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The Woodward-Hoffmann (WH) rules!2 and complementary
theories® have provided a powerful framework for predicting the
stereochemistry of thermal and photochemicil pericyclicreactions.
A classic example is the electrocyclic ring-opening of cyclobutene
(CB)to1,3-butadiene, whose photochemistry is predicted to occur
with a disrotatory motion of the CH; groups.! This reaction has
been investigated experimentally? and theoretically.? Photolysis
of CB at 185 nm?! leads to 1,3-butadiene (¢ = 0.43) and
methylenecyclopropane (¢ = 0.12); the latter is thought to arise
from a low-lying Rydberg state.26 While the thermal reaction
proceeds with conrotatory stereochemistry,* only one study of a
substituted CB has indicated that the disrotatory route is
photochemically preferred.258 No experimental investigations
of the stereochemistry and dynamics of CB itself have been
reported. We present here the 200-nm resonance Raman
spectrum of cyclobutene, which exposes the excited-state nuclear
dynamics that occur immediately after excitation.

We have used resonance Raman scattering intensities to
examine the excited-state dynamics of the conrotatory and
disrotatory ring-opening reactions of 1,3-cyclohexadiene’ and
1,3,5-cyclooctatriene,® respectively, and the [1,7] sigmatropic
hydrogenshift of 1,3,5-cycloheptatriene,” revealing mode-specific
information on how each molecule moves out of the Franck-
Condonregion. When excitation is on resonance with an allowed
electronic transition, the intensity of resonance Raman vibrational
scattering depends upon the changes in the nuclear potential
energy surface that occur upon electronic excitation.? For a non-
totally symmetric mode, a change in excited-state frequency will
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Figure 1. Resonance Raman spectrum of a liquid jet of cyclobutene!®
in cyclopentane excited with a Nd:YAG laser that was Hj-shifted to 200
nm (15 uJ/pulse, 20 Hz, ~30-um-diameter beam) obtained following
the methods of ref 6. The full spectrum has been corrected for the
wavelength dependence of the detection system, self-absorption, and
chromaticaberration, but no fluorescence background has beensubtracted.
The residual features from solvent subtraction at 2900-3000 cm-! are
~2% of their original intensity. Thearrowssuperimposed on the ground-
state structure of cyclobutene give the geometry changes that occur ~30
fs after excitation as a result of evolution along the indicated CH,~CH,
stretch and by CH); twist normal modes.

L
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give rise to even overtone scattering, resulting from the spreading
of the wavepacket on the excited-state surface. For fundamental
scattering in a totally symmetric mode, the difference in
equilibrium geometry (A) causes the excited-state wavepacket to
move along that coordinate, leading tothe development of overlap
with the final state of the Raman process and resonance Raman
intensity in that fundamental.® The resonance Raman spectrum
of 1,3-cyclohexadiene reveals an intense symmetric CH, twist,
indicating that motion along the conrotatory reaction coordinate
occurs immediately after excitation,> while the spectra of the
nonplanar 1,3,5-cyclooctatriene and 1,3,5-cycloheptatriene mol-
ecules indicate evolution mainly along ring-planarization coor-
dinates.5? This led tothe hypothesisthata planar carbon skeleton
was required before pericyclic rearrangements would occur. The
resonance Raman spectrum of CB presented here completes the
series and provides a unique chance to examine the disrotatory
ring-opening reaction of a planar® system, thereby directly testing
our hypothesis.

Figure 1 presents the resonance Raman spectrum of cyclobutene
excited at 200 nm.1° From this spectrum and normal mode
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assignments!! we can describe the nuclear dynamics that occur
immediately after excitation. Asexpected for a #~7* transition,
the most intense peak is the ethylenic mode at 1563 cm-1, indicative
of an increase in its equilibrium bond distance upon excitation.!2
Enhancement of the 984- and 1110-cm~! modes indicates changes
in the equilibrium bond lengths of the three C~C single bonds,
including the CH,~CHj; bond, which breaks as the ring-opening
proceeds. The symmetric CH, scissors mode at 1440 cm-!
parallels the change in hybridization of the methylene carbons
as the CH,~CH, bond breaks: the HCH bond angle must change
from 109° (sp3) for CB?® to 120° (sp?) for 1,3-butadiene. The
most intriguing feature of the spectrum is the intensity of the
2150-cm™! peak in the overtone region;!4 this corresponds to the
first overtone of the non-totally symmetric CH, twist (b, in the
C;, point group), whose fundamental is not observed because it
is symmetry forbidden for A-term resonance Raman scattering.
This mode projects directly onto the disrotatory twist of the
CH, groups, indicating that evolution along the reactive coor-
dinate occurs directly out of the Franck—Condon region via a
decrease in the excited-state frequency of this mode.)> This
evolution is depicted by the arrows on the molecular model of CB
in Figure 1. Also, the symmetric CH twist at 1145 cm-! is not
observed, indicating that no initial evolution occurs along the
conrotatory reaction coordinate. The low fluorescence back-
ground beneath the resonance Raman spectrum suggests a very
low fluorescence quantum yield due to a short electronic state
lifetime (7). This phenomenon has been observed in previous
studies of pericyclic photochemical reactions and can be explained
by a femtosecond internal conversion to a lower-lying excited
electronic state of A, symmetry.5-716

Inaddition to the disrotatory twist, the 200-nm spectrum reveals
activity in other non-totally symmetric modes. The peak at 656
cm! corresponds to the first overtone of the 328-cm-! a, out-
of-plane ring pucker. Due to Rayleigh interference, we were
unable to determine if the 328-cm™! fundamental is enhanced at
200 nm. However, from the small intensity of the combination
of the 328- and 1563-cm~! modes at 1895 ¢cm™!, we infer that the
fundamental is deriving some B-term resonance enhancement
via vibronic coupling,!” suggesting that the initial dynamics of
the ring-opening reaction in CB also involve a torsion about the
C==C bond. This makes sense since the CH; groups in the s-cis
product are expected to assume a gauche conformation!® and a
torsion would be necessary to bring the planar CB ring to this
geometry. The B-term intensity of the non-totally symmetric
(b)) in-plane ring-bending fundamental at 902 cm! indicates
involvement of this mode in the vibronic coupling of twoelectronic
transitions.!” We also see a very intense mode at 1797 cm!
which can only be assigned as the first overtone of the 902-cm-!
mode.!® This in-phase ring-bending mode projects strongly onto
the motion necessary to produce the methylenecyclopropane
photoproduct, suggesting that initial motion along this reaction
coordinate also begins in the Franck-Condon region.
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The resonance Raman intensities of cyclobutene indicate that
the initial photochemical dynamics are directed along the
Woodward-Hoffmann-predicted disrotatory ring-opening re-
action coordinate. Thedisrotatory twisting of the CH; groups
is accompanied by changes in the bond lengths of the carbon
skeleton, changes in the HCH bond angles of the methylene
groups, and an out-of-plane pucker of the carbon ring about the
C==Cbond. Thisconcerted motion does not support thesequential
mechanism predicted by ab initio calculations for substituted
cyclobutenes in which the stereochemistry is determined by the
ground-state surface after the system has passed througha conical
intersection.’s However, the importance of both disrotatory
twists?8 and C==C torsional motion3® in the photochemistry has
been suggested previously. It is also interesting that the initial
dynamics of CB show no evolution along the conrotatory reaction
coordinate, since many examples of nonstereospecific photo-
chemical ring-openings in substituted CBs have been docu-
mented.?8 Besides changing the reduced mass of the system,
thus altering the reaction dynamics, it is also possible that the
substituents required to identify the stereochemistry perturb the
ordering and interactions of the two low-lying excited states (2A,
and 1B, for C;,symmetry) through inductive or hyperconjugative
mechanisms, resulting in a system which is guided by a different
set of forces than those of the unsubstituted ring.20 However, it
is also possible that nonstereospecific dynamics could occur farther
along the reaction coordinate, at a time that cannot be probed
by resonance Raman intensities (>50 fs); yet the forces which
would direct such a mechanism, in which one methyl group
reversesitsrotation direction after significant evolution has already
occurred, are difficult to imagine.

This analysis of the photochemical ring-opening dynamics of
CB illustrates how resonance Raman intensities can be used to
reveal the excited-state dynamics of photochemical systems
without relying on perturbative substituents. Qur observation
that, after excitation, planar cyclobutene evolves directly and
immediately along the WH-predicted reaction coordinate has
important implications for the mechanism of pericyclic rear-
rangements. 1,3-Cyclohexadiene, a system which is only slightly
nonplanar, also evolvesimmediately along the conrotatory reaction
coordinate.®> However, the nonplanar systems 1,3,5-cyclooc-
tatriene and 1,3,5-cycloheptatriene evolve out of the Franck-
Condon region along ring-planarization coordinates.”® Com-
parison of the excited-state dynamics of these four systems
strongly suggests that a planar or near-planar carbon skeleton
must be established before the reactive pericyclic changes occur.
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