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Antiaromatic w-conjugated systems provide a powerful framework for understanding ultrafast molecular
rearrangements driven by quantum tunnelling over their degenerate double-well potential surfaces.
Here, we explore with computational tools the m-bond-shifting automerization in the antiaromatic
dinaphtho[2,1-a: 1,2-flpentalene (1), dinaphthol[l,2-a:2,1-flpentalene (2), and a series of substituted

derivatives. These molecules exhibit a distinctive feature: local aromatic and antiaromatic rings can
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Accepted 7th October 2025 interconvert their aromaticity character even close to the absolute zero via unusually fast carbon
tunnelling. If these systems can be prepared in a coherent regime, the quantum superposition between
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Introduction

Symmetrical isothermal automerizations characterised by
degenerate double-well potential energy surfaces (DWP) repre-
sent a fascinating class of systems in which a particle—be it an
electron, an atom, or even a whole molecule—is confined
between two equivalent minima separated by a finite energy
barrier."” These systems provide a natural setting for the study
of the quantum tunnelling (QT) effect, if the height and width of
the barrier, as well as the tunnelling reduced mass, are low
enough.®* This is especially relevant in cryogenic conditions,
where thermal activation is suppressed.®

Moreover, the tunnelling can occur in two flavours. In the
coherent regime, a delocalisation between the left (|L)) and
right (|R)) wells occurs, resulting in a measurable energy level
splitting. In the decoherent regime, the system is localised in |L)
or |R), but can swiftly move back and forth between them. It is
possible to say that the first is a physical process, whereas the
second is of a more chemical nature. Of note, interactions with
a bath or simply with other molecules can make the coherent
tunnelling decohere, as explained elsewhere.**” These
processes have been essential in explaining phenomena such as
proton transfer in biological systems,® quantum dynamics in
functional materials,” and molecular switching in quantum
devices.

Antiaromatic compounds™ represent particularly intriguing
cases, as their w-bond shifting can lead to automerization
reactions suitable for QT."** One of the most studied
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antiaromatic compounds is pentalene,">***® a bicyclic 8m-elec-
tron species that exhibits a small HOMO-LUMO energy gap'®*®
and distinctive paratropic ring currents.>*>

Importantly, if the pentalene-based molecule has an appro-
priate symmetry, it can tunnel between the two equivalent
positions on the DWP, undergoing an extremely fast m-bond
shifting with a computed rate constant on the order of 10° s,
even near the absolute zero.”” All these features further
enhance the chemical and theoretical interest in pentalene-
based systems.

Herein, we studied the QT-included kinetic behaviour of
dinaphtho-[2,1-a: 1,2-f]pentalene (1), dinaphtho-[1,2-a,2,1-f]
pentalene (2), and several substituted derivatives. The fusion of
pentalene with aromatic ring subunits is a strategy used in
these systems to stabilise the reactive antiaromatic core and
modulate the HOMO-LUMO energy gap to enhance the charge
delocalisation and transport properties.>*** Notably, some
fused pentalene derivatives of this family were originally
designed and experimentally realized by Konishi and co-
workers.”** These pentalene-based architectures define a new
class of systems that, like the parent pentalene, may rearrange
by QT in a symmetric DWP, where |L) and |R) are isoenergetic
species. However, in contrast to the parent case, these isomers
exhibit unusual aromaticity dynamics.>***** Tunnelling in
pentalene rearranges the pattern of single and double bonds
within the m-conjugated framework, but does not change the
aromatic character of the individual rings or the bicyclic system.
In contrast, compounds 1 and 2 have unsymmetric local
aromatic behaviour (see Fig. 1), which must rearrange concur-
rently with the m-bond automerization. We hypothesise here
that the reaction will be extremely fast due to the tunnelling
effect. If so, in the localised regime rings b and b’ (see Fig. 1,

bottom) will continuously undergo a quantum-driven

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (Top) schematic depiction of the double-well potential and the
two minima structures. The |L) and |R) states have the same energy but
different local (anti)aromaticity. (Middle) Clar structures depicting the
location of the fixed and migrating Clar sextets (the arrows indicate the
migration of the Clar sextet, permitting to move the circle to the
indicated ring). (Bottom) dinaphtho-[2,1-a:1,2-flpentalene (1) and
dinaphtho-[1,2-a: 2,1-flpentalene (2). In all panels: blue indicates
aromatic/diatropic, red indicates antiaromatic/paratropic.

redistribution of their local aromaticity even at deep cryogenic
conditions, at a rate that would make it impossible to define
their character (unless external forces break the molecular
symmetry, of course).**** Moreover, if the molecule can be
prepared in a coherent state, these rings will be both aromatic
and antiaromatic, in a kind of metaphorical “Schrodinger's
aromaticity cat”.

Furthermore, we show that it is possible to modulate the
aromatic lack of symmetry, reaction rates, and energy splittings
by substitution with functional groups (we considered two
positions in 1 and one position in 2). With this information, we
could obtain relationships between the tunnelling kinetics,
electronic factors, and aromaticity measures.

Computational methods

All molecular structures were optimised at the MO06-2X/6-
311+G(d) level,* and their minima confirmed through
frequency computations using Gaussian 16.*° This functional
has proven to be adequate for organic reactions, while at the
same time, it is fast enough for the costly tunnelling compu-
tations. Both 1 and 2 are characterized by a closed-shell ground-
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state configuration,*®** as are all other molecules studied herein
(see more details in the SI). More accurate threshold and reac-
tion energies computations were carried out using DLPNO-
CCSD(T1)/cc-pVQZ*** with TIGHTSCF and TIGHTPNO options
over the DFT geometries with ORCA 6.**** All the energies pre-
sented are zero-point corrected energies (obtained with M06-
2X).

The semiclassical rate constants were computed with
canonical variational transition state theory (CVT),” and the QT
corrected values (k) were obtained with the small curvature
tunnelling (SCT) method*® using Polyrate 17 (an example of
a Polyrate input file is provided in the SI).*” To obtain more
accurate rate constants, the previously obtained DLPNO-
CCSD(T1) AE* and AE, values were used with the ISPE double-
layer method over the DFT surface.*® We also added the quan-
tized reactant state tunnelling (QRST) method to include
quantized vibrations at low temperatures,* a small step size of
0.001 au for a high-quality potential energy surface (PES), and
confirmed convergence of the reaction pathway for each QT
computation (see an example of the PES in Fig. S9).

We initially generated a dataset of 29 derivatives by
symmetrically substituting 1 and 2 at the « or B positions,
including the following list of substituents: F, CN, CHO, NO,
NO,, CCH, OH, NH,, and SH (the latter widely used in molec-
ular electronics due to its strong binding affinity to gold elec-
trodes).® From this set, we retained those that fulfilled the
criteria of having a closed-shell singlet electronic configuration
for all stationary points. This ensures the accuracy of the single-
reference electronic structure methods. Based on this, a total of
14 systems were retained for further analysis (Table 1).

Nucleus-independent chemical shifts®»** (NICS) were
computed using the Gauge-Independent Atomic Orbital
(GIAO)*® method at the PBE0/6-311+G(d)** level of theory. To
this end, we used Gaussian 16 together with Aroma 2.0 (a utility
package for generating input files and parsing results of NICS
calculations).>**” To minimize oc-effect contaminations, we
used the NICS(1),, metric, which reports only the zz-component
of the chemical shift tensor and is computed at a height of 1 A
above the ring plane (for additional results calculated at 1.7 A
see SI). 2D NICS calculations were prepared and analysed using
pyAroma4 at a height of 1 A, with the same computational
method described above.”®

Current density maps were also obtained in the Z orientation
of the magnetic field at 1 A above the molecular plane, using the
SYSMOIC program package.*>* Because most of the molecules
are planar, we could identify the various molecular orbitals and
consider only the contribution of the m-orbitals, affording
a cleaner analysis of the aromatic behaviour. Clockwise arrows
are assigned to the diatropic current (aromatic), anticlockwise
to the paratropic (antiaromatic).

While current density plots provide a very intuitive picture of
the induced ring currents, they cannot be quantitatively
compared. Therefore, we computed the net bond current
strength to obtain a quantitative representation of the
magnetically induced ring current density. This is obtained by
integration of the induced current densities flowing through
planes bisecting selected bonds. When delocalisation is

Chem. Sci., 2025, 16, 21386-21393 | 21387
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Table 1 Heat map representation of the NICS(1),, values for each ring in 1 and 2. The individual entries are colour-coded with respect to their
unsubstituted parent system. Blue — reduced value; red — increased value. The strength of colour is proportional to the change in NICS(1),., value

Sub c b a a’ b’ c

1 H -185 -6.0 775 79.6 243 -14.2
SH -184 -5.8 _ 17.8 -14.8
1* F -186 -5.8 70.1 74.0 193 -15.2
CN -16.2 -3.1 84.7 | 929 ‘ 29.2 -104

SH -16.3 -5.2 76.0 784 240 -115

F -17.9 -5.7 77.8 80.2 246 -133
CN -17.2 -5.8 74.8 76.8 228 -135
NO -169 -6.2 711 722 204 -126

18 nNo, -17.0 -55 733 75.2 222 -135
CCH -16.8 -5.3 76.0 78.1 23.8 -12.7
OH -175 -5.6 78.2 80.5 245 -11.8
CHO -17.6 -6.1 73.7 75.3 219 -133
NH: -15.8 -4.2 78.2 80.8 254 -10.2

H -16.8 -7.3 714  70.5 22.7 -13.0

2 F -184 -85 63.5 629 17.7 -145
CCH -16.8 -7.0 71.0 75.3 230 -121

present, a sizable net bond current flow is detected, whose
strength can be used to compare between different parts of
a molecule or between molecular systems. All net current
strengths reported herein are normalised in relation to benzene
(computed with M06-2X/6-311+G(d)), for which the net di-
atropic current strength is 11.64 nA/T.

Results and discussion
(Anti)aromaticity

1 and 2 are both conjugated hexacyclic systems containing 24 =
e, making them formally antiaromatic. However, neither
molecule displays global antiaromatic character. Instead, as
shown by the current density plots, bond currents, and NICS
values (Fig. 2), both isomers can be perceived as consisting of
three distinct regions, which are consistent with the presence of
a migrating and a fixed Clar sextet, respectively (Fig. 1):** an
aromatic bicyclic component (rings ¢ and b), an antiaromatic
tricyclic component (rings a, a’, and b’), and an aromatic
monocyclic component (ring ¢’). The resulting uneven distri-
bution of (anti)aromaticity generates an intrinsic disparity in
the m-conjugated topology, which plays a central role in the
DWP.

These local behaviours are reminiscent in shape of their
parent components (i.e., naphthalene, pentalene, benzene) but
vary in their strength. In particular, we observe that the local
paratropic currents are stronger than in the parent pentalene
(NICS(1),, = 54 ppm for pentalene, and ranges between 70 and
80 ppm for rings a and a’ in 1 and 2), and are no longer iden-
tical. The retention of strong local paratropic currents in the
five-membered rings is characteristic of m-extended pentalene
derivatives.®>** However, the change in magnitude upon fusion

21388 | Chem. Sci., 2025, 16, 21386-21393

of aromatic rings is highly dependent on the type and direction
of annulation, as shown for pentalene and other antiaromatic
cores, such as s-indacene.*®**% In contrast, the local aromaticity
in the six-membered rings is substantially attenuated (NICS(1),,
ranging between —13 and —19 ppm for rings c and ¢’ in 1 and 2),
a common consequence of annelation to antiaromatic cores.

w

Dot

)

N
S

NICS(1),; [ppm]

Fig.2 Aromaticity comparison between 1 and 2. (Top) current density
plots generated with SYSMOIC at a height of 1 A above the molecular
plane under a perpendicular magnetic field (only the contribution of
the t-orbitals to the induced current density is taken into account).
(Middle) net bond current strengths reported relative to the bond
current strength of benzene. (Bottom) 2D NICS(1),, plots (in ppm). The
NICS(1),, value of each ring is denoted within it.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Rings b and b’ show weak behaviour (NICS(1),, = —7 and
23 ppm, for b and b’, respectively). For comparison, NICS(1),,
for benzene and cyclobutadiene at the same level of theory are
—30 and 58 ppm, respectively.

The lack of symmetry is not surprising and has been previ-
ously rationalised with molecular orbital theory and symmetry
considerations.® It has also been interpreted as the presence of
multiple local and semi-local induced current circuits. Both
Konishi et al.>* and Baranac-Stojanovic*** have proposed that
these molecules sustain a semi-local paratropic current that
encompasses the tetracyclic b-a-a’-b’ component (in addition to
other circuits). This interpretation aligns with our own calcu-
lations, while explaining the reduced aromaticity of ring b.

Localised tunnelling

We now turn our attention to the reaction rates at deep cryo-
genic conditions, that is, ground state QT of 1 and 2. The
degenerate rearrangement of these species by m-bond shifting
resembles the reaction of the parent pentalene.'>'” But as can be
seen in Fig. 1, in 1 and 2, the automerisation partly includes the
attached six-membered rings, including their electronic char-
acteristics (see geometries in the SI).

1 has a slightly lower threshold energy than 2 (23 wvs.
28 k] mol ', respectively). But contrary to semi-classical kinetics,
the mass of the moving particles and especially the barrier width
can also affect the QT reactivity according to eqn (1):*

—2xwx/AEIu/h

1)
with k being the ground state QT rate constant, vy the frequency
of the reactant’'s normal mode in the direction of the reaction, w
the barrier width, AE* the threshold energy, p the reduced
moving mass, 7 the reduced Planck constant, and x a factor

k= VR.C

corresponding to the barrier shape (for example /2 for a rect-
angular barrier, and 7/+/2 for a parabolic barrier). Therefore,
there will not be a perfect correlation between k and AE*.

Both compounds have extremely fast reaction rates, with
deep tunnelling frequencies for the back-and-forth reaction on
the order of a nanosecond. The ground state QT automerization
rate constant of 1 is an order of magnitude faster than that of 2,
2 x 10° vs. 2 x 10% s, respectively.

At these rates, it would be difficult to experimentally detect
the molecules in one of the two geometric minima. Nuclear
magnetic resonance (NMR) measurements will mistakenly see
the molecules as completely symmetric (C,, instead of the real
C,) since the rearrangement is much faster than the NMR time
scale,*”®® and therefore the peaks of almost equivalent atoms
will coalesce. This also means that any NMR estimation of rings
b and b’ in the free molecules will show negligible aromaticity.
This is not because there is none, but because the extremely fast
switching between their aromatic and antiaromatic character
would display an average outcome (the time scale of IR spec-
troscopy is much faster, potentially permitting the resolution
between frequencies of almost equivalent bonds' peaks).

The effect of temperature on the reaction rates is illustrated
in the Arrhenius plot shown below in Fig. 3. Interestingly, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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relative impact of QT is large even at room temperature,
a signature of an exceptionally narrow barrier. Due to the larger
influence of AE* on semiclassical kinetics compared to QT,
reactions with higher threshold values have larger transmission
coefficients (k) values. Consequently, our calculations indicate
that at 298 K the tunnelling rearrangement of 1 is a hundred
times faster than considering a purely semiclassical reaction
(i.e. without QT), while for 2 it is two hundred times faster (see
SI). Evidently, even at this high temperature the reactivity is
mainly driven by (thermally activated) tunnelling.*>* This was
already seen in the automerisation of cyclobutadiene.'*

Coherent tunnelling

All the previous discussion involves localised QT, where the
system physically rearranges between |L) and |R). Alternatively,
if these molecules can be prepared in a coherent state,” we
expect them to exhibit measurable splitting energies (AE,),
which can be observed under careful spectroscopic settings.
This is caused by the energy difference between the states
produced by the constructive and destructive quantum super-
position of the original left and right states, that is

IL) + [R) _ L) —[R)
no M= 2)
AEy = E(W,) — E(W,)

[¥o) =

The splitting energies can be obtained from the computed
ground state rate constants according to eqn (3):*

AEOl = \IZkhZVR/e (3)

The obtained AEy; for 1 and 2 were 40 and 10 GHz, respec-
tively. These values are comparable to the ammonia umbrella
inversion (24 GHz), as well as other hydrogen QT reactions.*

e

Ry Rq
\ /
WO CI~ )=
27.5 R Q Q ’
1 R

1SH?

In (k[s)

0.08 0.1

0.04
TK"

Fig. 3 Arrhenius plot for the degenerate rearrangements of 1 and 2.
The horizontal dotted line shows, as a reference, a half-life of
a nanosecond.

Chem. Sci., 2025, 16, 21386-21393 | 21389
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For all these compounds, as long as the coherent regime is
maintained, rings b and b’ will be both aromatic and anti-
aromatic, or neither aromatic nor antiaromatic, depending on
their quantum state, |y,) or |¢;) (thus the Schrodinger's
aromaticity cat metaphor).

Of note, since we are reaching the maximum possible
tunnelling rates in chemical reactions (on the vy regime of the
order of 10" s, see eqn (1)), we are also reaching the
maximum splitting energies accessible by chemical reaction
techniques (~10° MHz). Masers of higher frequencies are
possible, but based on physical effects instead of chemical
reactions (such as the stimulated emission between hyperfine
energy levels).

Substituents and trends

We finish this project by evaluating the influence of substitu-
tions on the local (anti)aromatic character, and on the tunnel-
ling rates. All the studied cases which fit the above-described
requirements (symmetry and closed-shell singlet electronic
structures) are presented in Fig. 1.

The variation of the NICS(1),, values reveals a clear modu-
lation of the (anti)aromaticity, depending on the nature and
position of the substituent (Table 1; red indicates an increase in
value and blue indicates a decrease in value, relative to the same
ring in the respective unsubstituted molecule).

Only three 1%-substituted isomers met our closed-shell
transition state criteria for inclusion in this study: SH, F, and
CN. The first two show a decrease in the paratropicity of rings a,
a’, and b’ (a reduction ranging between 5 and 9 ppm) and
a negligible change in the diatropicity of the other rings. The
impact of SH on the NICS(1),, is larger than F, which is
consistent with it being the stronger m-electron-donating group
(according to Hammett and Swain-Lupton parameters).” These
results also align with previous investigations into substituent
effects on pentalene.” In contrast, the CN-substituted molecule
shows a substantial increase in paratropicity in rings a, a’, and
b’ (NICS(1),, values increasing from 5 to 13 ppm), concurrent
with a slight decrease in the diatropicity of the other rings (by
ca. 3 ppm).

When the same substituents are placed in the B position,
their impact on rings a, a’, and b’ is essentially negligible, but
the effect on rings c and ¢’ is slightly stronger. For this position,
there are additional derivatives, which allow us to ascertain that
the decrease in diatropicity in rings ¢ and ¢’ follows the order
NH, > SH > OH > F, consistent with the 7-electron donating
ability. Interestingly, the CN group has an opposite impact
when placed in the B position—it slightly decreases the para-
tropicity of rings a, a’, and b/, despite the greater distance from
the core. Similar effects are seen with the other c-electron
withdrawing substituents, following the order NO > NO, > CHO
> CN > CCH, again consistent with Hammet and Swain-Lupton
parameters.

For 2, we have only two derivatives. The F-substituted
molecule behaves similarly to the 1% isomers, which is not
surprising, considering that both have the F groups located at
the same position on the pentalene. The CCH-substituted

21390 | Chem. Sci., 2025, 16, 21386-21393
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molecule shows no effect on any of the rings, with the excep-
tion of ring a’, which displays an increase in paratropicity. One
possible explanation for the more localised effect is the non-
planarity of the 2 derivatives, which weakens the conjugation
of the substituent into the larger conjugated framework.

Overall, the antiaromaticity of the pentalene core in 1 and 2
appears to be robust to a broad range of substituents. At the
same time, the strength of the paratropicity is sensitive to
substitution in general, as well as to the specific location of the
substituent.” This range of modulation is similar to s-indacene
and other antiaromatic cores.®® Notably, in all cases we observe
a divergent response for rings b and b/, which highlights the
non-equivalent topological roles of these positions, with
b’ displaying a stronger sensitivity to substituent effects and
a closer electronic interaction with the pentalene core.

As with the aromaticity, even if they are all extremely fast, the
rate constants also reveal some sensitivity to the electronic
nature of the substituting groups, but higher sensitivity to their
location. In 1, even small changes in the electronic character at
position a significantly modulate the rate of rearrangement (see
Table 2). For example, m-electron donor groups such as F and
SH notably lower the threshold energies to approximately
a quarter of their original values, increasing the rate constants
by more than an order of magnitude, even considering the
larger masses.

In addition to the barrier height, the size of the bond-length
alternation between |L) and |R) should also affect the tunnel-
ling, as it determines the nuclear displacement and thus the QT
effective mass. The transition state curvature is sometimes used
as a measure of the barrier width, with larger imaginary
frequencies corresponding to narrower barriers; however, as
seen in Table 2, a lowering of the barrier height usually involves
a lowering of the TS imaginary frequency as the PES flattens,
which does not necessarily indicate narrower potentials. To

Table 2 ZPE included threshold energies in kJ mol™, imaginary
frequencies at the transition state in cm™, average change of the C—C
bond distances in the pentalene core as a proxy measure of the

molecular displacement (in A), ground state tunnelling rate constants
-1

in s™7, and splitting energies in MHz
Sub AE* v |Ad]| k AEy,

1 H 23.1 1946 0.109 2 x 10° 4 x 10*

1~ SH 5.2 853 0.088 1 x 10™ 3 x 10°
F 7.6 1016 0.090 6 x 10*° 2 x 10°
CN 23.6 2050 0.109 1 x 10° 4 x 10*

1P SH 25.2 1934 0.110 5 x 10° 2 x 10*
F 25.8 2198 0.111 8 x 10° 3 x 10*
CN 20.1 1753 0.105 3 x 10° 5 x 10*
NO 18.9 1612 0.103 3 x 10° 6 x 10*
NO, 18.6 1650 0.104 3 x 10° 5 x 10*
CCH 22.3 1914 0.107 2 x 10° 4 x 10*
OH 27.0 2471 0.113 1 x 10° 3 x 10*
CHO 19.3 1648 0.105 3 x 10° 6 x 10*
NH, 29.1 2704 0.113 5 x 10° 2 x 10*

2 H 28.5 2224 0.109 2 x 10° 1 x 10*
F 12.3 1163 0.094 1 x 10° 3 x 10*
CCH 21.1 1946 0.104 3 x 108 2 x 10*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Sum of NICS values for the antiaromatic rings, against the
threshold energies of 1° systems.

have a better indication of the range of atomic movements in
the automerizations, we calculated the average difference
between almost equivalent C-C bond lengths at both sides of
the pentalene core, which can be considered as the mean
alternation, and is directly correlated to the carbon movement.
As shown in Table 2, lower barrier reactions tend to come with
shorter movements (R* = 0.96), agreeing with the fact that in the
limit of zero threshold energy the DWP turns into a one-well,
with zero alternation. Still, the differences in the displace-
ments are relatively small, with a maximum difference of 28%,
while the threshold energies have maximum disparities of
460%. Hence, the tunnelling rates of these systems are gov-
erned mostly by their activation energies, but the structural
reorganisation involved in crossing the barrier also affects it, to
some extent.

The reduction in threshold height can come from two
potential origins: the substituents destabilising the reactant, or
stabilising the transition state (TS). As noted before, these
substituents reduced the antiaromaticity of the reactants’
pentalene core. In contrast, the C,,-symmetric TSs sustain
much stronger global paratropic currents, and do not have any
diatropic regions. Hence, we hypothesise that in these highly
delocalised structures the m-electron-donating nature of these
substituents stabilises the TS more than the reactant.

This
withdrawing groups in position a, such as CN, slightly
increase the threshold energies and lead to a moderate decrease
in the rate constant. The same substituent increased the anti-
aromaticity of the reactant's pentalene core, and it stands to
reason that the effect would be exacerbated at the strongly
delocalized TS.

For the substitution at B we tested more groups, with an
opposite and more moderate effect. v electron donors slightly
raise the barrier and acceptors lower it, with the concomitant
effect on the rates of reducing and enhancing the tunnelling
efficiency, respectively. However, the changes are small because
of the highly probable QT, as explained above. As can be seen in
Table 2, the substitution in 2 has a similar effect to that in 1%,
which is not surprising considering that it was done at the same
positions. In essence, the tunnelling process is centralised at
the pentalene core, and therefore it is logical that the a position
is more sensitive to changes.

is consistent with the observation that electron-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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The effect of temperature on the reaction rates of all the
studied systems is illustrated in the Arrhenius plot shown in
Fig. 3. At 298 K, our calculations indicate that from all our
systems, 1NH,?, being the one with the highest AE! reaches the
highest k value of almost five hundred (see SI). Even at this high
temperature, the reactivity in all these systems is mainly driven
by (thermally activated) tunnelling.'>*°

For such fast reactions, all the AE,; were on the order of tens
of GHz (Table 2). 1SH* and 1F* show the largest splittings of
more than 10° MHz (similar to malonaldehyde, a standard
hydrogen QT case typically used for splitting studies).*

Since substituents also modulate the local (anti)aromatic
character, we considered whether the tunnelling dynamics
could be connected to the magnetic aromatic character (as
captured by the NICS metric). Specifically, we hypothesised that
the antiaromaticity of the a-a’-b’ component might correlate
with threshold energies, which in turn can influence the rate of
rearrangement. This led us to investigate whether a quantitative
relationship could be established between NICS(1),, values and
rate constants, a connection that could enable the predictive
design of tunnelling-tuned conjugated systems.

To explore this possibility, we plotted SNICS(1)., (the sum of
NICS(1),, values for rings a, a’, and b’) against the threshold
energies for 1® with all the studied substituents (Fig. 4). This
subset was selected due to the larger number of data points, but
we note that similar trends were observed for the limited
number of systems of 1* and 2, which were analysed separately
because of the strong dependency on the substituents' location.
These =NICS(1),, values not only showed the strongest corre-
lation (R* of 0.84), but also a much larger slope compared to the
aromatic rings' dependencies (see SI). In essence, the stronger
the paratropicity of a reactant's core, the higher the AE*. This
agrees with our rationalisation above, whereby the effect of any
substituent is exacerbated at the TS.

These findings suggest that more intense antiaromaticity,
while typically associated with destabilisation, can paradoxi-
cally slow down the tunnelling (or lower the splitting energy in
a coherent regime) by preferentially destabilising the transition
state relative to the reactant. Importantly, it has been previously
noted that magnetic antiaromaticity does not necessarily imply
instability.”” This offers a predictive link between local elec-
tronic structure and tunnelling kinetics.

Conclusions

The dinaphtho[2,1-a: 1,2-f]pentalene (1) and dinaphtho[1,2-a:
2,1-flpentalene (2) systems studied here have energy surfaces
with degenerate double-well potentials that show a distinctive
divergence in their local aromaticity distribution. We demon-
strate that the aromatic and antiaromatic character of specific
rings can be switched via fast tunnelling, establishing a novel
case of dynamic aromaticity. This aromatic unsymmetry, along
with the correlated reaction rates, can be modulated by func-
tional group substitutions at key positions.

If the systems can be produced in a coherent regime, they are
predicted to exhibit energy splittings on the order of gigahertz,
placing them among the highest possible AE,; values driven by
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heavy atom QT (comparable to fast hydrogen tunnelling). This
provides an experimental window toward the spectroscopic
detection of their heavy atom tunnelling.

The possible nuclear quantum superposition of the coherent
state opens the possibility of having an unusual case where
some of its rings would be both aromatic and antiaromatic at
the same time. This delocalised situation can be, in principle,
maintained as long as the molecules do not decohere by a bath,
or by trying to measure their position in the double well
potential.

These findings suggest that the studied antiaromatic
frameworks can serve as functional platforms for the design of
T-conjugated systems with tuneable quantum behaviour, with
potential applications in molecular quantum technologies.

Author contributions

S.J. R. S.: conceptualization; methodology; quantum tunnelling
calculations; data curation; figure design; writing. J. J. S. F.:
quantum tunnelling calculations; data analysis; writing. K. M.
P.: aromaticity calculations; figure design; writing. R. G. P.:
conceptualization; aromaticity analysis; data interpretation;
writing. S. K.: supervision; conceptualization; methodology;
quantum tunnelling analysis; writing.

Conflicts of interest

There are no conflicts to declare.

Data availability

All the geometries and Gaussian output files are available on the
ioChem-BD platform for computational chemistry and mate-
rials science teams, at the following link: https://iochem-
bd.bsc.es/browse/handle/100/471905. The following references
were cited in  the supplementary  information
(SI).#A0ses658-607376 - gupplementary information with the
selection of the electronic structure, full tunnelling tables,
aromaticity analysis, and examples of input files is available
in a pdf file. See DOI: https://doi.org/10.1039/d5sc05717e.

Acknowledgements

This research is supported by the PAZY foundation [ID-(416)-
2023]. K. M. P. is grateful to the Azrieli Foundation for financial
support through a postdoctoral fellowship. R. G. P. gratefully
acknowledges the support of the Israel Science Foundation
[grant #1745/23].

Notes and references

1 R.]J. Bemish, M. C. Chan and R. E. Miller, Chem. Phys. Lett.,
1996, 251, 182-188.

2 'W. H. Miller, J. Phys. Chem., 1979, 83, 960-963.

3 E. Merzbacher, Phys. Today, 2002, 55, 44-49.

4 S. J. Rodriguez-Sotelo and S. Kozuch, Chem. Phys. Lett., 2025,
864, 141890.

21392 | Chem. Sci., 2025, 16, 21386-21393

View Article Online

Edge Article

5 R. P. Bell, The Tunnel Effect in Chemistry, Springer, New York,
1980.

6 M. Ronto and E. Pollak, RSC Adv., 2020, 10, 34681-34689.

7 M. Schlosshauer, Decoherence and the Quantum to Classical
Transition, Springer-Verlag, Berlin, 2007.

8 J. P. Klinman and A. Kohen, Annu. Rev. Biochem., 2013, 82,
471-496.

9 A. L. Kolesnikov, G. F. Reiter, N. Choudhury, T. R. Prisk,
E. Mamontov, A. Podlesnyak, G. Ehlers, A. G. Seel,
D. J. Wesolowski and L. M. Anovitz, Phys. Rev. Lett., 2016,
116, 167802.

10 M. R. Wasielewski, M. D. E. Forbes, N. L. Frank, K. Kowalski,
G. D. Scholes, J. Yuen-Zhou, M. A. Baldo, D. E. Freedman,
R. H. Goldsmith, T. Goodson, M. L. Kirk, J. K. McCusker,
J. P. Ogilvie, D. A. Shultz, S. Stoll and K. B. Whaley, Nat.
Rev. Chem., 2020, 4, 490-504.

11 M. Sola, A. 1. Boldyrev, M. K. Cyranski, T. M. Krygowski and
G. Merino, Aromaticity and antiaromaticity : concepts and
applications, John Wiley & Sons, Ltd, USA, 2023.

12 S. Kozuch, RSC Adv., 2014, 4, 21650-21656.

13 S. Kozuch, J. Chem. Theory Comput., 2015, 11, 3089-3095.

14 B. K. Carpenter, J. Am. Chem. Soc., 1983, 105, 1701-1702.

15 E. Solel and S. Kozuch, J. Org. Chem., 2018, 83, 10826-10834.

16 H. Hopf, Angew. Chem., Int. Ed., 2013, 52, 12224-12226.

17 S.Kozuch and J.]J. Santoyo-Flores, Eur. J. Org Chem., 2024, 27,
€202400487.

18 T. Bally, S. Chai, M. Neuenschwander and Z. Zhu, J. Am.
Chem. Soc., 1997, 119, 1869-1875.

19 1. Novak, J. Photochem. Photobiol., A, 2024, 447, 115222.

20 R. Gershoni-Poranne and A. Stanger, Chem. Soc. Rev., 2015,
44, 6597-6615.

21 J. A. N. F. Gomes and R. B. Mallion, Chem. Rev., 2001, 101,
1349-1383.

22 R. W. A. Havenith, J. J. Engelberts, P. W. Fowler, E. Steiner,
J. H. Van Lenthe and P. Lazzeretti, Phys. Chem. Chem.
Phys., 2004, 6, 289-294.

23 P. W. Fowler and A. Soncini, Polycyclic Aromat. Compd., 2004,
24, 353-366.

24 A. Konishi, Y. Okada, R. Kishi, M. Nakano and M. Yasuda, J.
Am. Chem. Soc., 2019, 141, 560-571.

25 M. Baranac-Stojanovi¢, Chem.—Eur. J., 2019, 25, 9747-9757.

26 J. Wu, Y. Chen, J. Liu, Z. Pang, G. Li, Z. Lu, Y. Huang,
A. Facchetti and T. J. Marks, J. Mater. Chem. C, 2022, 10,
2724-2731.

27 G. London, M. Von Wantoch Rekowski, O. Dumele,
W. B. Schweizer, J. P. Gisselbrecht, C. Boudon and
F. Diederich, Chem. Sci., 2014, 5, 965-972.

28 C. K. Frederickson, L. N. Zakharov and M. M. Haley, J. Am.
Chem. Soc., 2016, 138, 16827-16838.

29 G. 1. Warren, J. E. Barker, L. N. Zakharov and M. M. Haley,
Org. Lett., 2021, 23, 5012-5017.

30 M. Hermann, S. M. A. Battisti and B. Esser, Asian J. Org.
Chem., 2025, 14, 1-10.

31 J. Usuba, M. Hayakawa, S. Yamaguchi and A. Fukazawa,
Chem.—Eur. J., 2021, 27, 1638-1647.

32 H. Oshima, A. Fukazawa and S. Yamaguchi, Angew. Chem.,
Int. Ed., 2017, 56, 3270-3274.

© 2025 The Author(s). Published by the Royal Society of Chemistry


https://iochem-bd.bsc.es/browse/handle/100/471905
https://iochem-bd.bsc.es/browse/handle/100/471905
https://doi.org/10.1039/d5sc05717e
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05717e

Open Access Article. Published on 07 2025. Downloaded on 22.02.2026 06:45:03.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

33 M. Baranac-Stojanovi¢ and M. Stojanovi¢, Phys. Chem. Chem.
Phys., 2019, 21, 3250-3263.

34 K. Horii, A. Nogata, Y. Mizuno, H. Iwasa, M. Suzuki,
K. I. Nakayama, A. Konishi and M. Yasuda, Chem. Lett.,
2022, 51, 325-329.

35 A. Konishi, K. Horii, H. Iwasa, Y. Okada, R. Kishi, M. Nakano
and M. Yasuda, Chem.-Asian J., 2021, 16, 1553-1561.

36 T. Schleif, J. Mieres-Perez, S. Henkel, M. Ertelt, W. T. Borden
and W. Sander, Angew. Chem., Int. Ed., 2017, 56, 10746-
10749.

37 O. Kirshenboim, A. Frenklah and S. Kozuch, Chem. Sci.,
2021, 12, 3179-3187.

38 A. Alnsasra and S. Kozuch, J. Org. Chem., 2025, 90, 9438-
9443.

39 Y. Zhao and D. G. Truhlar, Theor. Chem. Acc., 2008, 120, 215-
241.

40 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
G. A. Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V
Marenich, J. Bloino, B. G. Janesko, R. Gomperts,
B. Mennucci, H. P. Hratchian, J. V Ortiz, A. F. Izmaylov,
J. L. Sonnenberg, D. Williams-Young, F. Ding, F. Lipparini,
F. Egidi, ]J. Goings, B. Peng, A. Petrone, T. Henderson,
D. Ranasinghe, V. G. Zakrzewski, ]J. Gao, N. Rega,
G. Zheng, W. Liang, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda,
O. Kitao, H. Nakai, T. Vreven, K. Throssell,
J. A. Montgomery, J. E. Peralta, F. Ogliaro, M. ]J. Bearpark,
J. J. Heyd, E. N. Brothers, K. N. Kudin, V. N. Staroverov,
T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari,
A. P. Rendell, J. C. Burant, S. S. Iyengar, ]J. Tomasi,
M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi,
J. W. Ochterski, R. L. Martin, K. Morokuma, O. Farkas,
J. B. Foresman and D. ]J. Fox, Gaussian 16, Revision C. 01,
Wallingford CT, 2016.

41 Y. Guo, C. Riplinger, U. Becker, D. G. Liakos, Y. Minenkov,
L. Cavallo and F. Neese, J. Chem. Phys., 2018, 148, 011101.

42 C. Riplinger and F. Neese, J. Chem. Phys., 2013, 138, 034106—
1.

43 F. Neese, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2012, 2,
73-78.

44 F. Neese, Wiley Interdiscip. Rev.:Comput. Mol. Sci., 2025, 15,
€70019.

45 D. G. Truhlar and B. C. Garrett, Annu. Rev. Phys. Chem., 1984,
35, 159-189.

46 A. Fernandez-Ramos, B. A. Ellingson, B. C. Garrett and
D. G. Truhlar, Reviews in Computational Chemistry, vol. 23,
Wiley & Sons, Inc., 2007.

47 ]J. Zheng, J. L. Bao, R. Meana-Paceda, S. Zhang, B. J. Lynch,
J. C. Corchado, Y.Y. Chuang, P. L. Fast, W.-P. Hu,
Y.-P. Liu, G. C. Lynch, K. A. Nguyen, C. F. Jackels,
A. Fernandezramos, B. A. Ellingson, V. S. Melissas, J. Villa,
I. Rossi, E. L. Coitico, J. Pu, T. V Albu, A. Ratkiewicz,
R. Steckler, B. C. Garrett, A. D. Isaacson and D. G. Truhlar,
POLYRATE-version 2017, Minneapolis, 2017.

48 Y. Y. Chuang, J. C. Corchado and D. G. Truhlar, J. Phys.
Chem. A, 1999, 103, 1140-1149.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

49 J. G. Lauderdale and D. G. Truhlar, Surf. Sci., 1985, 164(2-3),
558-588.

50 J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo and
G. M. Whitesides, Chem. Rev., 2005, 105, 1103-1169.

51 P. Von, R. Schleyer, C. Maerker, A. Dransfeld, H. Jiao,
N. J. R. Van and E. Hommes, J. Am. Chem. Soc., 1996, 118,
6317-6318.

52 R. Gershoni-Poranne, A. Stanger and I. Fernandez,
Aromaticity:  Modern ~ Computational  Methods  and
Applications, Elsevier, 2021.

53 G. Schreckenbach and T. Ziegler, J. Phys. Chem., 1995, 99,
606-611.

54 C. Adamo, M. Cossi and V. Barone, J. Mol Struct.:
THEOCHEM, 1999, 493, 145-147.

55 A. Stanger, J. Org. Chem., 2006, 71, 883-893.

56 A. Stanger, J. Org. Chem., 2010, 75, 2281-2288.

57 A. Rahalkar and A. Stanger, 2021, preprint,
chemistry.technion.ac.il/en/team/amnon-stanger/.

58 Z. Wang, Chemistry, 2024, 6, 1692-1703.

59 G. Monaco, F. F. Summa and R. Zanasi, J. Chem. Inf. Model.,
2021, 61, 270-283.

60 P. Lazzeretti and R. Zanasi, SYSMOIC Package (University of
Modena) Additional Routines for Evaluation and Plotting of
Current Density by Steiner E. Fowler P., Havenith RWA, and
Soncini A, 1980.

61 E. Clar, Mobile Source Emissions Including Polycyclic Organic
Species, Springer, Netherlands, 1983.

62 A. Stanger, G. Monaco and R. Zanasi, ChemPhysChem, 2020,
21, 65-82.

63 D. Sundholm, R. J. F. Berger and H. Fliegl, Phys. Chem. Chem.
Phys., 2016, 18, 15934-15942.

64 G. I. Warren, L. J. Zocchi, L. N. Zakharov and M. M. Haley,
Chem.-Eur. J., 2023, 29, €202301153.

65 G. 1. Warren, K. Milodzikowska-Pienko, S. ]Jalife,
I. S. Demachkie, J. I. Wu, M. M. Haley and R. Gershoni-
Poranne, Chem. Sci., 2025, 16, 575-583.

66 P. W. Fowler, E. Steiner, R. W. A. Havenith and
L. W. Jenneskens, Magn. Reson. Chem., 2004, 42, S68-S78.

67 A. Nandi, A. Sucher, A. Tyomkin and S. Kozuch, Pure Appl.
Chem., 2020, 92, 39-47.

68 E. Solel and S. Kozuch, J. Org. Chem., 2018, 83, 10826-10834.

69 W. T. Borden, Wiley Interdiscip. Rev.: Comput. Mol. Sci., 2016,
6, 20-46.

70 C. Hansch, A. Leo and R. W. Taft, Chem. Rev., 1991, 91, 165-
195.

71 S.Jalife, A. Tsybizova, R. Gershoni-Poranne and J. I. Wu, Org.
Lett., 2024, 26, 1293-1298.

72 C. Foroutan-Nejad, J. Org. Chem., 2023, 88, 14831-14835.

73 U. R. Fogueri, S. Kozuch, A. Karton and J. M. L. Martin,
Theor. Chem. Acc., 2013, 132, 1-9.

74 T. J. Lee and P. R. Taylor, Int. J. Quantum Chem., 1989, 36,
199-207.

75 A. Karton, S. Daon and J. M. L. Martin, Chem. Phys. Lett.,
2011, 510, 165-178.

76 E. Paenurk and R. Gershoni-Poranne, Phys. Chem. Chem.
Phys., 2022, 24, 8631-8644.

https://

Chem. Sci., 2025, 16, 21386-21393 | 21393


https://chemistry.technion.ac.il/en/team/amnon-stanger/
https://chemistry.technion.ac.il/en/team/amnon-stanger/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc05717e

	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling

	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling
	Aromaticity switching by quantum tunnelling


