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Abstract: Thermal reaction of alkynyl propargyl sulfides 1 in the
presence of n-BuN3 followed by moist silica gel treatment afforded
4-methylenecyclobutenones 4 in moderate yields. Photogeneration
of allenylketenes 5 from 4 in the presence of amine or methanol
gave 3,4-pentadienamides 6 or methyl 3,4-pentadienates 7, respec-
tively. Similar reaction in the presence of aldimines afforded unsat-
urated d-lactams 9 in good yields.
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Cyclobutenones are recognized as useful synthetic equiv-
alents of vinylketenes, and they have been considered as
novel precursors for the formation of cyclic compounds
via intermolecular [4+2]-1 and [4+1]-cycloaddition2 and
intramolecular cyclization.3,4 For these reasons, much re-
search has been carried out on chemical conversion of
these species. Tidwell reported a new preparation of 4-
methylenecyclobutenones 4, and used these products as
precursors for allenylketenes 5.5 However, access to 2,3-
unsymmetrically substituted 4-methylenecyclobutenones
4 has been limited due to low selectivity in the methylena-
tion reaction of unsymmetrically substituted cyclobutene-
1,2-diones.

In the course of our synthetic studies of chalcogenocarbo-
nyl compounds,6 we reported a new method for generat-
ing unstable 4-methylenecyclobutenethiones 2 via [3,3]-
sigmatropic rearrangement of alkynyl propargyl sulfides
1 bearing various substituents. Further conversion of isol-
able 2-trimethylsilyl-3-phenyl-4-methylenecyclobute-
nethione (2h) via MCPBA oxidation gave the
corresponding ketone 4h.6c However, this protocol can
only be used when 2 is isolable and bears a relatively
bulky R1 substituent. These results prompted us to devel-
op a new general approach to the preparation of 4-methyl-
enecyclobutenones 4 via a novel oxidative hydrolytic
pathway from 2. In this paper, we describe an efficient
synthesis of 4 via formation of 4-methylenecyclobuten-
imines 3, which are generated by treating in situ generated
thiones 2 with n-butylazide. We also report photoinduced
ring opening of 4 and efficient trapping of the resulting al-
lenylketenes 5 (Scheme 1).

Scheme 1

We initially examined thermal reactions of alkynyl prop-
argyl sulfide 1a6c in the presence of azides (Equation 1).
The use of n-butylazide or phenylazide resulted in the for-
mation of imines 3a and 3b (84% and 75% yields), re-
spectively.7 An attempt to prepare N-tosylimine in an
analogous procedure was unsuccessful. Imine 3a was
readily transformed into the corresponding ketone 4a in
83% yield during purification by column chromatogra-
phy, but 3b was stable under similar conditions. Although
treatment of 3b with TsOH·H2O (2 equiv) in THF–H2O
(1:1) at room temperature for five hours also afforded 4a
in 68% yield, the relatively efficient preparation via 3a,
which proceeds under mild conditions, was preferable.

Equation 1

Next, we undertook the preparation of various other sub-
stituted 4-methylenecyclobutenones 4 via thermal reac-
tion of 1 in the presence of n-BuN3 followed by moist
silica gel treatment. The results are summarized in
Table 1. Alkyl-, aryl-, and silyl-substituted cyclobuten-
ones 4a–i were prepared with moderate to good yields,8

despite the fact that intermediate thiones 2a–g were not
isolable. The structures of 4 were confirmed by mass, IR,
1H and 13C NMR spectroscopy and by elemental analysis.
The spectral data of 4h were in agreement with those pre-
viously reported.5b,6c It is noteworthy that, unlike Wittig-
type methylenation of 3,4-unsymmetrically substituted
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cyclobuten-1,2-dione,5b our method of preparing 4h is
completely regioselective.

Compound 4h was also obtained in 66% yield by heating
the isolated cyclobutenethione 2h6c with n-BuN3 (3 equiv)
in refluxing benzene for ten hours, followed by chromato-
graphic purification (Equation 2).

Equation 2

Although the intermediates 1-thia-2,3,4-triazole B, thione
S-imide C and thiaziridine D could not be isolated, the
formation mechanism illustrated in Scheme 2 is plausible:
[3,3]-sigmatropic rearrangement of 1 followed by ring
closure of the intermediate allenylthioketene A affords
cyclobutenethione 2; subsequent [3+2]-cycloaddition of 2
with azide gives intermediate B, and extrusion of N2 and
sulfur via D produces imine 3. It is well known that
thiones undergo [3+2]-cycloaddition with 1,3-dipoles,9

including nitrones, nitrile oxides and sulfines; thus, an al-
ternative reaction pathway via C, involving a nitrene de-
rived from n-BuN3, is also possible.10

Next, we investigated photoinduced ring-opening reac-
tions of the series of compounds 4 to generate alle-
nylketenes 5, which were then trapped with amines or
methanol. Tidwell reported a photoinduced ring-opening
reaction of 4h at –50 °C and analysis of the resulting 5h

by 1H NMR and IR at low temperature.5b We previously
attempted to photogenerate allenylthioketene A via ring
opening of thione 2; however, photoirradiation of 2h in
the presence of Et2NH as a trapping reagent resulted in the
recovery of thione 2h in place of a,b,g,d-unsaturated thio-
amide (Equation 3).

Equation 3

In contrast, photoirradiation of 4 in the presence of amine
or MeOH at room temperature afforded the corresponding
3,4-pentadienamides 611 or methyl 3,4-pentadienates 7,12

which are the trapping products of allenylketenes 5, in
moderate to good yields (Table 2).

When photogeneration of allenylketene 5h from 4h was
carried out in the presence of Et2NH, the desilylated prod-
uct 6h–Et¢ was also obtained in 72% yield. It is notewor-
thy that 4a and 4e, which lack a silyl group at R1, resulting
in destabilization of the ketene moiety, also serve as pre-
cursors for allenylketenes 5.

Finally, we examined the photoinduced ring opening of 4-
methylenecyclobutenone 4h in the presence of imines 8.
We previously reported that [4+2]-cycloaddition of
the thermally generated allenyltrimethylsilylthioketene A
(R1 = Me3Si) with imines afforded unsaturated d-thiolac-
tams.14 However, the application of thermally unstable
imines pyrroline (8b) and piperideine (8c)13 in this reac-
tion was limited; they could only be used in conjunction
with allenyltrimethylsilylthioketene A (R1 = Me3Si, R2 =
H), as this could be generated at room temperature. A
thermal reaction of 1h, which undergoes [3,3]-sigmatrop-
ic rearrangement at 80 °C and above, in the presence of 8c
did not give the expected 4-substituted indolizidinthione

Table 1 Preparation of 4-Methylenecyclobutenones 4

Entry 1 R1 R2 Time (h) 4 Yield 
(%)a

1 1a Ph Ph 14 4a 72 

2 1b Ph 4-BrC6H4 14 4b 77

3 1c PMPb Ph 14 4c 80

4 1d DMPc DMPc 14 4d 56

5 1e Ph n-Bu 18 4e 43

6 1f Ph Me3Si 24 4f 62

7 1g PMBd Me3Si 12 4g 77

8 1h Me3Si Ph 24 4h 61

9 1i Me3Si Me 12 4i 58

a
 Isolated yield.

b
 PMP: 4-Methoxyphenyl.

c
 DMP: 3,4-Dimethoxyphenyl.

d
 PMB: 4-Methoxybenzyl.
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due to decomposition of the thermally unstable 8c. There-
fore, we attempted to develop a versatile aza-Diels–Alder
reaction to obtain 4-substituted indolizidinone 9b and
quinolizidinone 9c, respectively, from 8b/8c and 4h. To
achieve this, allenyltrimethylsilylketene 5h was generated
from 4h via photoirradiation in the presence of imines 8,
and the resulting [4+2]-cycloaddition reactions were ex-
amined; the results are summarized in Table 3. The pho-
toreaction of 4h in the presence of imine 8a (3 equiv) in
THF at room temperature afforded the unsaturated d-lac-
tam 9a in 72% yield. Similar reactions employing ther-
mally unstable cyclic imines 8b and 8c afforded
indolizidinone 9b and quinolizidinone 9c in 67% and 71%
yields, respectively.15 The reaction of 5h with N-benzyl-
benzylideneimine 8d was sluggish, and the isolated yield
of [4+2]-cycloadduct 9d was 13%. Unfortunately, 5h did
not react with ketimines N-benzyl-2-propylideneimine
and 2-methylpyrroline. As expected, photoirradiation of
4a (which lacks a silyl group at R1) in the presence of
imine 8a gave neither the [4+2]- nor the [2+2]-cyclo-
adduct and instead 3,4-pentadienamide 6a-Bn, derived
from allenylketene 5h and BnNH2 via photodecomposi-
tion of imine 8a, was afforded in 25% yield.

In conclusion, the thermal reaction of alkynyl propargyl
sulfides 1 in the presence of n-BuN3 followed by moist sil-
ica gel treatment afforded 4-methylenecyclobutenones 4,
which are considered to have synthetic potential. Genera-
tion of allenylketenes 5 by photoinduced ring opening of
4-methylenecyclobutenone 4 followed by trapping with
amine or MeOH gave 3,4-pentadienamide 6 or methyl
3,4-pentadienate 7 in moderate to good yields. Similar re-
actions of 4h in the presence of aldimines 8 furnished un-
saturated d-lactams 9 in good yield. Further examination
of this method, including mechanistic investigations, is
underway.

Table 2 Photoreaction of 4-Methylenecyclobutenones 4 in the Presence of an Amine or Methanol

Entry Substrate R1 R2 Reagent Solvent Time (h) Product Yield (%)a

1 4a Ph Ph BnNH2 THF 9 6a-Bn 44

2 4a Ph Ph Et2NH THF 7 6a-Et 24

3 4e Ph Me3Si BnNH2 THF 8 6e-Bn 62

4 4e Ph Me3Si MeOH MeOH 5 7e 68

5 4h Me3Si Ph BnNH2 THF 8 6h-Bn 72

6 4h Me3Si Ph Et2NH THF 5 6h-Et 17b

7 4h Me3Si Ph MeOH MeOH 5 7h 94

a Isolated yield.
b N,N-Diethyl-3-phenyl-3,4-pentadienamide (6h-Et¢) was also afforded in 72% yield.
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