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Introduction

Pericyclic rearrangements, which include such di-
verse reactions as electrocyclic ring-openings and
cycloreversions, cycloadditions, sigmatropic shifts, and
elimination reactions, have received considerable
experimental' ~® and theoretical?!°~!8 attention over
the past 30 years. These reactions are termed peri-
cyclic because they are traditionally described with a
transition state having a closed loop of interacting
orbitals. The discovery that the stereochemical out-
come of pericyclic reactions is dependent on whether
the reaction is photochemically or thermally induced
was a landmark for physical organic chemistry. This
observation catalyzed the development of theories
based on orbital symmetry conservation which suc-
cessfully predict the structural outcome of thermal
rearrangements and to a somewhat lesser degree the
photochemical reactions.?%!! These predictions, known
collectively as the Woodward—Hoffmann rules, pro-
vide a framework for understanding the outcome of a
plethora of pericyclic reactions. While identical pre-
dictions are obtained using a variety of theoretical
approaches such as transition-state aromaticity and
frontier orbital theory,!3-18 it is the Woodward—
Hoffmann rules that have been most widely applied
by organic chemists, and we will initially discuss our
results in these terms. Advances in laser spectroscopy
are now making it possible to directly study the
mechanism of a wide variety of photochemical reac-
tions.!® This raises the intriguing possibility of di-
rectly examining the molecular mechanism and tran-
sition states involved in pericyclic photochemical
reactions. The purpose of this Account is to sum-
marize our recent work on these reactions using
resonance Raman spectroscopy, which has allowed us
to go beyond the predictive theories and develop an
experimentally based description of the actual photo-
chemical pathway of one important class of pericyclic
reactions, electrocyclic ring-openings.
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In electrocyclic ring-opening reactions, the struc-
tural change occurs through the reorganization of
7-bonds accompanied by the breaking of a o-bond.!!
The reaction stereochemistry is defined by examining
the respective rotation of the CH, groups on the
saturated portion of the ring. As illustrated in Figure
1 for cyclobutene, a conrotatory twisting of the CH,
groups preserves the C; axis of symmetry, whereas a
disrotatory twisting of the CH; groups preserves the
mirror plane of symmetry that bisects the molecular
plane. The Woodward—Hoffmann rules predict that,
for reactants containing 4n m-electrons, the photo-
chemical ring-opening will proceed with conrotatory
specificity, while for reactants with 4n + 2 s-electrons,
the photochemical ring-opening will proceed with
disrotatory specificity. Thus, as shown in Figure 1,
the photochemical ring—opening reactions of cy-
clobutene (CB) and 1,3,5-cyclooctatriene (COT) are
predicted to occur with a disrotatory twisting of the
CH; groups, while that of 1,3-cyclohexadiene (CHD)
occurs with a conrotatory motion. It should be noted,
however, that only in the case of cyclohexadiene has
the predicted stereochemistry been experimentally
confirmed using product analysis of alkyl-substituted
CHD.}?° The stereochemistry of the photochemical
ring-opening of COT has never been investigated to
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Figure 1. Top structures depict the conrotatory (thermal) and
disrotatory (photochemical) ring openings of CB. Lower struc-
tures summarize the predicted photochemical ring-opening
reactions of CB, CHD, and COT.

our knowledge, but its primary photoproduct is known
to be 1,3,5,7-octatetraene.?! For CB, alkyl substitu-
tions have produced mixtures of both forbidden and
allowed photoproducts with the relative amounts
sometimes favoring the forbidden product.?? However,
alkyl substitutions can significantly change the order-
ing and interactions of electronic states involved in
the photochemical dynamics through inductive or hy-
perconjugative mechanisms,?® and they introduce
significant steric and mass perturbations.

The chemical basis of the Woodward—Hoffmann
predictions has been traditionally understood by ex-
amining molecular orbital correlation diagrams,10-11.2¢
For example, Figure 2 presents the correlation dia-
gram for cyclobutene for both the conrotatory and
disrotatory photochemical pathways. Starting with
the approximate electronic configuration for the one-
electron excited state, a symmetry-imposed barrier
arises as the conrotatory photochemical ring-opening
proceeds. On the other hand, no symmetry-imposed
barrier arises for the disrotatory photochemical ring-
opening motion. Thus, the photochemical ring-open-
ing reaction of CB should involve a disrotatory motion
of the CH; groups.

Although many aspects of electrocyclic reactions
have been explored,?® 3 it has only recently been
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Figure 2. Orbital symmetry correlation diagrams for the
photochemical ring opening of CB. The o- and z-bonding
orbitals are ordered in energy and labeled symmetric (S) or
antisymmetric (A) with respect to the symmetry element being
preserved. Conrotatory motion produces a symmetry-imposed
barrier, while disrotatory motion gives rise to a barrierless
transition to the product.

possible for us to directly examine their excited-state
reaction dynamics.3’"# In these studies we have
addressed a number of fundamental questions about
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these reactions: What nuclear dynamics make up the
reaction coordinate? When is the stereochemistry
established? What excited states participate in these
reactions? Is only one excited electronic state respon-
sible for the photochemistry, as implied by the Wood-
ward—Hoffmann rules? And lastly, how fast do these
photochemical reactions occur?

We have answered many of these questions regard-
ing the photodynamics of electrocyclic ring-opening
reactions by using resonance Raman spectros-
copy.37384243 A previous review provided an overview
of the use of both picosecond time-resolved resonance
Raman and resonance Raman intensity analysis to
examine pericyclic reaction dynamics.** Here we will
focus on the use of resonance Raman intensity analy-
sis to examine the excited-state dynamics of organic
photochemical reactions and specifically compare the
ring-opening dynamics obtained for differing ring
sizes. Information on the excited-state geometry
changes for pericyclic photochemical reactions is
difficult to obtain by traditional techniques because
these systems have very broad and unresolved near-
UV absorption spectra in both solution and gas
phases, and diminutive (107%) fluorescence quantum
yields.384245.46 However, resonance Raman spectros-
copy can be used to extract a great deal of information
about chemical reaction dynamics even in such cases.
To obtain mode-specific information on nuclear mo-
tions that occur in the first femtoseconds after optical
excitation, we exploit the dependence of the resonance
Raman intensities on the properties of the excited-
state potential energy surface.*”*® This technique has
proven useful for examining excited-state structure
and dynamics in a variety of chemical and biological
systems.4649762 Here we show that resonance Raman
intensities can be used to determine the initial excited-
state nuclear dynamics in photochemical electrocyclic
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reactions. This work has provided a direct picture of
the nuclear dynamics that initiate these reactions and
has led to a fundamental new understanding of the
states involved.

Resonance Raman Intensity Analysis: Our
Photodynamics Viewing Tool

Photochemical reactions occur because a molecule’s
nuclear framework evolves under the influence of the
altered excited-state electronic potential. This nuclear
evolution can be described as a combination of motions
along the individual normal modes. Therefore, mode-
specific knowledge of the geometry changes that occur
upon electronic excitation reveals how the molecule
begins its journey from reactant to product. For
symmetric modes, the difference in the equilibrium
geometries between the ground and excited states
along a particular normal mode (denoted as A in
Figure 3) is the primary piece of information gained
from fundamental resonance Raman intensities. Cen-
tral to resonance Raman intensity analysis is the
dependence of both the absorption spectrum and the
resonance Raman intensities on the same molecular
parameters; this permits the modeling of the experi-
mental spectra with a single set of parameters de-
scribing the excited-state potential surface. By care-
fully measuring the resonance Raman intensity of
each symmetric vibrational mode, we can determine
how the excited-state geometry differs from that of the
ground state. In addition, the intensities of non-
totally symmetric overtones permit the description of
frequency changes along those coordinates (see below).

The most intuitive description of the connection
between primary molecular parameters (A’s) and the
resonance Raman and absorption cross sections (in-
tensities) is given by the time-dependent theory of
resonance Raman scattering presented in eqs 1 and 2
and in Figure 3.937% The molecular potential surface,
illustrated in Figure 3 for one vibrational coordinate,
is described by ground- and excited-state harmonic
potentials, displaced vertically by the zero—zero en-
ergy and horizontally by a dimensionless displacement
A, which quantitates the change in equilibrium ge-
ometry between the ground and excited electronic
potentials 8667

og(Ey) =
8xe’ElE MY .
ghss 4L I‘[(‘) <ﬂi(t)>el(EL+€i)t/he—r2t2/h2 dt|2 (1)
c
4”eZELM2 ST {EL+epth_ —T22R2
o (Ey) = ~eiton [ Glie)yeErTe e dt (2)
cn

In eqs 1 and 2, E1 and Eg are the energies of the
incident and scattered photons, M is the solution-
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Figure 3. Schematic of the time-dependent picture of resonance Raman scattering and absorption. Interaction of the incident
photon with the molecule through the electronic transition moment creates a virtual wavepacket [i(¢)) that evolves under the influence
of the excited-state vibrational Hamiltonian. The Raman cross section as a function of the incident photon energy E1 is given by the
square of the half Fourier transform of the time-dependent overlap between |i(¢)) and the final vibrational level |/). The absorption
spectrum is given by the full Fourier transform of the time-dependent overlap between |i(¢)) and the initial ground vibrational state

12).

phase electronic transition moment, ¢ is the energy
of the initial vibrational level, n is the solvent refrac-
tive index, and I is the homogeneous line width. The
initial and final ground-state vibrational wave func-
tions in the Raman process are |i) and |f); and Ji($)) is
the initial ground-state nuclear wave function propa-
gated on the excited-state potential surface.’370 At
the heart of these equations are the correlation func-
tions (fli(¢)) and (i|i(£)). These functions are the time-
dependent overlaps of the excited-state wavepacket,
1i()), with the final ground-state vibrational wave-
function, |}, or with the initial ground-state wave
function, |i). These time-dependent overlaps for the
Raman and absorption processes are depicted in
Figure 3 for a single vibrational mode. Also shown
in Figure 3 are the Raman cross sections for varying
excitation wavelength, generated by squaring the half
Fourier transform of (Ai(#)), and the absorption cross
sections, generated by Fourier transforming (|i(¢)).
Immediately after virtual excitation, the Raman over-
lap (Ai(t)) is zero due to the orthogonality of |i(0)) and
|H. If there is no difference in equilibrium geometry
between the two excited states (A = 0), the wavepacket
will not move from the Franck—Condon region, {f]i(¢))
will not grow from zero, and no resonance Raman
intensity will be generated. However, when there is
a displacement, the wavepacket |i(¢)} will move away
from the Franck—Condon region and oscillate around
the new equilibrium geometry. The amplitude of the
overlap is damped by the homogeneous damping
function. As the integrated area of {(fi(¢)) is increased
by increasing the displacement, the integrated area
of the Raman excitation profile (REP) will increase.

(68) Within the harmonic approximation, the values of the overlaps
({t|i(t)) and {Ai(¢)) are known and can be calculated analytically (refs 47
and 69).
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Therefore, if one observes strong resonance Raman
intensity in a particular symmetric vibrational mode,
it is immediately clear that there is a substantial
displacement along that mode. It is this intimate
connection between the A’s and the resonance Raman
intensities that makes resonance Raman such a
powerful tool for understanding the initial stages of
nuclear motion in photochemical reactions.

Non-totally symmetric vibrations derive resonance
Raman activity through more complicated mecha-
nisms. The potential surface depicting one possible
mechanism is presented in Figure 4. If the molecule
maintains its symmetry, there can be no equilibrium
geometry change along a non-totally symmetric coor-
dinate, and therefore these modes cannot exhibit
fundamental resonance Raman intensity. However,
if the excited-state frequency is lower (or higher) than
that of the ground state, |i(¢)) will respond by spread-
ing (or compressing) along this coordinate, resulting
in overlap between |i(¢)) and the final vibrational wave
functions corresponding to even overtone resonance
Raman scattering (|f) = |2), |4), ...).5* This can also
provide important information about the excited-state
potential surface for photochemical systems as will be
discussed below for CB. In addition, non-totally
symmetric modes can give rise to resonance Raman
activity through vibronic coupling mechanisms known
as B-term scattering,®” but this scattering will gener-
ally be weaker than the mechanisms considered here.

For real molecular systems {f)i(¢)) is a multimode
correlation function that is written as the product of
{fli(¢)y for the Raman active mode and {i|i(¢)) for the
remaining 3N — 7 vibrational modes. The multimode
correlation function (i|i(¢)) in the absorption cross
section is simply the product of the (i|i{¢))’s for all
vibrational modes. The multimode nature of these
overlaps is an important consideration in Raman cross
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Figure 4. Overtone scattering by a non-totally symmetric mode
can arise from a change of frequency in the excited state. The
figure depicts an example in which the excited-state potential
softens to give a lower excited-state frequency.

section calculations since strong Franck—Condon ac-
tivity in one mode can damp the multimode Raman
overlap {Ai(¢)) for a second mode and, hence, the
resonance Raman intensity in that second mode.*

The homogeneous decay function exp(—~TI'%%h?) also
damps the oscillations of the correlation functions and
represents any phase-disrupting process that destroys
the vibronic overlap present at ¢ = 0. The 1/e time
constant of this function is the optical T5. It includes
contributions from both T (electronic and vibrational
energy relaxation) and T2* (pure vibronic dephasing
processes.”! The homogeneous damping function is
normally taken to be an exponential. However, for
the systems reported in this Account and several
others studied in our laboratory, the Gaussian damp-
ing function presented in the equations provides a
better description of the ultrashort dephasing times
that are observed.?85272

Resonance Raman Investigations of
Photochemical Ring-Opening Reactions

Cyclobutene. The electrocyclic ring-opening reac-
tion of cyclobutene is predicted to occur with a non
totally symmetric disrotatory motion of the CH,
groups. Figure 5 presents the resonance Raman
spectrum of CB excited at 200 nm.** The strongest
vibrational band is the 1563 cm™! C=C stretching
mode indicative of the expected increase in bond
length along this coordinate upon electronic excitation.
Strong intensity in the 1110 em™! aliphatic CH,—CH,
stretch is also observed, consistent with the fact that
this bond breaks during the course of the photochemi-
cal reaction. Importantly, the symmetric CH; scissors
mode at 1440 cm™! parallels the change in hybridiza-

(71) Zewail, A. H. Acc. Chem. Res. 1980, 13, 360—368.
(72) Lawless, M. K.; Mathies, R. A. J. Chem. Phys. 1992, 96, 8037—
8045.
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Figure 5. Resonance Raman spectrum of CB obtained with
200 nm excitation. The inset depicts the ground-state geometry
of CB with arrows illustrating the direction of geometry changes
that occur ~30 fs after excitation as a result of evolution along
the CHy;—CH;, stretch and disrotatory CHy twist modes. Adapted
from ref 43.

tion of the methylene carbons as the CH,—CHj; bond
breaks: the HCH bond angle must change from 109°
for CB to 120° for 1,3-butadiene. The symmetric CHs
twisting mode at 1145 em™! is not observed, indicating
that no initial evolution occurs along the conrotatory
reaction coordinate. The fundamental of the non-
totally symmetric CHs twist mode is also not observed,
as expected by symmetry. More interestingly, signifi-
cant intensity is observed for the overtone of the non-
totally symmetric CHj twist at 2150 cm™! indicating
that a frequency reduction of ~200 ¢m™! has occurred
along this coordinate. This mode projects directly onto
the disrotatory twist of the CHs groups, indicating that
evolution along this reactive coordinate occurs directly
out of the Franck—Condon region via a decrease in
the excited-state frequency of this mode.”® The ob-
served intensity of the CH; twist supports the idea that
the stereochemical preference for the Woodward—
Hoffmann predicted disrotatory geometry change is
established in the Franck—Condon region. This is
depicted in the inset to Figure 5, where the arrows
give the geometry changes that occur ~30 fs after
excitation as a result of evolution along the CH;—CH;
stretch and CH; twist normal modes.

(73) The observed overtone intensity for the non-totally symmetric
twist mode in CB could be accounted for by either an increase or a
decrease in the excited-state frequency. However, on the basis of the
reactive nature of this system we have assumed that there is a decrease.
Although the observed frequency change is not sufficient to make the
excited state unbound about this coordinate, once the system moves
further from the Franck—Condon region, enhanced changes of the
electronic structure are likely to occur (see below).
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Figure 6. Resonance Raman spectrum of CHD in cyclohexane
obtained with 257 nm excitation. The inset presents the ground-
state geometry of CHD with arrows depicting geometry changes
of the saturated portion of the ring (multiplied 20-fold) that
occur ~10 fs after excitation as a result of evolution along all
the displaced normal modes. Adapted from ref 38.

Cyclohexadiene. The resonance Raman spectrum
of cyclohexadiene excited at 257 nm is presented in
Figure 6.5738 As expected for a 7—x* transition, this
spectrum is dominated by intense scattering in the
normal modes corresponding to the symmetric C=C
stretch (1578 cm™!). We also observe enhancement
of the 948 cm™! CH,—CH; single bond stretching
mode, indicating that this aliphatic bond, which
breaks in the course of the reaction, lengthens im-
mediately upon Franck—Condon excitation. It is
evident that the o-skeleton is significantly involved
in this nominally 7—a* excitation. Most striking is
the unusually strong intensity of the symmetric CHs
twisting mode at 1321 em™1.%738 The observation of
intense scattering in both the CHy—CH; stretch and
the symmetric CH; twist modes reveals that the nuclear
dynamics that occur immediately after excitation,
project directly onto the conrotatory ring-opening reac-
tion coordinate. The stereochemistry of this reaction
is clearly established in the Franck—Condon region.
The absolute resonance Raman intensities of CHD
determined by Trulson et al.?® establish the magnitude
of the geometry changes along both the CH;—CH.,
stretch (0.05 A) and the CH; twist modes (5°) based
on a harmonic approximation. The arrows in Figure
6 present the atomic motions that occur for CHD along
the combination of these two modes after ~10 fs of
propagation on the excited-state surface.

If the stereochemical preferences are established for
CB and CHD by the optically prepared excited state,
it is important to get some measure of how long the

Lawless et al.
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Figure 7. Absorption and emission spectra of CHD obtained
with 282 nm excitation. Adapted from ref 38.

molecules evolve on this surface. Basic information
on the initial excited-state lifetime can be obtained by
measuring the total fluorescence quantum yield, 38424674
This approach was first applied to CHD. Figure 7
presents the absorption and emission spectra for CHD
excited at 282 nm. The measured fluorescence quan-
tum yield of 2 x 107% can be compared with the
natural radiative lifetime that is calculated from the
optical absorption spectrum. This calculation reveals
that the optical lifetime (71) or depopulation of the
initially prepared excited state for CHD is on the time
scale of 10 fs. This indicates that there is a very rapid
internal conversion process that depopulates the
initially prepared excited state of CHD. Very similar
conclusions have been presented for CB.*?

Cyclooctatriene. The resonance Raman spectrum
of 1,3,5-cyclooctatriene excited at 257 nm is presented
in Figure 8. This spectrum is dominated by intense
C=C stretches which lie at 1610 and 1640 cm™!.
These two modes correspond to different combinations
of the three individual C=C bonds; the in-phase (++-+
combination) mode lies at 1610 cm™!, while the out-
of-phase (+—+ combination) lies at 1640 cm™!. As
expected from symmetry rules, fundamental intensity
in the mode corresponding to the 1356 cm™! non totally
symmetric disrotatory CH: twist does not appear.
Evidence for softening of the potential surface about
the disrotatory CHs twist would be revealed by even
overtone intensity of this mode as we observed for CB.
However, all modes in the overtone region of the
spectrum can be assigned to combinations of the two
ethylenics with the remaining observed modes in the
fundamental spectrum. There is no evidence for
reactive motion out of the Franck—Condon region. So
what molecular geometry changes do occur after
electronic excitation? Interestingly, very intense modes
are observed in the low-frequency (100—400 cm™!)
portion of the spectrum that are due to skeletal bends
and deformations. In particular, the very strong 140
cm™! mode corresponds to planarization of the ground-
state twist-boat structure depicted in Figure 8. These
results indicate that there is no detectable evolution
along the ring-opening reaction coordinate as COT
leaves the Franck—Condon region. Instead the domi-
nant motion is the planarization of the relatively
nonplanar twist-boat structure. A very similar result
has been obtained in resonance Raman studies of the
[1,7}-hydrogen shift in the seven-membered ring of
1,3,5-cycloheptatriene.*®

(74) Strickler, S, J.; Berg, R. A. J. Chem. Phys. 1962, 37, 814—822.
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Figure 8. Resonance Raman spectrum of COT in cyclohexane
obtained with 257 nm excitation. The inset presents the ground-
state geometry with arrows depicting the planarization geom-
etry changes that occur after excitation as a result of evolution
along all displaced normal modes. Adapted from ref 42.

Discussion

Stereochemical Preferences for Cyclobutene
and Cyclohexadiene Are Established in the
Franck—Condon Excited State. The initial nuclear
dynamics revealed by the resonance Raman spectra
of CB and CHD are exactly those predicted by the
Woodward—Hoffmann rules. The resonance Raman
intensities of CB show that evolution along the dis-
rotatory reaction coordinate commences immediately
after optical excitation. Similarly, the resonance
Raman intensities of CHD show that the stereochem-
ical preference for the conrotatory reactive motion is
established immediately after excitation. Therefore,
the nuclear dynamics of CB and CHD demonstrate
concerted evolution along their respective reaction
coordinates immediately after excitation.

The initial excited states depopulate on a femtosec-
ond time scale while time-resolved resonance Raman
spectroscopy has shown that the ground-state photo-
products appear in ~10 ps.®7"%! The very short
lifetime of the initially prepared 1B, excited state
measured for these systems makes it clear that the
initially prepared excited state plays an important but
brief role. Thus, the rest of the photochemical rear-
rangement must occur on a second excited electronic
state that is analogous to the low-lying 2A, electronic
state in linear polyenes.” The role of the optically
prepared excited state is to direct the excited reactant

(75) Hudson, B. S.; Kohler, B. E.; Schulten, K. Linear Polyene
Electronic Structure and Potential Surfaces. In Excited States; Lim, E.
C., Ed.; Academic Press: New York, 1982; pp 1-93.
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toward the region of the potential energy surface
where the rest of the pericyclic rearrangement occurs.

Figure 9 presents schematic reaction coordinate
models for the conrotatory ring opening of CHD and
the disrotatory ring opening of CB. After excitation
of CHD, the molecule evolves in a symmetric conro-
tatory direction accomplishing about 10% of the ring
opening. At this point, the allowed crossing of the 1B.
and 2A; states is reached and a non totally symmetric
distortion (not shown) catalyzes the crossing to the 24,
state on the 10 fs time scale. In the case of CB the
initial dynamiecs are different. The initial excitation
is to a saddle point. Non-totally symmetric spreading
of the wavepacket carries the system to the crossing
between the 1Bs and 2A; surfaces where direct pas-
sage to the lower lying state can continue along the
same coordinate since this is an avoided crossing.

Cyclooctatriene: Planarization before Photo-
chemistry. The dominant excited-state nuclear dy-
namics for COT in the Frank—Condon region are not
those predicted by the Woodward—Hoffmann rules.
The pattern of resonance Raman intensities for COT
is characteristic of a more complicated reaction coor-
dinate, involving planarization of the ring in the first
stages of the reaction. This fundamental difference
of the excited-state dynamics of COT compared to CB
and CHD can be understood by examining the ground-
state structures of these molecules. The ground-state
structure of the carbon framework of CB (Figure 5) is
planar, and that of CHD (Figure 6) is close to planar
{(~15° C=C—C=C torsional angle). However, COT
(Figure 8) is found in a twist-boat form that is
significantly distorted from planarity (~63° CH,—CH,;
torsional angle).”® This suggests that the presence of
a planar geometric structure is a critical factor in the
pericyclic reaction mechanism. No motion along pla-
narization coordinates is required before the reactive
motion ensues for CB, and limited skeletal planariza-
tion occurs in the excited state of CHD before the
reactive changes begin. On the other hand, COT is
highly nonplanar, so ring planarization dominates the
initial dynamics. This relationship between the ring-
flattening modes and the disrotatory ring-opening
reaction of COT allows us to construct the three-
dimensional reaction-coordinate model in Figure 10.
Excitation within the lowest allowed electronic transi-
tion leads to the population of the 1B, electronic state
(shown in green). This is followed by evolution along
the symmetric ring-planarization coordinate which
brings the system to the intersection with the 2A;
electronic state (shown in red). The low fluorescence
quantum yield of 2 x 107% again indicates that COT
experiences very rapid internal conversion that is only
consistent with a rapid and efficient crossing to a low-
lying 2A; state. A bs-symmetry distortion, drawn in
Figure 10 as the motion along the by disrotatory
reaction coordinate, couples the system from the 1B,
to the lower 2A; electronic state where the ring-
opening dynamics occur. Subsequent coupling of this
electronic state to the ground state (shown in blue)
produces the photoproduct in ~12 ps.°

Implications for the Mechanism of Pericyclic
Reactions. Resonance Raman intensity analysis has
thus provided unique mode-specific information about

(76) Anet, F. A. L.; Yavari, 1. Tetrahedron 1978, 34, 2879—2886.
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Figure 10. Schematic potential surfaces for the photochemical ring opening of COT. After excitation, the initial motion along the
ring-flattening coordinate carries the molecule to a crossing of the 1Bz with the 2A; surface. In this region, the two surfaces are
coupled by the by disrotatory ring-opening mode. This region of the 2A; potential surface is depicted as a saddle point because the
wavepacket will bifurcate along the two possible disrotatory twisting motions. The two-dimensional projections are obtained by
slicing through the Franck—Condon region along the ring-flattening coordinate and through the 2A, saddle point along the ring-

opening coordinate.

the excited-state nuclear dynamics that initiate peri-
cyclic photochemical reactions. These observations
suggest that a planar or near-planar geometry must
be formed before the electronic bonding changes that
characterize a pericyclic photochemical reaction can
occur. The nonplanar, ground-state structure of COT
does not allow proper orbital overlap between carbons
involved in the pericyclic reaction. Thus, the initial

evolution along ring-planarization coordinates is needed
to create an appropriate intermediate structure from
which the predicted bonding changes can take place.
Thus, we conclude that the reaction coordinate of COT
is sequential. However, these results do not preclude
the remaining “reactive” changes from proceeding in
a concerted manner. In contrast, the planar and near-
planar ground states of CB and CHD allow for excited-
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Figure 11. Orbital symmetry correlation diagram for the
photochemical ring opening of CB. This figure depicts a doubly
excited electronic configuration of CB which correlates directly
with the ground state of the product.

state evolution along the Woodward—Hoffmann pre-
dicted stereochemical reaction coordinate immediately
after excitation. Thus, these rearrangements have a
concerted reaction mechanism. It should be noted that,
in all treatments of pericyclic theory, the molecule in
question is first reduced to its highest possible sym-
metry which involves assuming a planar molecule.
This difference in excited-state dynamics suggests that
atomic orbital overlap is an important factor in peri-
cyclic photochemistry and could be an equivalent
consideration for the analogous thermal reactions.

The role of the initially prepared excited state in
these systems is to direct the reactant toward the
portion of the potential energy surface where the
majority of the pericyclic rearrangement occurs. In
some cases the initial geometric motion is along the
expected reaction coordinate (CB and CHD), and in
other cases it is not (COT). The short electronic-state
lifetime for the initially prepared excited electronic state
together with the 10—20 ps photoproduct appearance
time on the ground-state surface indicates that it is in
the lower lying 2A; electronic state where the majority
of the pericyclic rearrangement occurs #4177

Understanding the nature of the 2A,; state and how
it plays its role in transforming reactant to photoprod-
uct is obviously of great importance. Figure 11 depicts
the doubly excited electronic configuration that is
expected to contribute significantly to the low-lying
2A, state in CB, where two electrons are elevated to
the 75 molecular orbital. This is the same molecular
orbital that is singly occupied in states produced by
one-photon excitation. This doubly excited state di-
rectly correlates to the ground-state photoproduct, and
unlike the singly excited correlation diagram in Figure
2, the energy of the configuration is predicted to go
down as the reaction proceeds. Hence the reaction is
highly favorably from a pure symmetry point of view.
This is a general feature of this electronic configura-
tion for both cyclic and linear polyenes.

Theoretical calculations have anticipated the in-
volvement of the 2A; state in these reactions for
decades.’®7®7® These predictions were obtained by

(77) Reid, P. J.; Wickham, S. D.; Mathies, R. A. J. Phys. Chem. 1992,
96, 5720—5724.

(78) Share, P. E.; Kompa, K. L.; Peyerimhoff, S. D.; Van Hemert, M.
C. Chem. Phys. 1988, 120, 411-419.
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calculating energies of excited states at positions that
correlate with the expected ground-state trajectories
for “allowed” and “forbidden” transformations. The
result was that the 1B, and 2A; states rapidly crossed
as the molecule moved along the reaction coordinate.
The molecule would, after making the 1Bs; to 2A;
transition, end up in a “well” on the 2A; state that
was located directly above a maximum in the ground-
state potential. From this minimum the molecule
could internally convert to the ground state to form
photoproduct. In this one-dimensional picture, the
2A; state and the ground 1A, state cannot cross due
to symmetry. Therefore, the transition between the
excited 2A state and the ground 1A state must occur
through an avoided curve crossing. While this transi-
tion may be unlikely because of the large energy gap
between the two surfaces, this model has served for
years as the best explanation for the pericyclic reac-
tion.

Recent ab initio calculations by Robb, Bernardi, and
Olivucci do not restrict the path followed on the 2A,
surface to only one dimension, and therefore they
provide further insight into the possible dynamics on
the 2A; surface.®?? In these calculations, states of the
same spin or spatial symmetry are not restricted by
the “rule of noncrossing”. For the simplest case of two
coordinates, the two states will intersect at a point
and the resulting energy plot will resemble two cones
{one inverted on top of the other) connected through
their vertexes. These conical intersections have been
found to be a common feature in these calculations.
In the specific example of CHD, after internal conver-
sion from the 1B, state to the 2A; state, the excited
CHD relaxes directly into the 2A; minimum of the all-
cis-1,3,5-hexatriene (cis-HT). A conical intersection is
calculated to connect the 2A; and 1A, surfaces at a
point near the cis-HT geometry.®! At no point along
this excited-state trajectory is there an area that could
be described as an avoided curve crossing. From this
2A; cis-HT well, the molecule must overcome an
energy barrier of approximately 1 kcal/mol to reach
the conical intersection with the ground state. This
energy barrier correlates well with the observed 6 ps
appearance time of cis-HT on the ground state.””%2 In
this picture, after passing through the conical inter-
section, the molecule arrives on the ground state and
may either revert back to CHD or continue on to form
ground-state cis-HT. Since the efficiency of going
through a conical intersection is unity, the momentum
of the molecule as it enters the conical intersection
and the shape of the conical intersection itself deter-
mine whether the molecule continues on to photoprod-
uct or back to reactant. In this mechanism, the cis-
HT well on the 2A; surface acts as a common
intermediate in the photochemical transformation of
CHD to cis-HT and vice versa.

Our experimental evidence directly implicates the
involvement of the 2A; state in pericyclic ring-opening
photochemistry and demonstrates the very limited but

(79) Grimbert, D.; Segal, G.; Devaquet, A. J. Am. Chem. Soc. 1975,
97, 6629—-6632.

(80) (a) Bernardi, F.; Olivucei, M.; Robb, M. A. Pure Appl. Chem. 1995,
67, 17-24. (b) Robb, M. A,; Bernardi, F.; Olivucci, M. Ibid. 1995, 67,
783—-789.

(81) Celani, P.; Ottani, S.; Olivucci, M.; Bernardi, F.; Robb, M. A. J.
Am. Chem. Soc. 1994, 116, 10141-10151.

(82) Pullen, S.; Walker, L. A., I; Donovan, B.; Sension, R. J. Chem.
Phys. Lett. 1995, 242, 415—420.
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significant involvement of the 1B, state. In fact, our
work experimentally shows that the 1B, state acts to
“set up” the photochemical changes to occur on the 2A;
surface either through planarization to attain atomic
orbital overlap or through initiation of the resulting
stereochemistry. Since our experiments have not
probed the internal conversion from the 2A; surface
to the 1A; surface, we have no data on these struc-
tures. However, very recent femtosecond time-re-
solved absorption studies on CHD by Sension and co-
workers have indicated that this internal conversion
process occurs with a time constant of approximately
1 ps and is solvent independent.’? These results are
consistent with a near-barrierless reaction coordinate,
At this time a conical intersection seems to be the most
reasonable model of those presented to date, but a
critical test of this model has yet to be performed.

Concluding Remarks

We have used resonance Raman intensities to
investigate the ultrafast nuclear dynamics of photo-
chemical electrocyclic ring-opening reactions. Al-
though the initial excited states for these systems are

(83) Wang, Q.; Schoenlein, R. W.; Peteanu, L. A.; Mathies, R. A.;
Shank, C. V. Science 1994, 266, 422—424,
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populated for only 10—30 fs, they play an important
role in directing the photoexcited system to the ap-
propriate region of the excited-state potential energy
surface. Our results provide a new and more complete
understanding of the initial nuclear dynamics that
make up the reaction coordinate, the states respon-
sible for directing the photochemical reactions, and
their lifetimes. Of course, these results generate
important new questions. At what energy is the 2A;
state located? What factors control the 1B, to 2A; and
2A; to 1A, transitions? In particular, are these
transitions controlled by static internal conversion
factors or are nonstationary vibrational states involved
in the photochemistry as has been recently revealed
in studies of visual pigment photochemistry?®® An-
swering these challenging and interesting questions
will make studies of photochemical pericyclic reactions
valuable for years to come.
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