
Reactions of the “Stable” Nitroxyl Radical TEMPO with Ketenes:
Formation of a Unique Peroxidic Source of Aminyl Radicals

Wen-wei Huang, Huda Henry-Riyad, and Thomas T. Tidwell*

Contribution from the Department of Chemistry, UniVersity of Toronto,
Toronto, Ontario, Canada M5S 3H6

ReceiVed August 17, 1998. ReVised Manuscript ReceiVed February 18, 1999

Abstract: Calculations at the B3LYP level predict addition of the radical H2NO to the carbonyl carbon of
CH2dCdO to be exothermic by 18.7 kcal/mol. Consistent with this prediction, the ketene Ph2CdCdO reacts
at 25 °C with tetramethylpiperidinyloxy radical (TEMPO, TO) to yield an unstable species that reacts with
oxygen to form the peroxide (OCPh2CO2T)2 (6, T ) 2,2,6,6-tetramethylpiperidinyl), whose structure was
confirmed by X-ray crystallography. Heating of6 at 100 °C in toluene with TEMPO leads to Ph2CdO,
tetramethylpiperidine, and PhCH2OT, indicating that6 decomposes to form two 2,2,6,6-tetramethylpiperidinyl
radicals15. Kinetic studies of the thermal decomposition of6 show a 100-fold rate acceleration relative to
(PhMe2CO)2. Thermal reactions of TEMPO with the bisketene (Me3SiCdCdO)2 (23) at 90°C and with the
allenylketene26also lead to deoxygenation of TEMPO, forming radicals15, together with 2,3-bis(trimethylsilyl)-
maleic anhydride (24) and the alkylidenelactone27, respectively.

Nitroxyl radicals such as 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO, TO) are remarkable for their stability toward dimer-
ization and their inertness toward typical organic molecules,
but react rapidly with most other free radicals, and have wide
application as radical traps.1 Recently nitroxyl radicals have also
attracted great interest in living free radical polymerizations,
where the nitroxyl radical reversibly combines with growing
radical chains in styrene polymerization.2a-e At 120 °C TEMPO
adds to styrene, giving the adduct PhCH(OT)CH2OT,2f and at
similar temperatures, TEMPO abstracts hydrogen from alkyl-
benzenes.2f,g Recently TEMPO was reported to react withtert-
butylperoxy radicals to form the unstable trioxidet-BuOOOT,
which cleaves to O2, t-BuO•, and T•.2j The thermolysis of cumyl-
TEMPO, forming TEMPO and cumyl radicals, has also been
observed.2k

Ketenes are an interesting class of organic molecules that
are usually susceptible to attack by most reactive intermediates.3a

In the first publication on ketenes,3b Staudinger noted in 1905
that diphenylketene reacted with O2, which strongly implies a
sensitivity to free radicals. Despite this early indication, there

are only a few scattered references to reactions of ketenes with
radicals.3a Recently we have carried out molecular orbital
calculations on the reactions of CH2dCdO with H, CH3, OH,
F, SiH3, and Cl radicals and predict these processes to be
strongly exothermic, with rather low barriers for addition to
either Câ or CR to form acyl or enolic radicals1 and 2,
respectively, while attack at oxgyen to give vinyl radicals3
(eq 1) is less favorable in all cases.3c

Reported experimental examples of interactions of free radical
with ketenes include reactions of R• (R ) H,4a t-Bu,4b OH,4c

F,4d and Cl4e,f) with CH2dCdO, resulting in either hydrogen
abstraction from the ketene (eq 2) or addition to Câ, forming
an acyl radical with subsequent decarbonylation (eq 3). These

reactions are highly exothermic, and because of the relatively
low barriers for decarbonylation of the acyl radicals, stable
products resulting from trapping of the species were not
observed. These experimental results agree with our calculations3c

(1) (a) Volodarsky, L. B.; Reznikov, V. A.; Ovcharenko, V. I.Synthetic
Chemistry of Stable Nitroxides; CRC Press: Boca Raton, FL, 1994. (b)
Keana, J. F. W.Chem. ReV. 1978, 78, 37-64. (c) Aurich, H. G. Nitroxides.
In Nitrones, Nitronates, Nitroxides; Patai, S., Rappoport, Z., Eds.; Wiley:
New York, 1989; Chapter 4.

(2) (a) Hawker, C. J.Acc. Chem. Res. 1997, 30, 373-382. (b) Georges,
M. K.; Veregin, R. P. N.; Kazmaier, P. M.; Hamer, G. K.Macromolecules
1993, 26, 2987-2988. (c) Kazmaier, P. M.; Daimon, K.; Georges, M. K.;
Hamer, G. K.; Veregin, R. P. N.Macromolecules1997, 30, 2228-2231.
(d) Nakamura, T.; Busfield, W. K.; Jenkins, I. D.; Rizzardo, E.; Thang, S.
H.; Suyama, S.J. Am. Chem. Soc. 1997, 119, 10987-10991. (e) Nakamura,
T.; Busfield, W. K.; Jenkins, I. D.; Rizzardo, E.; Thang, S. H.; Suyama, S.
J. Org. Chem. 1997, 62, 5578-5582. (f) Connolly, T. J.; Scaiano, J. C.
Tetrahedron Lett. 1997, 38, 1133-1136. (g) Opieda, I. A.; Matvienko, A.
G.; Ostrovskaya, O. Z.Kinet. Catal. 1995, 36, 441. (h) Braslau, R.; Burrill,
L. C., II; Siano, M.; Naik, N.; Howden, R. K.; Mahal, L. K.Macromoelcules
1997, 30, 6445-6450. (i) Hawker, C. J.; Barclay, G. G.; Overlang, A.;
Dao, J.; Devonport, W.Macromolecules1996, 29, 5245-5254. (j) Barton,
D. H. R.; Le Gloahec, V. N.; Smith, J.Tetrahedron Lett. 1998, 39, 7483-
7486. (k) Kothe, T.; Marque, S.; Martschke, R.; Popov, M.; Fischer, H.J.
Chem. Soc., Perkin Trans. 21998, 1553-1559.

(3) (a) Tidwell, T. T.Ketenes; Wiley: New York, 1995. (b) Staudinger,
H. Chem. Ber.1905, 38, 1735-1739 (c) Sung, K.; Tidwell, T. T.J. Org.
Chem.1998, 63, 9690-9697. (d) Barone, V.; Bencini, A.; Cossi, M.; Di
Matteo, A.; Mattesini, M.; Totti, F. J. Am. Chem. Soc.1998, 120, 7069-
7078 and references therein.

(4) (a) Michael, J. V.; Nava, D. F.; Payne, W. A.; Stief, L. J. J. Chem.
Phys. 1979, 70, 5222-5227. (b) Itzel, H.; Fischer, H.HelV. Chim. Acta.
1976, 59, 880-901. (c) Oehlers, C.; Temps, F.; Wagner, H. G.; Wolf, M.
Ber. Bunsen-Ges. Phys. Chem. 1992, 96, 171-175. (d) Ebrecht, J.; Hack,
W.; Wagner, H. G.Ber. Bunsen-Ges. Phys. Chem. 1990, 94, 587-593. (e)
Wallington, T. J.; Ball, J. C.; Straccia, A. M.; Hurley, M. D.; Kaiser, E.
W.; Dill, M.; Schneider, W. F.; Bilde, M. Int. J. Chem. Kinet. 1996, 28,
627-635. (f) Maricq, M. M.; Ball, J. C.; Straccia, A. M.; Szente, J. J. Int.
J. Chem. Kinet. 1997, 29, 421-429.

3939J. Am. Chem. Soc.1999,121,3939-3943

10.1021/ja982944i CCC: $18.00 © 1999 American Chemical Society
Published on Web 04/08/1999



in that attack at Câ of ketene is favored kinetically, even though
in the case of CH3 and groups containing lone pairs of electrons
(OH, F, Cl) the enolic radicals2 from attack at CR are predicted
to be more stable. Therefore we were interested in finding
suitable methods for studying free radical reactions of ketenes
in solution and required convenient sources of free radicals such
that the radical precursors and their means of generation did
not themselves cause interfering side reactions of the ketenes.

Results and Discussion

Our previous theoretical studies3c show that density functional
theory using the B3LYP functional gives good agreement with
available experimental data for eq 1, and this method has also
been extensively used in calculations of nitroxyl radicals.3d

Therefore, as a means of assessing the feasibility of the reaction
of nitroxyl radicals with ketenes, we have carried out B3LYP/
6-31G*//B3LYP/6-31G* calculations, implemented with Gauss-
ian 94,5a for addition of the prototypical nitroxyl radical H2NO•

to CH2dCH2, forming H2NOCH2CH2
•, and to CH2dCdO,

forming H2NOCH2C(•)dO (4) or •CH2CO2NH2 (5). These
calculations predict the former reactions to be endothermic, by
7.5 and 6.1 kcal/mol, respectively (eqs 4 and 5).5b However,

attack at the carbonyl carbon of CH2dCdO forming •CH2CO2-
NH2 is predicted to be exothermic by 18.7 kcal/mol.5b Details
of the calculated structures are given in the Supporting Informa-
tion. By comparison, addition of HO• to the carbonyl carbon of
CH2dCdO was calculated3c to be exothermic by 54.7 kcal/
mol.

The structures of adducts4 and55b resemble the correspond-
ing HO• adducts1 and 2, but the formation of the latter was
more exothermic than formation of4 and5 by 38.7 and 36.0
kcal/mol, respectively. The acyl radical4 has a syn coplanar
arrangement of the O-C-CdO bonds, while the enolic radical
5 is planar with the spin concentrated on Câ and has a significant
degree of C-C single-bond character, with a bond length of
1.443 Å. A similar situation is found in other enolic radicals2,
where the group R has lone pairs of electrons capable of
delocalization with the carbonyl group.3c

As a test of the predicted feasibility of attachment of nitroxyl
radicals to the carbonyl carbon of ketene and to explore the
reactivity of nitroxyl radicals, the reaction of TEMPO with
Ph2CdCdO was examined. This ketene is more reactive than
CH2dCdO toward H2O by a factor of 8.0,3a and this greater
reactivity has been attributed3a to delocalization of the develop-
ing charge by the aryl groups in a transition state with some
zwitterionic character, which more than overcomes the steric
hindrance by the phenyl groups to in-plane nucleophilic attack
by H2O on the carbonyl carbon. Mixing of Ph2CdCdO with
TEMPO in CDCl3 at room temperature led to disappearance of
the ketene within 2 h and formation of an oil which was

separated from excess TEMPO by chromatography. Upon
allowing the mixture to stand in air, a crystalline solid separated
out (18% yield, mp 150-152 °C, dec.) that was identified by
its spectral properties as the peroxide6, and this assignment
was confirmed by an X-ray crystal structure (Figure 1).5b The
structure of6 is characterized by a 180.0° C-O-O-C dihedral
angle, as also found in Ph3COOCPh3.6a This geometry is
uncommon for peroxides and is presumably due to steric effects.
The properties of related peroxides have been of interest,6b-k

including (OCPh2CO2Et)2, mp 116-118 °C (dec.),6g and the
corresponding methyl ester, mp 151-152 °C.6h

A plausible route to6 beginning with attack of TEMPO on
CR of the ketene is shown in Scheme 1. The presumed dimer8
was not characterized but, based on information from other
carboxydiarylmethyl radicals, would evidently be a head-to-
tail dimer.7

Analogy for this reaction pathway forming6 is found in the
conversion of the halo esters9 to radicals10, which were in
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Figure 1. X-ray structure of peroxide6.

Scheme 1
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equilibrium with the head-to-tail dimers11.7 Reaction of the
radicals10with O2 formed the peroxides12,6g,hbut the reactivity
of these peroxides has not been examined.

Heating6 for 8 h in toluene in the presence of 4 equiv of
TEMPO at 100°C gave benzophenone (95%), tetramethylpi-
peridine (13, 90%), and14 (92%). These products indicate that
6 undergoes thermal cleavage to form Ph2CdO, CO2, and
tetramethylpiperidinyl radicals15,8 which abstract hydrogen
from toluene (eqs 8 and 9).

The kinetics of the decomposition of6 in n-octane were
monitored by observation of the increase in the Ph2CdO
absorption maximum at 245 nm (kobs) 3.59× 10-5 s-1 at 85.0
°C, ∆Hq ) 34.3 ( 0.3 kcal/mol,∆Sq ) 16.7 ( 0.7 cal K-1

mol-1).5b Decomposition kinetics have not been measured for
(Ph3CO)2, which is reported to decompose in 8 min in boiling
xylene (bp ofp-xylene: 135°C) with O-O bond cleavage,6b

but for dicumyl peroxide, (PhMe2CO)2, a rate constantk of 1.5
× 10-4 s-1 at 135°C may be calculated, or a half-life of 1.3
h.6c The extrapolated rate constant for6 at 135 °C is 1.5 ×
10-2 s-1, or 100 times greater than for (PhMe2CO)2. The radicals
Ph3CO• 6b and Ph2C(CH3)O• (from [Ph2C(CH3)OO-t-Bu]6d)
undergo facile 1,2-phenyl migration from C to O (Wieland
rearrangement) to form the radicals Ph2C•OPh and PhC•(CH3)-
OPh, respectively. The rate constant of the rearrangement of
Ph3CO• has been reported6e to exceed 5× 1010 s-1. The radical
Ph2C(CH3)O• does not lose CH3• to form benzophenone but
undergoes phenyl migration with a lifetime of 3× 10-7 s.

The higher reactivity of6 compared to (PhMe2CO)2 is
presumably not due to rate-limiting N-O bond fission of6 to
form the transient radical16 because the acyloxypiperidine
derivative179a is stable at 150°C, and6 and17 should have
comparable reactivity by this pathway. Other possible causes
of the observed rate enhancement are steric acceleration and
rate-enhancing synchronous bond cleavage in6. In the X-ray
structure of6 (Figure 1), significant steric crowding is apparent
that could be relieved upon cleavage of the O-O bond with
formation of18. Steric effects in dialkyl peroxide decomposi-
tions have been demonstrated by Hendrickson et al.,6k for
example for (t-BuCMe2O)2, which is less reactive than6 at 125
°C by a factor of only 10.8. The cleavage of18, forming Ph2Cd

O, would have to be rapid to exceed the rate of phenyl migration
to oxygen in the radical Ph2C(CH3)O• noted above.

Possible multiple bond scission may also be considered, and
in the case of the thermolysis oftert-butyl peresters RCO3-t-
Bu, it was proposed by Bartlett and Hiatt9b that the activation
parameters of these reactions could be used as a criterion of
the reaction mechanism, in that in cases where multiple bond
breaking in the transition state occurred there would be a
freezing out in the transition state of rotational motions that
were free in the reactants, and this would be reflected in lowered
entropies of activation. Pryor and Smith9c examined the ap-
plication of this analysis to dialkyl and diacyl peroxides and
concluded that this correlation could be used “in limited and
rather imprecise ways”. The activation parameter data for6 fall
between the regions laid out by Pryor and Smith9c for rate-
limiting one and two bond scissions, and so either pathway is
possible by this criterion.

In the thermolysis of6 a total of five bonds are cleaved, and
plausible pathways involving synchronous cleavage of two
bonds would be breaking of N-O and C-C bonds, giving19,
or cleavage of O-O and C-C bonds, giving18 and 20.

Cleavage of even more bonds in the rate-limiting step would
be well outside the expectations of the analysis of Pryor and
Smith.9c Since steric effects alone with rate-limiting cleavage
of the O-O bond appear sufficient to account for the rate and
activation parameter data this mechanism appears most reason-
able, with subsequent rapid cleavage of further bonds to give
the observed products.

To test the generality of the conversion of diarylketenes to
peroxides, the previously unreported ketene (4-ClC6H4)2CdCd
O (21) was prepared by dehydrochlorination of the acyl chloride
and was identified by its characteristic IR signal at 2103 cm-1

and other spectral data. This ketene was reacted without
purification with TEMPO and was rapidly consumed as

(9) (a) Anderson, J. E.; Corrie, J. E. T.J. Chem. Soc., Perkin Trans. 2
1992, 1027-1031. (b) Bartlett, P. D.; Hiatt, R. R. J. Am. Chem. Soc. 1958,
80, 1398-1408. (c) Pryor, W. A.; Smith, K.Int. J. Chem. Kinet.1971, 3,
387-394.
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D.-c. Acc. Chem. Res. 1995, 28, 265-271. (b) Zhao, D.-c.; Allen, A. D.;
Tidwell, T. T. J. Am. Chem. Soc.1993, 115, 10097-10103. (c) Brown, R.
S.; Christl, M.; Lough, A. J.; Ma, J.; Peters, E.-M.; Peters, K.; Sammtleben,
F.; Sung, K.; Slebocka-Tilk, H.; Tidwell, T. T.J. Org. Chem. 1998, 63,
6000-6006. (d) Allen, A. D.; Ma, J.; McAllister, M. A.; Tidwell, T. T.;
Zhao, D.-c.J. Chem. Soc., Perkin Trans. 21995, 847-851. (e) Colomvakos,
J. D.; Egle, I.; Egle, I.; Ma, J.; Pole, D. L.; Tidwell, T. T.; Warkentin, J.J.
Org. Chem. 1996, 61, 9522-9527. (f) Adam, W.; Bottle, S. E.; Grice, I.
D.; Pfeiler, D.; Wentrup, C.Tetrahedron Lett. 1996, 37, 2113-2116. (g)
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indicated by the color change. The resulting intermediate was
reacted with a stream of oxygen to give the peroxide [TO2-
CCAr2O]2 (22, Ar ) 4-ClC6H4) in 44% yield. In this case the
intermediate radical•CAr2CO2T may form a head-to-head
dimer.7b

The reactivity of TEMPO with the 1,2-bisketene (Me3SiCd
CdO)2 (23)10a was also examined. Bisketene23 reacts readily
with many reagents, including H2O,10b Br2,10c protic acids,10d

and cycloaddition reagents,10eand with H2O is 104 less reactive
than Ph2CdCdO. With TEMPO in toluene at 90°C, 23 forms
in 3 h the maleic anhydride2410b (80%), 13 (85%), and14
(76%). A possible mechanism for the formation of24 is shown
(eq 10) and resembles that suggested10b for the formation of24

by the reaction of23 with O2, although the latter process
occurred in low yield. The related reaction of the radical species
NO with bisketenes was examined and proposed10f to involve
N-C bond formation, which is unlikely for TEMPO.

This oxygenation procedure is also found to occur for an
analogous allenylketene, providing a route to a butenolide
derivative. Methylenecyclobutenone25and allenylketene26are
both present at thermal equilibrium, but upon photolysis,
complete conversion to26 occurs.10g Heating26 made in this
way in toluene with TEMPO at 180°C for 3 h gave the lactone
27 in 61% yield (eq 11), with concomitant formation of 50%

13 and 55%14. The stereochemistry of27 was established by
X-ray crystallography (Figure 2). This process presumably
occurs by a mechanism resembling that of eq 10 and involves
rotation of the phenyl group away from the nearby Me3Si group.
The details of this process are the subject of further investigation.

In summary, the reaction of TEMPO with diaryl ketenes has
been shown to be a facile process that provides a simple
preparation of novel peroxidic free radical initiators and of

aminyl radicals.11 The properties of novel difunctional initiators
have been of continuing interest,12 and examples containing
TEMPO and diazene moieties have been reported for the
preparation of block polymers.12aThe reactions of TEMPO with
1,2-bisketene23 and allenylketene26 occur with oxygenation
and also give aminyl radicals. The extension of this reaction to
other ketene types is underway and promises to reveal further
novel chemistry.

Experimental Section

Infrared (IR) spectra were recorded on a Perkin-Elmer FTIR 1000
spectrometer.1H NMR spectra were recorded on a Varian VXR-200
instrument at 199.975 MHz or a Varian Unity-400 instrument at 399.443
MHz referenced to residual CHCl3 (7.26 ppm).13C NMR spectra were
recorded at 100.577 MHz and referenced to the center line of CDCl3

(77.00 ppm). GC analyses were performed on a Perkin-Elmer Auto-
system XL gas chromatograph using a Simplicity 5 column and FID
detector.

Reaction between Diphenylketene and TEMPO.To a solution of
diphenylketene (0.11 g, 0.57 mmol)13 in 3 mL of CDCl3 was added
TEMPO (0.18 g, 1.15 mmol). The reaction mixture was stirred 2 h at
25 °C, the solvent was evaporated, and the residue was chromato-
graphed over silica gel (5% EtOAc/hexanes). The elutant, on standing
in air for 3 day, gave peroxide6 (37 mg, 18%) as a white crystalline
solid: mp 150-152 °C; IR (CDCl3) 1764 cm-1; 1H NMR (CDCl3) δ
0.744 (s, 12, CH3), 1.025 (s, 12, CH3), 1.34-1.62 (m, 12, CH2), 7.14-
7.28 (m, 20, Ph);13C NMR (CDCl3) δ 16.87, 20.75, 31.37, 39.51, 60.53,
92.26, 127.30, 127.72, 129.73, 138.57, 169.39.

Bis(4-chlorophenyl)ketene(21). To bis(4-chlorophenyl)acetyl chlo-
ride (1.0 g, 3.3 mmol) in 25 mL of ethyl ether was added Et3N (0.5
mL, 3.6 mmol) dropwise at 0°C, and the reaction mixture was stirred
4 h at 0°C.13 The Et3NHCl was filtered off and washed with ether, the
solvent was evaporated, and the crude ketene21 was used without
further purification: IR (CDCl3) 2103 cm-1; 1H NMR (CDCl3) δ 7.10-
7.14 (m, 4, Ar), 7.32-7.36 (m, 4, Ar);13C NMR (CDCl3) δ 45.83,
128.76, 129.51, 131.32, 132.06, 199.61.

Reaction between 21 and TEMPO.To 21 (0.35 g, 1.3 mmol) in
20 mL of dichloromethane was added TEMPO (0.24 g, 1.5 mmol) in
one portion at 0°C. The ice bath was removed, and the mixture was
stirred for 0.5 h. Then oxygen was bubbled through the reaction mixture
for 2 h. After evaporation of the solvent, the residue was dissolved in
50 mL of methanol and H2O was added to precipitate the peroxide,
giving 254 mg (44%) of peroxide22 as a light yellow solid. The crude
product was purified by flash chromatography using 3% EtOAc in
hexanes and recrystallized from pentane to give pure peroxide: mp
147-149°C; IR (CDCl3) 1762 cm-1; 1H NMR (CDCl3) δ 0.77 (s, 12,
CH3), 1.02 (s, 12, CH3), 1.3-1.7 (m, 12, CH2), 7.16 (s, 16, Ar);13C
NMR (CDCl3) δ 16.77, 20.76, 31.42, 39.41, 60.71, 91.16, 127.71,
130.71, 134.38, 136.21, 168.54.

Decomposition of Peroxide 6.A mixture of peroxide6 (10.6 mg,
0.014 mmol) and TEMPO (9.2 mg, 0.059 mmol) in 1 mL of toluene
was heated in an oil bath at 100°C 8 h under nitrogen. The solvent
and volatile products were removed in vacuo and collected in a trap
cooled by liquid N2. GC analysis using aniline as an internal standard
showed the presence of 3.7 mg of13 (90%). The residue of the reaction
mixture was dissolved in 5 mL of diethyl ether and washed twice with
5 mL of 10% HCl. The ether layer was dried over anhydrous MgSO4.
Flash chromatography gave benzophenone (4.9 mg, 95%) as a gum:
1H NMR δ 7.4-7.9 (m); IR (CH2Cl2) 1659 cm-1. The aqueous layer

(11) Musa, O. M.; Horner, J. H.; Shahin, H.; Newcombe, M.J. Am.
Chem. Soc. 1996, 118, 3862-3868.
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Figure 2. X-ray structure of lactone27.
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was neutralized by NaHCO3 and extracted by diethyl ether (3× 10
mL). The ether extract was dried over anhydrous MgSO4. Flash
chromatography gave1414 (6.6 mg, 92%).

Kinetic Study of Decomposition of Peroxide 6.The kinetics of
the decomposition of peroxide6 were measured over the range 75.7-
99.1 °C in octane by monitoring the increase in the absorption of
benzophenone at 245.3 nm, where the largest change occurred. The
measured rate constants are given in Table 1 (Supporting Information).

Reaction between Bisketene 23 and TEMPO in CDCl3. A mixture
of bisketene23 (0.151 g, 0.67 mmol) and TEMPO (0.209 g, 1.34 mmol)
in 1 mL of CDCl3 in a vial under nitrogen was heated 3 h at 100°C.
After evaporation of the solvent, the crude product was purified by
chromatography (5% EtOAc/hexanes), giving anhydride2410b (69.8 mg,
43%) as a gum: IR (CDCl3) 1812 (w), 1748, (s) cm-1; 1H NMR
(CDCl3) δ 0.387;13C NMR (CDCl3) δ 0.02, 164.40, 168.31.

Reaction between Bisketene 23 and TEMPO in Toluene.A
mixture of bisketene23 (0.143 g, 0.631 mmol) and TEMPO (0.295 g,
1.89 mmol) in 1 mL of toluene was heated in an oil bath at 90°C for
3 h under nitrogen. The volatile components of the reaction mixture
were removed by a vacuum pump at room temperature and were
collected in a trap cooled with liquid nitrogen. GC analysis using aniline
as an internal standard showed that the volatile part of the reaction
mixture contained 0.075 g (85%) of13. The residue of the reaction
mixture (nonvolatile) was dissolved in 10 mL of diethyl ether and
washed twice with 10 mL of 10% HCl aqueous solution. The ether
layer was dried over anhydrous MgSO4. Flash chromatography gave
anhydride 24 (0.122 g, 80%) as a gum. The aqueous layer was
neutralized by NaHCO3 and then extracted by diethyl ether (3× 20
mL). The ether extract was dried over anhydrous MgSO4. Flash
chromatography gave1414 (0.119 g, 76%) as a liquid:1H NMR (CDCl3)
δ 1.16 (s, 6), 1.27 (s, 6), 1.3-1.8 (m, 6), 4.84 (s, 2), 7.3-7.4 (m, 5);
13C NMR (CDCl3) δ 17.11, 20.29, 33.07, 39.71, 60.00, 78.71, 127.26,
127.43, 128.20, 138.10.

Reaction between Allenylketene 26 and TEMPO in Toluene.A
mixture of allenylketene26 (0.0795 g, 0.265 mmol), formed by
photolysis of25,10g and TEMPO (0.1242 g, 0.796 mmol) in 1 mL of
toluene was sealed in a vial under nitrogen and was heated 3 h in an
oil bath at 180°C. The volatile components of the reaction mixture
were analyzed as above to contain 0.019 g (50%) of13. The nonvolatile
residue was dissolved in 10 mL of diethyl ether and washed twice with
10 mL of 10% HCl aqueous solution. The ether layer was dried over
anhydrous MgSO4. Flash chromatography gave lactone27 (50.9 mg,
61%) as a white solid: mp 82-83 °C; IR (CDCl3) 1737 cm-1 (CdO);
1H NMR (CDCl3) δ 0.377 (s, 9, TMS), 0.466 (s, 9, TMS), 6.21 (s, 1,
dCH), 7.30-7.81 (m, 5, Ph);13C NMR (CDCl3) δ 0.689, 1.929, 113.34,
128.68, 128.73, 130.68, 133.81, 140.25, 153.32, 167.57, 173.40; EIMS
m/z 316 (M+, 17), 157 (19), 142 (100), 118 (36), 73 (Me3Si+, 18);
HRMS calcd for C17H24O2Si2 316.1315, found 316.1314. Lactone27
was recrystallized from pentane and a crystal was submitted for X-ray
analysis. The aqueous layer was neutralized by NaHCO3 and then
extracted by diethyl ether (3× 20 mL). The ether extract was dried
over anhydrous MgSO4. Flash chromatography gave14 (36.2 mg, 55%).
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