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Electronic Bond-to-Bond Fluxes in Pericyclic Reactions: Synchronous

or Asynchronous ?**

Timm Bredtmann* and Jorn Manz*
Dedicated to Dr. med. Emma Auch-Dorsch

Are new bonds made and old ones broken synchronously or
asynchronously during pericyclic reactions, in the electronic
ground state? For almost three decades investigations have
focused on nuclear rearrangements, first by conjectures based
on the energetics of barriers (B) or transition states that
separate reactants (R) from products (P), and then by
classical molecular dynamics simulations."””! Complementary
aspects of the time-independent electronic structures of R, B,
and P have also been considered, in the context of the
Woodward-Hoffmann rules for the conservation of orbital
symmetry®™? and analyses of transition structures or inter-
mediates.'*

Herein we address the analogous question of the syn-
chronicity of the electronic fluxes during pericyclic reactions.
Specifically, we discover significant differences for reactions
with energy E well above the barrier B or well below B. The
former scenario (E>B) can be initialized by means of
selective laser pulses,' whereas the latter (E <B) corre-
sponds to coherent tunneling at cryogenic temperatures.!"
Our investigation is stimulated by the rich phenomena of
electronic fluxes!'™ and by fundamental experimental and
theoretical advances, ranging from femtosecond chemistry for
analyses of nuclear dynamics!'”! to attosecond chemistry for
electron dynamics."®?" The underlying methods and models
are adapted from Refs.[21-23]. For complementary
approaches to electronic fluxes during processes involving
two or more electronic states, for example, photochemical
reactions, see Refs. [24-28].

As an example, we consider the degenerate [3,3] sigma-
tropic shift, or the degenerate Cope rearrangement (DCR), of
semibullvalene (SBV), in the electronic ground state (see
Figure 1). This system and several derivatives have already
served as touchstones for various aspects of pericyclic
reactivity, from synthesist*3 to spectroscopy®*? and
kinetics®"! to electronic structurel** and the related
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Figure 1. Degenerate Cope rearrangement of semibullvalene for ener-
gies E well above the barrier (B) (top) and below B (coherent
tunneling, bottom). The Lewis structures of the reactant (R) and
product (P) are shown by bird’s-eye views. Bond-to-bond fluxes of
pericyclic electrons are symbolized by curved arrows. The correspond-
ing bond breaking, bond making, and double-bond shifting are
denoted bb, bm, and dbs, respectively. For E> B, the labels i, f, and p
denote asynchronous initial, final, and perpetual electronic fluxes,
respectively. For E<B, the labels i, p, and f are missing because all
electronic fluxes are synchronous. The nuclear wavepacket dynamics is
illustrated by five snapshots of the nuclear densities embedded in one-
dimensional cuts of the potential energy surface along the path & from
R via B to P (adapted from Ref. [23]). The snapshots are taken at
equidistant times t;=(i/4)t, i=0, 1, 2, 3, 4, where 7=20.4 fs and

970 s for £> B and E < B, respectively. The energies E serve as
baselines for the nuclear densities.

thermochromicity'*"! and laser control.®® A comprehensive
list of references is provided in Ref. [23].
The present investigation is based, in particular, on the
results of three recent publications:
1) Simulations of the DCR of SBV by Zhang et al. ! by
means of transition-state theory with quantum correc-
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tions.®®! Accordingly, for temperatures below 50 K, the
reaction proceeds by coherent tunneling within t=970s.

2) The theory of electronic fluxes in the limit of coherent
tunneling (E < B), exemplified for cyclooctatetraene.”
Here it is applied to SBV using the result 7= 970 s.[*”

3) The theory of electronic bond-to-bond fluxes during the
DCR of SBV for E>B, exemplified for the fluxes of
“pericyclic” electrons which account for the mutation of
the Lewis structure from R to P! We vary energy E to
demonstrate the robustness of the results irrespective of
the reaction time 7 (t=27.3 fs for E=1.04 eV in Ref. [23]
and t=20.4 fs for E=1.58 eV here).

For reference, we first compare the nuclear wavepacket
dynamics of the DCR of SBV in the two energy domains
(Figure 1). The results confirm traditional knowledge:
a) Coherent tunneling is much slower (r =970 s'*l) than the
reaction above the barrier (here: t=20.4 fs). b) For the case
of coherent tunneling, the nuclear densities consist essentially
of two parts representing R and P. These are superimposed
with decreasing and increasing weights or probabilities (P),
respectively [Eq. (1)].7>¥% They never visit the domain
between R and P significantly. In contrast, the reaction over
the barrier is represented by a nuclear wavepacket which
evolves gradually from R via the domain between R and P to
P

Py(t) = cos’ (ot 1), P(t) = sin’( ot /1) (1)

For qualitative inspection, the corresponding electronic
wavepacket dynamics for the DCR of SBV in the two energy
domains are compared in Figure 2. Significant differences are
obvious from the snapshots of the electron densities, which
are taken at the same times as the nuclear densities shown in
Figure 1. Apparently, the different nuclear dynamics for
E <B and E > B translate into corresponding phenomena of
electron dynamics, including the different time scales (a). For
item (b), in the domain of coherent tunneling (E < B), the
electron density consists essentially of two parts representing
R and P, which are superimposed with the same weights as for
the nuclear dynamics [Eq. (1)]. In contrast, for E>B, the
electron density has lobes that evolve gradually from R to P.
Note that different lobes evolve with different speeds. For
example, at t=1/4, the light-gray equidensity contours
indicate already the formation of the “new” bond of R for
E < B (tunneling), but not yet for E > B (over the barrier). At
the same time, the dark equidensity contours illustrate the
breaking of the “old” bond of R for both cases, £ <B and
E > B. This comparison points to qualitative differences of the
electronic motions: For E > B it starts with initial (i) bond
breaking (bb), followed by final (f) bond making, accompa-
nied by perpetual (p) double-bond shifting (dbs). In contrast,
for E<B, all electronic processes—bm, bb, dbs—proceed
synchronously. The differences in the electronic wavepacket
dynamics (Figure 2) correspond to the differences in the
nuclear wavepacket dynamics (Figure 1).

The qualitative conclusions drawn from Figure2 are
quantified by the results for the electronic fluxes during the
DCR of SBV with energies £ > B and E < B as shown in the
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Figure 2. Comparison of the time evolutions of pericyclic electrons
during the degenerate Cope rearrangement of semibullvalene with
energies E above (left) and below (right) the barrier B, shown as three
nested equidensity contours with values: 0.236 A~ (light gray),

0.506 A= (gray), and 1.114 A= (dark). The acronyms are the same as
in Figure 1. The nuclear wavepacket dynamics is illustrated in red. The
snapshots correspond to the same times as shown in Figure 1. The
program Amira®®*% was used for data visualization.

left and right top panels of Figure 3, respectively. As
anticipated in the discussion of Figure 2, for E>B, the
electrons initially (i) flow out of the breaking bond before
they finally (f) enter the new bond, that is, asynchronicity. At
the same time, there are rather weak “perpetual” (p)
electronic fluxes which account for dbs. The corresponding
time-integrated “initial” and “final” electronic fluxes form a
hysteresis (cf. the left panels in Figure 3). In contrast, in the
limit of coherent tunneling (E <B), fluxes and time-inte-
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Figure 3. Comparison of the asynchronous (left) versus synchronous
(right) electronic fluxes (top panels) and the time-integrated fluxes
(bottom panels) during the degenerate Cope rearrangement of semi-
bullvalene with energies E above and below the barrier B, respectively.
The acronyms are the same as in Figure 1.

grated fluxes all evolve according to the same law,*
Equation (1). The hysteresis thus collapses to a single line,
owing to the underlying synchronicity of the electronic fluxes
for bb and bm (cf. the right panels in Figure 3).

In conclusion, electronic fluxes during a given pericyclic
reaction in the electronic ground state may proceed either
synchronously or asynchronously. The mechanism is deter-
mined by the preparation of the reactants, for example,
synchronous at cryogenic temperatures (E <B) but asyn-
chronous when induced by selective laser pulses (E > B). In
extrapolation to reactions under ambient conditions, the
value of kg T matters; in the present case, without laser
excitation, the relation kg 7'< B suggests a dominant contri-
bution of tunneling. The electronic fluxes for bb and bm
should, therefore, be preferably synchronous at room temper-
ature, similar to the result for E <B. The present example
should stimulate systematic experimental'®!"! and theoretical
investigations of these phenomena in pericyclic reactions.
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