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The detailed processes in the Claisen rearrangement were
observed. The process was vibrationally excited in the electronic
ground state by a stimulated Raman process using a 5-fs pulse.
The Claisen rearrangement was found to follow a three-step
pathway. At first, the C4­O bond is weakened to generate a bis-
allyl-like intermediate. Next, the formation of a weak C1­C6

bond results in the generation of an aromatic-like intermediate.
Finally, C4­O breaking and C1­C6 formation occur simulta-
neously to generate the product.

The Claisen rearrangement (Figure 1) is one of the most
useful and common sigmatropic rearrangements in organic
synthesis known for its high stereoselectivity. [3,3]-Sigmatropic
rearrangements of allyl aryl ethers reported by Claisen1 helped
spur the development of various other reactions.2 The Claisen
rearrangement is thought to proceed through a six-membered
transition state (TS) by a supra­supra facial reaction following
Woodward­Hoffmann rules3 and frontier orbital theory.4 Exper-
imental stereochemical outcomes and theoretical calculations
implicated a six-membered chair-form TS.2e­2i A more detailed
mechanism of the Claisen rearrangement (Figure 1) was studied
by theoretical calculations and the kinetic isotope effect (KIE)
using allyl vinyl ether (AVE)2a in previous work.5 As a result, a
bis-allyl-like TS was suggested.5e­5j In this work, using a 5-fs
laser pulse (Figures S1 in Supporting Information (SI)6) devel-
oped in our group,7 we observed detailed molecular structural
information in the molecular structure change states during
rearrangement, including the TS,8 via instantaneous vibration
frequencies.9

AVE has an absorption peak located at a wavelength shorter
than 220 nm, which cannot be reached either by one-photon or
two-photon absorption of the visible 5-fs laser pulses (from 525
to 725 nm, Figure S1 in SI). At least three-photon absorption
corresponding to the fifth-order nonlinearity is needed. There-
fore, the 5-fs laser pulse triggers coherent molecular vibrations
via the stimulated Raman process10 corresponding to the third-
order nonlinearity in the ground state.11

The induced absorbance difference ¦A oscillates around 0
within «5 © 10¹5, while the vibrational modulation (¤¦A) is
3 © 10¹4 (Figure S2 in SI). This indicates that there are no slow
dynamics due to the excited electronic state population. The fast
Fourier transform (FFT) power spectra of the real-time traces
from 200 to 800 fs (Figure 2a) agree well with the Raman data
of AVE (Figure 2b), which confirms that the pump­probe
observations closely reflect molecular vibration dynamics of the
electronic ground state. These observed frequencies can be
assigned to the C=C stretch (¯C=C) of the allyl and vinyl groups
(1650 cm¹1), C­H deformation (¤C­H) of the allyl and vinyl
groups (1286 and 1326 cm¹1, respectively), and the C­O­C
symmetric stretch (¯sC­O­C) of the ether group (911 cm¹1).

A spectrogram12 was obtained by time-gated Fourier trans-
form with a Blackman window of 400 fs-FWHM (Figure 3). In
the spectrogram, the molecular vibration modes immediately
after photoexcitation are only due to the reactant AVE. However,
new bands appear at a delay of 2 ps. These new bands at 1750,
1030, and 1150 cm¹1 are assigned to the C=O stretch (¯C=O),
the C­C­C symmetric stretch (¯s C­C­C), and the C­C­C
asymmetric stretch (¯as C­C­C), respectively. The frequencies of
these new modes correlate well with the frequencies of the
Raman spectrum of synthesized allylacetaldehyde (Figure S3 in
SI) by the oxidaton of 4-penten-1-ol. Therefore, the appearance
of the new modes verifies that allylacetaldehyde was generated.
Furthermore, the NMR spectrum of AVE after the pump­probe
experiment also proves the generation of allylacetaldehyde
(Figure S4 in SI). The quantum yield of the photoinduced
process was estimated to be about 0.01. As described above, the
time-resolved conformation changes during the Claisen rear-
rangement were observed via molecular vibration change.

The detailed mechanism of the reaction was thus clarified
and can be described as follows. Disappearance of the ¯sC­O­C

Figure 1. Three proposed TS. Aromatic like TS appears in a
synchronous concerted case. Bis-allyl-like TS in which C4­O bond
breaking takes place in the first step of the reaction and 1,4-diyl-like TS
in which C1­C6 bond formation takes place in the first step of the reaction
appear in an asynchronous case.

Figure 2. (a) FFT power spectrum of AVE. (b) Raman spectrum of AVE.
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(890 cm¹1) and the ¤CH2
(1500 cm¹1) bands around 800 fs shows

that the C4­O bond is weakened or broken in the first step of the
reaction. The frequency shift of the ¯C=C also suggests the
weakening of the C4­O bond as follows. The ¯C=C of the vinyl
and allyl groups, observed at 1650 cm¹1 just after photoexcita-
tion, is separated in a blue-shifted mode toward 1690 cm¹1 and a
red-shifted mode toward 1570 cm¹1 from 500 to 800 fs. These
frequency shifts suggest that C4­O bond weakening or breaking
caused the electronic density in the vinyl and allyl groups to
increase and decrease, respectively.

After the C4­O bond weakening, electrons are transferred
from the vinyl group to the allyl group to form a weak C1­C6

bond. This reduces the electronic density along the C1=C2 in the
vinyl group resulting in the red shift of ¯C=C. In the allyl group,
the electronic density along the C5=C6 bond is increased to
induce the blue shift of ¯C=C, and the C4­C5 changes to a
C4=C5. This makes the three C=C bonds (C1=C2, C4=C5, and
C5=C6) equivalent and they have the same frequency of
1580 cm¹1 at about 1500 fs delay. The frequency of 1580 cm¹1

agrees fairly well with the frequency of ¯C=C in benzene known
to be 1585 cm¹1 from the literature.13 Therefore, the appearance
of a band around 1580 cm¹1 implies that the generated
intermediate has an aromatic-like six-membered structure
including aromatic C=C bonds similar to those of benzene.
The generation of aromatic-like six-membered structure is also
supported from the appearance of ¤C­H and ¯s C­C­C at 1190 and
1000 cm¹1, respectively. Finally, C4­O bond breaking and C1­
C6 bond formation proceed simultaneously (i.e., in a synchro-
nous concerted process) to generate the product.

The existence of a six-membered intermediate are suggested
by the appearance of bands at 1000, 1190, and 1580 cm¹1 at
1.5 ps followed immediately by a weak 1750 cm¹1 band. This
¯C=O band intensity has highest value at about 2.2 ps when the
five bands with frequencies 1030, 1150, 1320, 1520, and
1650 cm¹1 appear. Therefore, the time constants of 2.2 ps does
not necessarily reflect the formation time of the allylacetalde-
hyde but the time required for the accumulation of allyl-
acetaldehyde to be detected by its vibration signals. Molecular
vibration modes of 1000, 1190, and 1580 cm¹1 were observed
for about 500 fs or longer as seen in Figure 3. The reason why
they could be observed for such a long period can be explained
as follows. It is because the occurrence time to generate six-
membered intermediate has variation depending on the thermal

energy of the component molecules distributed over the
Boltzmann distribution.

The present experimental results show that stimulated
Raman excitation of vibrations drives the Claisen rearrangement
in the ground state, and detailed reaction processes were clarified
for AVE. It demonstrates that the observation of transition states
by vibrational real-time spectroscopy opens a new methodology
to study reactions in the ground state via the stimulated Raman
excitation of coherent vibration using ultrashort visible laser
pulse.
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Figure 3. Spectrogram using a Blackman window function.
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