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a-Diazocarbonyl compounds play an important role in
organic synthesis, photolithography, drug delivery, and indus-
trial chemistry.[1–4] Upon irradiation they can undergo a Wolff
rearrangement, with loss of nitrogen and ketene formation
(Figure 1). This rearrangement was discovered more than
a century ago, but its detailed reaction mechanism remains
elusive.[1–8]

Experimentally, both concerted and stepwise mechanisms
have been proposed.[1–12] On the theoretical side, previous
electronic structure calculations[13,14] have focused on diazo
compounds that do not undergo the Wolff rearrangement.
Recently, Blancafort and co-workers[15, 16] simulated the
photochemical Wolff rearrangement in 2-diazo-1-naphtho-
quinone (DNQ) using high-level electronic structure calcu-
lations and quantum dynamics based on a fitted three-
dimensional two-state model surface. An extended S1/S0

conical intersection seam was found to play a crucial role in
regulating the reaction. Ketene and carbene formation was
observed within the first 100 fs of their quantum dynamics.
One limitation of these quantum dynamics simulations on
a three-dimensional model surface is that they ignore the
influence from the other degrees of freedom, assuming that
the three selected coordinates are sufficient to describe the
reaction properly; in addition, the initial S2 relaxation
dynamics has not been considered explicitly.[15, 16] Given this
situation, it is desirable to perform full-dimensional quantum-
classical non-adiabatic dynamics starting from the initially
populated bright S2 state to gain further complementary
insight into the mechanism. Quantum-classical dynamics

simulations have recently been applied successfully to eluci-
date photoinduced conversion processes in various molecules
and environments.[17–28] These studies have mostly focused on
ultrafast photophysical processes, rather than on photochem-
ical reactions that may branch into several chemically distinct
product channels.

Herein, we report full-dimensional non-adiabatic and
adiabatic dynamics simulations of the ultrafast Wolff rear-
rangement in DNQ.[29, 30] The chosen computational methods
and their validation are described in the Supporting Informa-
tion. Trajectory surface hopping (TSH) calculations were
carried out using the OM2/MRCI method to calculate the
required energies and gradients “on the fly”. Out of
200 trajectories 158 were run successfully and used for
analysis.[31]

The deactivation of the S2 state in DNQ is ultrafast. In all
158 trajectories, the system decays to the S0 state within
approximately 200 fs (Figure S7 in the Supporting Informa-
tion). The S1 population quickly builds up, reaches a maximum
of 0.3 after 50 fs, and approaches zero after less than 200 fs. In
contrast, the S2 state population decreases monotonically and
the S0 state population increases monotonically. Fitting with
a three-state model[21] yields two excited-state lifetimes: 70 fs
for the S2 state and 33 fs for the S1 state (see Supporting
Information for details). Assuming that the S2!S1 and S1!S0

conversions occur sequentially, we arrive at an overall
internal conversion time from S2 to S0 of approximately
100 fs. These excited-state lifetimes are consistent with the
experimental evidence.[29] Brixner and co-workers observed
that the ketene intermediate appears within 300 fs (the time
resolution of the experiment) in their femtosecond mid-
infrared study of DNQ, and hence they proposed that the
ketene is formed in a very fast concerted process involving N2

loss and rearrangement. Furthermore, our computed S1

excited-state lifetime (33 fs) is also close to the recent
quantum dynamics estimate (20–40 fs).[15]

The top panel of Figure 2 shows the S2/S1 and S1/S0 conical
intersection surfaces obtained from OM2/MRCI conical
intersection optimizations with geometric constraints on
both the C2–N12 distance and the C3-C2-N12-N13 dihedral
angle. At the optimized constrained geometries, the energy
gap between the two states is zero; the color code in Figure 2
indicates the energy relative to the corresponding minimum-
energy conical intersection. In the S2/S1 case (Figure 2, top
left), there is a clear local minimum region (between 1.4–
1.5 � and 80–1008) which is centered around the uncon-
strained S2/S1 minimum-energy conical intersection S2S1-
MIN. In contrast, in the S1/S0 case, most of conical intersection
surface is energetically rather shallow (except for short C2–
N12 distances of less than 1.5 � and nearly perpendicular C3-

Figure 1. Wolff rearrangement of 2-diazo-1-naphthoquinone (DNQ):
stepwise (1–2) and concerted (3) mechanisms. The numbering
scheme for the atoms is shown for the DNQ reactant.
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C2-N12-N13 torsions of 70–1108) indicating that most of this
flat region can be easily accessed by trajectories. The
topological characteristics of these surfaces are reflected in
the OM2/MRCI non-adiabatic dynamics simulations (see
bottom panel of Figure 2). The S1!S0 hopping points are
widely distributed over the S1/S0 conical intersection surface,
whereas the S2!S1 hopping points tend to cluster around the
minimum of the S2/S1 conical intersection surface, that is,
S2S1-MIN. The C3-C2-N12-N13 torsion is clearly important
for the S1!S0 internal conversion in DNQ, because only
a little energy is needed to maintain the S1/S0 degeneracy
during such twisting motion (resulting in an extended conical
intersection region). To achieve a realistic mechanistic
scenario, it is thus essential to include this coordinate in
dynamics treatments that employ reduced model surfaces.[15]

The product distribution at the end of the 1 ps TSH
simulations is indicated in Figure 3. The ketene product of the
concerted Wolff rearrangement is found in seven out of
158 trajectories; 39 trajectories return to the ground-state
starting point, and the remaining 112 trajectories are roaming
the carbene region (see Figure 3). Our computed carbene:
ketene ratio (16:1) is higher than that predicted by Blancafort
et al. (4:1) in their 100 fs quantum dynamics.[15] The ketene
quantum yield in the current simulations is still very low after
1 ps (ca. 5%), but it is expected to increase with time through
the conversion of the “hot” carbene intermediate into the
ketene (stepwise Wolff rearrangement). We have simulated
this ground-state process by performing 10 ps Born–Oppen-
heimer molecular dynamics (BOMD) for the carbene, using
the final positions and velocities of the carbene fragment in

the TSH trajectories as initial conditions in each of the
112 runs (see Supporting Information for technical details). In
these BOMD simulations, 36 of the 112 trajectories evolve
from the “hot” carbene to the ketene region, thus increasing
the overall ketene quantum yield to around 27% after 10 ps
(Figure S13). The OM2/MRCI barrier for the ground-state
carbene–ketene rearrangement is 7.0 kcalmol�1 (Figure S11),
close to the CASPT2 value of 7.8 kcalmol�1.[15]

We thus observe both concerted asynchronous and
stepwise Wolff rearrangements in our full-dimensional
dynamics simulations. In one of the rare examples for the

Figure 2. Top: two-dimensional S2/S1 and S1/S0 conical intersection surfaces with geometric constraints on the C2–N12 distance and the C3-C2-
N12-N13 dihedral angle (energies in kcalmol�1 relative to the minimum-energy conical intersection). Bottom: S2!S1 and S1!S0 hopping-point
distributions in 158 trajectories.

Figure 3. Product distribution of the 158 trajectories at the end of the
1 ps non-adiabatic simulations. Red circles indicate the final geo-
metries after 1 ps (C orange, O red, N blue).
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concerted asynchronous Wolff rearrangement (Figure 4), the
molecule is excited to the bright S2 (pp*) state and undergoes
an S2!S1 internal conversion after 167 fs, which triggers an
immediate elongation of the C2�N12 bond that takes the
molecule to the extended S1/S0 conical intersection seam
(Figure 2). This leads to an ultrafast S1!S0 decay (after 43 fs
in this trajectory, compared with 20–40 fs in the quantum
dynamics work[15]). In the S0 state, the C2···N12 distance then
continues to increase until the end of the 1 ps dynamics run,
while the C2···C9 distance starts to decrease after about 100 fs
to form a covalent C2�C9 bond. This effectively concerted
process is finished after approximately 400 fs, in reasonable
agreement with the experimental finding that irradiation of
a DNQ derivative in methanol yields the ketene product
within 300 fs.[29]

The trajectories that produce the carbene intermediate
start out in a similar manner (for an example, see the middle
panel of Figure S9). After the initial S2!S1 internal con-
version, the C2�N12 bond lengthens and then breaks after the
ultrafast S1!S0 decay, with release of a nitrogen molecule.
Until the end of the 1 ps simulation, the C2�C9 distance then
just fluctuates around its equilibrium value of 2.4 �, thus
retaining a carbene structure. In our 1 ps TSH simulations,
more than half of the trajectories end up at such carbene
intermediates, many of which rearrange within 10 ps to the
more stable ketene product (stepwise Wolff rearrangement)
according to the BOMD simulations (Figure S13). Figure 5
shows the second phase of a typical stepwise rearrangement,
where the ring contraction happens after 5 ps. The present
dynamics study thus suggests that both the concerted and the
stepwise pathway are feasible in the photochemistry of DNQ.

In our simulations, 25 % of the trajectories return to
ground-state DNQ within 1 ps, without undergoing any
chemical reaction; 27% of the dynamics runs end up at the
ketene after 10 ps, and 48% at the carbene. Experimentally,
there is evidence for a carbene intermediate, but the photo-
induced fragmentation processes in solution are reported to
be complete after 8 ps,[10] indicating that our gas-phase
simulations overestimate the lifetime of the carbene inter-

mediate in solution (ca. 29 ps according to Figure S13). On
the other hand, our computed gas-phase quantum yield of
ketene (27 % after 10 ps) compares reasonably well with the
measured values of 54% for DNQ in methanol[10] and of 32%
for a sulfonated DNQ derivative in both methanol and
water.[29] We also note in this context that solvent effects may
influence the carbene:ketene ratio because surrounding
solvent molecules may affect the relative ease of nitrogen
release on the concerted and stepwise pathways. The simu-
lation of such solvent effects is beyond the scope of the
present work.

In summary, we have explored the photochemical Wolff
rearrangement of DNQ by performing full-dimensional non-
adiabatic dynamics simulations starting from the initially
populated bright S2 state, as well as ground-state BOMD
simulations starting from the “hot” carbene intermediate. The
present work demonstrates that trajectory surface-hopping
dynamics can well be applied to study the photochemistry of
medium-size molecules with an extended conical intersection
seam. The relevant coordinates for describing the photo-
induced processes in DNQ include not only the C2–C9 and
C2–N12 distances, but also the C3-C2-N12-N13 dihedral
angle for out-of-plane motion. The TSH simulations branch
into different channels at the extended S1/S0 conical inter-
section seam: the trajectories either return to the ground state
of DNQ (ultrafast deactivation) or directly enter the ground-
state ketene region (concerted reaction) or lead to a ground-
state carbene intermediate that can then rearrange to the
ketene (stepwise reaction). Mechanistically, we thus find that
both the concerted asynchronous and stepwise mechanisms
are accessible in the photochemical Wolff rearrangement, as
has also been suggested for other diazocarbonyl com-
pounds.[4–6] The detailed mechanistic scenario emerging
from the simulations is consistent with recent time-resolved
femtosecond experiments that show direct ketene formation
within 300 fs[29] and with previous theoretical and experimen-
tal evidence that the ketene may also be formed by a stepwise
mechanism via a carbene intermediate.[10,15, 29] Methodologi-
cally, this work demonstrates that surface hopping dynamics is

Figure 4. One typical trajectory for the concerted asynchronous Wolff
rearrangement. The S2!S1 hop is marked in green at 167 fs, and the
S1!S0 hop in blue at 210 fs.

Figure 5. One typical trajectory for the second phase of the stepwise
Wolff rearrangement (carbene-to-ketene rearrangement).
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capable of simulating not only photophysical processes, but
also complicated photochemical reactions with several com-
peting channels in medium-size organic molecules.[32]
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