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We report herein a new feature that ketenes2 take part in 1,4-
cycloaddition with 1,3-dienes, followed by subsequent (3,3)
sigmatropic (Claisen) rearrangement to give 1,2-adducts.
It has been well-known that allenes3 (>CdCdC<) and

heterocumulenes4 [such as ketenimines (>CdCdN-) and
keteniminium ions (>CdCdN+<)] participate in Diels-Alder
reactions ([4+ 2] cycloadditions) with conjugated dienes.
Carbonyl groups of ketenes also react with dienes,2,5,6 in what
have been, however, regarded as exceptional examples. In many
cases, ketenes (>CdCdO) do not react as dienophiles but lead
to products resulting from 1,2-addition ([2+ 2] cycloaddition)
to the CdC bond of 1,3-dienes.2,4,7 For example, diphen-
ylketene (1a) does not add as a dienophile to the 1,4-positions
of cyclopentadiene (2) but yields cyclobutanone (4a) (Staudinger
reaction) exclusively.2,8,9 Scheme 1 illustrates traditional mech-
anism of the Staudinger reaction for the cycloadductB. One
pathway includes a zwitterionic intermediateA and is of two
steps.2b,7,10 The other is for a concerted [π2s+ π2a] cycloaddition
via a transition state (TS)C. The [π2s + π2a] path has been

shown to be unlikely by experimental studies10c-e and various
theoretical calculations.11,12

Yet, it is a primitive question why ketenes do not undergo
[4 + 2] cycloadditions in most cases. Scheme 2 illustrates
frontier molecular orbital (FMO) interactions for the selectivity
of [4 + 2] and [2+ 2] cycloadditions between ketene and2.
While both additions are basically possible, the [4+ 2] one
with in-phase FMO overlaps is better than the [2+ 2] one.13,14

The latter path suffers the perpendicular overlap between the
highest occupied MO (homo) of ketene and the lowest unoc-
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Scheme 1a

a The conventional scheme for the cycloaddition reaction of ketenes
toward conjugated 1,3-dienes to give a [2+ 2] cycloadduct (B) through
either a two-step mechanism via a zwitterionic intermediate (A) or a
concerted [π2s + π2a] pathway via a transition stateC. TS(C) shows
the charge-transfer model from the HOMO of2 to the (lu+ 1)mo of
ketene. L and S stand for large and small substituents, respectively.

Scheme 2a

a An FMO selectivity between [2+ 2] and [4+ 2] cycloadditions
between ketene and cyclopentadiene2. This selectivity corresponds to
the counterclockwise and clockwise rotations of the pentadiene ring,
respectively. HOMO and LUMO belong to2, and homo and lumo to
the ketene. CT stands for the charge transfer.
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cupied MO (LUMO) of2 in the back charge transfer (CT). FMO
predicts that cycloadditions should occur between the carbonyl
(not CdC) bond of ketene and 1,3-diene of2.
In order to test the prediction in Scheme 2, ab initio

calculations15 have been performed for all cycloadditions ([2
+ 2] and [4+ 2]) between the parent ketene (1b) and2. We
have sought their TSs and compared activation energies.
Surprisingly, a TS of the target [2+ 2] cycloaddition competing
with the [4+ 2] one (in Scheme 2) has not been found. As
expected in Scheme 2, the [4+ 2] addition is calculated to be
of the smallest activation energy among all the computationally
obtained cycloadditions.12 Next, interest is directed to inter-
relation between the [4+ 2] cycloadduct and the experimentally
observed [2+ 2] one. The [4+ 2] adduct can isomerize to
the [2+ 2] one via a (3,3) sigmatropic (here called Claisen)
rearrangement. MP3/6-31G*// MP2/6-31G* energies are shown
in Figure 1. The FMO theory and the computational results
provide a new mechanism independent of those in Scheme 1.

The second test for Scheme 2 is a low-temperature experi-
ment. Diphenylketene (1a) reacts smoothly with cyclopenta-
diene (2) at room temperatureto give the 1,2-cycloadduct17 (4a).
However, careful experiment with the low-temperature NMR
spectroscopies at-30 °C has detected a metastable reaction
intermediate,R-methylenedihydropyran3a (Scheme 3). Modern
NMR (1H and13C) spectroscopies18 have demonstrated that the
structure of the intermediate3a is the 1,4-cycloadduct19 4a
across the CdO bond of the ketene. Intermittent1H NMR
spectroscopic monitoring at low temperatures has also proved
that3a is converted gradually to the final product, cyclobutanone
4a, when the reaction temperature is elevated above-30 °C.
Surprisingly, the maximum concentration of the [4+ 2]-cy-
cloadduct3aexceeds 40% of the reaction mixture at a stage (3
h at -20 °C) of the reaction (see Table 1 in the supporting
information). Thus, the reaction of1awith 2 is a Diels-Alder
one, followed by a Claisen rearrangement.
The [4+ 2] adduct isomerizes to the [2+ 2] one due to the

remarkably large difference of average bond energies between
C-O (85.5 kcal/mol) and CdO (178 kcal/mol). The great
stability by the carbonyl bond must be recovered starting from
theR-methylenedihydropyran intermediate3a. Thus, the first
step [4+ 2] is kinetically (FMO) controlled, and the second
step (3,3) is thermodynamically controlled.
In conclusion, we have proposed a new two-step reaction

mechanism (Scheme 4) composed of the [4+ 2] addition and
the subsequent (3,3) sigmatropic rearrangement. Historically,
by the high-temperature experiment, this combination has been
overlooked. In simple ketene-diene systems, two-step pro-
cesses seem to mean not an intervention of zwitterionic
intermediates but an addition-isomerization combination.
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Figure 1. Energy diagram of the Diels-Alder reaction between ketene
(1b) and cyclopentadiene (2) and the subsequent Claisen rearrangement
to yield the [2+ 2] cycloadduct (4b). Optimized geometries were
determined with MP2/6-31G*, and energies were obtained with single-
point calculations of MP3/6-31G* on the MP2/6-31G* geometries,
MP3/6-31G*// MP2/6-31G*. Distances attached to two TSs are in Å.
MP2/6-31G* single-point self-consistent reaction field (SCRF) (solvent
effect, dielectric constantε ) 9.0816 for CH2Cl2) stabilization energies
are 1.23 kcal/mol at TS(1b + 2 f 3b) and 1.07 kcal/mol at TS(3b f
4b), respectively. This small SCRF effect arises from relatively small
changes of MP2/6-31G* dipole moments (in D), 3.08 for TS(1b + 2
f 3b), 2.08 for3b, 2.98 for TS(3b f 4b), and 2.63 for4b.

Scheme 3a

a Experimental detection of an initially formed [4+ 2]-type
cycloadduct (3a) from the reactions of diphenylketene (1a) with
cyclopentadiene (2). The initial cycloadduct undergoes a (3,3) sigma-
tropic rearrangement to give the final product, cyclobutanone (4a).
Conditions: (i)1a + 2 f 3a, 1a (1 equiv),2 (1.1 equiv), CD2Cl2,
-20 °C, 3 h, maximum concentration for3a, 43%; (ii) 1a+ 2 f 4a,
1a (1 equiv),2 (3 equiv), CH2Cl2, 20 °C, 2 h, 98-99%.

Scheme 4a

a Stereochemistry of cycloadditions of ketenes to cyclopentadiene.
L and S are large and small substituents, respectively.
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