethyl radical does
not. In the absence of dioxygen the acyl radical thus formed
undergoes cyclization, however, in the presence of dioxygen
it reacts preferentially with dioxygen to produce peracid radi-
cal, which attacks an intramolecular C–C double bond when
it is easy to take place. We continue our journey to envision
atom economical and green radical chemistry.18—22)

Experimental
NMR (500 MHz for a proton, 125 MHz for a carbon) was measured in

CDCl3. Chemical shift values were expressed in ppm relative to internal
tetramethylsilane. J values were shown in Hz. The IR spectroscopy was pre-
sented in cm�1 for the wave numbers of maximum absorption peaks.

The Reaction of 1 under the Strictly Deoxygenated Conditions (Chart
1) AIBN (49 mg, 0.3 mmol) was added to a solution of 1 (156 mg, 1 mmol)
and tert-dodecanethiol (60 mg, 0.3 mmol) in benzene (10 ml). The solution
was degassed three times by the freeze–thaw procedure. The mixture was
then refluxed under argon atmosphere for 19 h. The crude reaction mixture
was directly purified by silica gel column chromatography (hexane/ether
4/1) to give cyclic ketone 4 (139 mg, 89%) as a colorless oil.3)

7-Methoxy-6,7-dioxoheptanoic Acid (5) and (E)-7-Methoxy-7-oxo-
hept-5-enoic Acid (6) (Chart 4) A mixture of 1 (156 mg, 1 mmol) and
Ni(acac)2 (5 mg, 0.02 mmol) in 1,2-dichloroethane (1 ml) was stirred under
an atmospheric pressure of dioxygen at room temperature for 48 h. The mix-
ture was directly purified by silica gel column chromatography (hexane/ether
3/1) to give 5 (37 mg, 20%) as a colorless oil and 6 (70 mg, 41%) as a color-
less oil.

5: 1H-NMR: 1.67—1.72 (4H, m), 2.38—2.41 (2H, m), 2.87—2.90 (2H,
m), 3.87 (3H, s). 13C-NMR: 22.0, 23.6, 33.4, 38.6, 52.8, 161.2, 179.0, 193.6.
IR (neat): 3100, 1732. EI-MS m/z: 188 (M�). The spectroscopic data were
identical with those of 5 prepared by the reported procedure.11)

6: 1H-NMR: 1.82 (2H, tt, J�7.3, 7.3), 2.28 (2H, ddd, J�7.3, 7.0, 1.5),
2.40 (2H, t, J�7.3,), 3.74 (3H, s), 5.87 (1H, dt, J�15.6, 1.5), 6.95 (1H, dt,
J�15.6, 7.0). 13C-NMR: 22.8, 31.2, 33.0, 51.5, 121.8, 148.0, 167.0, 179.1.
IR (neat): 3202, 1728, 1659. EI-MS m/z: 173 (M��H). HR-MS-CI:
[M�H]� Calcd for C8H13O4, 173.0814; Found, 173.0808.

The Reaction of 1 with AIBN Giving 5 and 6 (Chart 5) A mixture of
1 (156 mg, 1 mmol) and AIBN (49 mg, 0.3 mmol) in chlorobenzene (10 ml)
was stirred at 70 °C for 22 h in a round-bottom flask attached with a drying
tube filled with CaCl2. The mixture was concentrated and purified by silica
gel column chromatography (hexane/ether 3/1) to give 5 (118 mg, 63%) and
6 (19 mg 11%).

8-Methoxy-7,8-dioxooctanoic Acid (8) and (E)-8-Methoxy-8-oxooct-6-
enoic Acid (9) (Chart 5) Formylenoate 7 (170 mg, 1 mmol), AIBN
(49 mg, 0.3 mmol) and benzene (10 ml) were placed in a round bottom flask
fitted with reflux condenser and a drying tube filled with CaCl2. The mixture
was refluxed for 24 h. Additional AIBN (49 mg, 0.3 mmol) was added to the
mixture which was then refluxed for a further 24 h. The mixture was concen-
trated and purified by silica gel column chromatography (hexane/ether 2/1)
to give 8 (48 mg 24%) as a colorless oil and 9 (106 mg, 57%) as a colorless
oil.

8: 1H-NMR: 1.37—1.43 (2H, m), 1.64—1.70 (4H, m), 2.37 (2H, t,
J�7.4), 2.86 (2H, t, J�7.1), 3.87 (3H, s). 13C-NMR: 22.4, 24.1, 28.1, 33.6,
38.9, 52.8, 161.4, 179.7, 194.0. IR (neat): 3200, 1732, 1717, 1713. EI-MS
m/z: 202 (M�). HR-MS-EI: [M�] Calcd for C9H14O5, 202.0841; Found,
202.0838.

9: 1H-NMR: 1.50—1.56 (2H, m), 1.64—1.70 (2H, m), 2.24 (2H, dt,
J�7.0, 7.0), 2.38 (2H, t, J�7.4), 3.73 (3H, s), 5.84 (1H, dt, J�15.6, 1.5),
6.96 (1H, dt, J�15.6, 7.0). 13C-NMR: 24.0, 27.2, 31.7, 33.6, 51.4, 121.2,
148.9, 167.2, 179.6. IR (neat): 3200, 1724, 1659. EI-MS m/z: 187 (M��H),
169 (M��OH). HR-MS-CI: [M�H]� Calcd for C9H15O4, 187.0970; Found,
187.0975.
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Chart 4. Nickel-Catalyzed Autoxidation Products 5 and 6 from 1

Chart 5. Autoxidation Products 5, 6 from 1 and 8, 9 from 7

Chart 6. Autoxidation Products 5, 6 from 1 and 8, 9 from 7
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