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Abstract: Gain of aromaticity or relief of antiaromaticity along
a reaction path are important factors to consider in mecha-
nism studies. Analysis of such changes along potential energy
surfaces has historically focused on reactions in the electronic
ground state (Sy), but can also be used for excited states. In
the lowest mmt* states, the electron counts for aromaticity and
antiaromaticity follow Baird's rule where 4n m-electrons
indicate aromaticity and 4n+2 m-electrons antiaromaticity.
Yet, there are also cases where Hiickel's rule plays a role in

the excited state. The electron count reversals of Baird’s rule
compared to Huckel’s rule explain many altered physico-
chemical properties upon excitation of (hetero)annulene
derivatives. Here we illustrate how the gain of excited-state
aromaticity (ESA) and relief of excited-state antiaromaticity
(ESAA) have an impact on photoreactivity and photostability.
Emphasis is placed on recent findings supported by the
results of quantum chemical calculations, and photoreactions
in a wide variety of areas are covered. )

1. Introduction

Upon absorption of light of an appropriate wavelength, a
molecule becomes excited to its lowest electronically excited
state. In this state, the molecular properties can change
drastically compared to the S, state. For example, some bonds
that were single bonds in the S, state get double bond
character, and vice versa. The dipole moment and the pK, value
can also change upon excitation. In essence, the molecule
becomes “a different molecule” as a result of the altered
electronic structure in the excited state. To predict what
changes take place, qualitative models and concepts can be
immensely useful, yet, while there is a plethora of such “fuzzy”
concepts for the S, state,!"! they are much less common for the
lowest electronically excited states where photochemical reac-
tions occur. Such qualitative tools are more intricate to develop,
although there are already work towards descriptions that allow
for qualitative understanding of electronically excited states
with a basis in high-level quantum chemical computations.?* In
parallel, one may also explore to what extent existing
qualitative concepts for the S, state can be expanded and
reformulated to excited states. Herein, we largely follow the
second line.
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Aromaticity and antiaromaticity are two “fuzzy” chemical
concepts with widespread usage in the S, state.* It has, for
example, been estimated that about two thirds of all known
molecules are aromatic or have aromatic components.” The
first of these concepts explains the high stability and inert
reactivity of [4n+2]annulenes in their S, states while the
second is reflected in the instability and enhanced reactivity of
many [4nlannulenes. However, in the lowest m-mt* states the
electron count rules for aromaticity and antiaromaticity are
reversed, which means that [4n+ 2]annulenes are antiaromatic
while [4n]annulenes are aromatic. Nowadays, this relationship is
referred to as Baird’s rule.*'®

Studies which apply excited-state aromaticity and antiar-
omaticity (in short, excited-state (anti-)Jaromaticity, ES(A)A) to
rationalize photoreactivity outside the area of pericyclic photo-
reactions are still rather limited although the number of such
studies starts to increase. Yet, based on the importance of the
aromaticity and antiaromaticity in the S, state we argue that
they may also be widely applicable within photochemistry.

In order to address the importance and usefulness of the
ES(A)A concepts to organic photochemistry, we now summarize
how they relate to the photoreactivity and photostability of a
series of m-conjugated species and their specific photochemical
transformations. Significant focus is given to photochemical
observations made during the last eight years (the time since
our two previous reviews),"*" although we also discuss earlier
studies. An emphasis is placed on studies in which experimental
findings are supported by results from quantum chemical
computations on changes in ES(A)A along the reaction path-
way. Through a review of recent studies in which the effects of
ES(A)A on photoreactivity are addressed we argue that the
general applicability of the concepts becomes more apparent,
which can trigger further research and applications in this
revived area of organic photochemistry. This provides for the
development of novel (anti-)Jaromatic chemistry in excited
states. Before briefly discussing the historic development of the
field, we give a short summary of computational tools for
excited-state (anti-Jaromaticity assessments including their
weaknesses. Yet, the main part of the paper is focused on
photoreactions that involve gain of ESA or relief of ESAA.
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2. Computational Assessments of Excited-State
(Anti)aromaticity

A brief overview of the theoretical and computational aspects
of aromaticity and antiaromaticity concepts is crucial as a
background to excited-state aromaticity and antiaromaticity.
The aromaticity research area has grown rapidly in recent years
with a large number of novel and unusual forms of
aromaticity,”'? sometimes vigorously debated. Debated is also
which aspect of aromaticity should be emphasized (the
energetic, magnetic, geometric or electronic, Figure 1) and
which computational and experimental descriptors should be
used. Our recommendation is that assessments should be based
on as wide a variety of descriptors as possible so that they
together represent the different aspects of aromaticity. In this
context, it should be noted that aromaticity and antiaromaticity
are far from settled concepts, and that the causes need further
fundamental explorations leading to alternative and deepened
descriptions.?*?

It should be noted that for excited states there is no present
experimental technique for aromaticity assessments analogous
to 'H NMR spectroscopy for the S, state. Experimental
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Figure 1. The four different aspects of aromaticity and antiaromaticity that
should be considered in the assessment of the (anti-)Jaromatic character of a
molecule, and categorization of the aspects as intrinsic or extrinsic proper-
ties.

observations that potentially are linked to excited-state (anti-
)aromaticity must therefore be supported by results from
quantum chemical computations of various aromaticity indices
as comprehensively as possible. In addition, the computational
findings should as far as possible be rationalized through
qualitative theory; is the investigated ring Baird aromatic in the
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excited state, or is it Hlickel aromatic? Several pitfalls of the ESA
and ESAA concepts exist, and a combination of quantitative
quantum chemical computations with qualitative molecular
orbital (MO) or valence bond (VB) theory often allows one to
avoid these.

One can also argue on which quantum chemical method
the aromaticity assessments should be based; a wavefunction
or a density functional theory (DFT) method, and questions
come up related to the single- or multiconfigurational character
of a certain state, or if a functional which includes long-range
corrections is crucial. Obviously, aromaticity effects of states
with multiconfigurational character must be computed with
relevant methods (e.g., CASSCF). In this regard, singlet excited
states are usually more difficult to compute than triplet states
as the former often are more multiconfigurational. This also
affects calculations of aromaticity indices of singlet excited
states, for example, nucleus independent chemical shifts (NICSs)
calculated with CASSCF are strongly recommended over those
obtained using an anti-Aufbau DFT approach.”® In DFT
calculations there is also the question on the choice of
functional as there can be substantial variations in the degree
of Baird aromaticity for large and macrocyclic molecules.**>
Finally, there is a larger portfolio of aromaticity descriptors
available for T, states than for S, states as the former can be
performed with regular Kohn-Sham DFT whereby nearly the
same portfolio of descriptors exists as for the S, state. In
contrast, the S; state must rely on time-dependent DFT (TD-
DFT).

Magnetic aromaticity descriptors have traditionally had a
central position since evidence for diatropic (aromatic) ring
currents are easily gathered experimentally through NMR
spectroscopy. Accordingly, there are a number of computa-
tional approaches for the analysis of the induced current
densities and related properties of a molecule when placed in a
magnetic field. For the assessments of the magnetic aspects of
aromaticity, the anisotropy of the induced current density
(ACID) is presently used intensively.?” Yet, methods for
computations of magnetically induced current density maps
have become gradually more available.®* Here, it is notable
that the ACID approach has drawbacks as it only builds on the
symmetric tensor components, and the anisotropy of the full
tensor (anisotropy of the asymmetric magnetically induced
current density (AACID)) captures features neglected by ACID,
and it changes in a more regular way with bond lengths of a
few prototypical aromatic molecules®™ The NICS
methodology,”" which today exist in a number of versions,*3¥
is the most widely used aromaticity index. It has been
recommended to use the zz-tensor component of the shielding
1.0 A above the ring plane, abbreviated as NICS(1),,.*? Yet, for
polycyclic molecules it is strongly discouraged to rely on
NICS(1),, computations at centers of individual rings as this
overlooks that NICS values in such compounds are composites
with contributions from several induced current circuits, for
example, in S, anthracene from 6m-, 107- and 14m-electron
circuits.® For polycyclic molecules the NICS-XY scan approach
should instead be used as it allows for identification of both
local and global ring currents.®¥ As there is no simple one-to-
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one relationship between NICS and induced current density
maps it is often advisable to compute also the latter.*® On the
other hand, bond currents can be derived from NICS values.?”*®

Yet, the molecular response to the perturbing magnetic
field (the current densities) only exists when the molecule is
situated in the applied magnetic field. Thus, properties related
to the magnetic aspect of (anti-)Jaromaticity (e.g., bond currents
and NICS) are extrinsic properties. The current densities are
molecular responses which can be described through virtual
electronic transitions,”” yet, together with geometric and
spectroscopic aspects the magnetic aspect has been considered
as secondary relative to the energetic aspect which stem from
cyclic electron delocalization.® Indeed, there are molecules for
which the magnetic descriptors deviate substantially from the
results of other aromaticity descriptors.®**%!

The three other aspects of aromaticity (geometric, electronic
and energetic) relate solely to the electron configuration of the
electronic state in focus. They do not vary with external
perturbations, and are thus intrinsic properties (Figure 1). The
geometric aspect of aromaticity is often assessed by using the
harmonic oscillator model of aromaticity (HOMA)*" which,
however, relies on parameters for the S, state, and accordingly,
should be used with care for excited states.

Several electronic indices exist*? including the multicenter
index (MC),”¥ the aromatic fluctuation index (FLU),"** and the
electron density of delocalized bonds (EDDB) method.”® Also,
properties of the m-component of the electron localization
function (ELF) has been used.”*¥ The MCI index reflects the
simultaneous sharing of electrons between all atoms in a cycle,
yet, it can only be used for small to medium-sized rings (fewer
than 12 atoms) as it considers permutations of all electrons
between the atoms in a ring. These drawbacks are addressed
by the AV,,,s index."®' FLU gives a measure of uniformity of the
electron delocalization around a cyclic molecule and its
bonding differences with respect to an aromatic reference
which is a stable compound, and thus, it cannot be applied to
transition states and structures far from the reference. Finally,
EDDB is a more newly developed index which builds on the
bond-order projection formalism to decompose the molecular
electron density into three parts; into electrons localized on
atoms, those localized between atom pairs, and those delocal-
ized between conjugated bonds. With regard to excited states,
it should be noted that values of electronic indices computed
with KS-DFT are different from those computed with TD-DFT.
Thus, MCI values computed at UDFT level for molecules in their
T, states cannot be compared to MCl values for the S, states of
the same molecules computed with TD-DFT. To compare, the
MCI values of the T, state must be computed also at TD-DFT
level. Noteworthy, both MCI and FLU can be separated into -
and mg-spin components, which is often useful for the proper
assessment of triplet state Baird aromaticity.®**"

The energetic aromaticity aspects can be determined
through isodesmic or homodesmotic reactions, yet, today the
isomerization stabilization energy (ISE) is often used as it can
circumvent perturbing structural factors, for example, strain and
presence of heteroatoms.”>™® In this approach, either the
energy differences between monomethylated annulenes and
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their nonaromatic isomers with exocyclic methylene groups are
determined (labeled ISE type | (ISE)), or the energy differences
between indene and the nonaromatic isoindene isomer (labeled
ISE,) are determined. The ISE method can, however, be
problematic for excited states. For example, the lowest excited
state of the nonaromatic isomer may not be the state which is
best related to the lowest excited state of the (anti-)aromatic
isomer, and this is especially the case for singlet excited states.
For triplet states, on the other hand, the nonaromatic isomer
being a linear polyene may twist the exocyclic C=C bond. Both
effects lead to ambiguities in the assessment of the energetic
aspect of excited-state (anti-)aromaticity.

In addition to being computationally more challenging,
excited-state (anti-Jaromaticity also comes with the alert that
aromaticity in an excited state is not necessarily Baird
aromaticity; there are molecules which are Hiickel aromatic in
their excited states,”*>® and there are those with excited states
that are Hiickel- and Baird-aromatic hybrids.***" Finally, similar
to the hexagonal hydrogen-bonded (HF); trimer, some tran-
sition-metal cycles and carborane-fused heterocycles in the S,
state,”**? one can encounter situations in excited states where
negative NICS values are found in the center of rings without
diatropic ring currents. Instead, localized circulations at the
edges, or paratropic ring currents in adjacent rings, can lead to
a negative NICS value in a certain ring. Thus, it is important to
explore alternative rationalization models for the computed
results at hand for a specific compound; there may be other
causes for the observed results than that the compound is Baird
aromatic.

Taken together, for the proper assessment of excited-state
aromaticity and antiaromaticity, caution should be exercised
before one comes to the conclusion that a certain molecule is
(Baird-) aromatic or antiaromatic in its lowest excited states.
There are issues on whether a correct quantum chemical
method has been chosen for the electronic state under
consideration, there are also issues related to the aromaticity
descriptors, and finally, one should as far as possible derive and
test alternative ways to rationalize the computational results
observed (Figure 2).

3. Brief History of Excited-State
(Anti-)aromaticity

Hickel's 4n+2 rule tells that annulenes, that is, fully m-
conjugated all-carbon monocycles, with 4n+2 m-electrons are
aromatic in their closed-shell S, state.”® In contrast, annulenes
with 4n m-electrons are antiaromatic, a concept introduced by
Breslow.®” Moving to electronically excited states, in the mid-
60s Dewar®™® and Zimmerman®' independently analyzed
pericyclic reactions (both thermal and photochemical ones) by
linking allowed and forbidden such reactions to transition state
(TS) aromaticity and antiaromaticity, respectively. They also
concluded that the electron counts for aromaticity and
antiaromaticity in the first mm* excited states are opposite to
those given for the S, state. The generality in the aromaticity
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1
Run quantum chemical calculations with
methods that properly describe the
excited state in question.

p
Explore the different aspects of excited state
(anti)aromaticity by suitable descriptors, and
openly describe differences in the results.

( 3 A
Is the ring in question really Baird-aromatic
or Baird-antiaromatic?

Use qualitative MO or VB theory to find

alternative ways to rationalize the
\ computational results and test these. )

N __

Figure 2. The three steps that should be followed for a comprehensive
investigation of aromaticity and antiaromaticity effects in electronically
excited states and triplet ground states.

and antiaromaticity reversal of the lowest ma* states when
compared to the S, state was revealed by Baird in 1972 when
he used perturbation molecular orbital theory to show this for
the lowest ma* triplet state (T,).'” The rules for Baird
aromaticity and antiaromaticity in the lowest nimt* triplet state
can be understood through m-orbital energy changes upon
fusion of two polyenyl radical fragments to an annulene in its
lowest triplet state (for further reading see refs. [10], [13] and
[171).

Addressing photoreactivity, Baird wrote that “the antiaroma-
ticity associated with the triplet state of benzenoid hydrocarbons
is predicted to yield drastic changes in the intermolecular
reactivity compared to the ground state.”"® A few vyears later,
Aihara, when analyzing the resonance energies from the Hiickel
MO theory of annulenes with either Hiickel- or M&bius-orbital
topology in the first mm* state, concluded that “either
conformation of any annulene in the excited state can be
predicted to have an aromatic character opposite to that in the
ground state”*® Note that the change in aromatic to antiar-
omatic character, or vice versa, when changing the number of
n-electrons (4n vs. 4n+2), the orbital topology (Htickel vs.
Mébius), or electronic state (7 vs. mmt*) can be summarized in a
cube mnemonic."” Aihara also approached photoreactivity,
writing that “the resonance energy [of benzene] becomes greatly
negative when [benzene] is electronically excited. Such a situation
is best represented by a high reactivity of this compound in the
excited state.”

In 1998, Schleyer and co-workers, using high-level quantum
chemical calculations, analyzed a variety of properties, including
nucleus independent chemical shifts (NICS's), of small
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[4n]lannulenes in their lowest triplet states.®® Among the

species analyzed, they found that the cyclopentadienyl cation is
Baird aromatic in its triplet ground state (T,), a species earlier
explored through EPR spectroscopy by Saunders etal. and
observed experimentally to have a T, state with a highly
symmetric pentagonal structure.”® Using valence bond (VB)
theory, Zilberg and Haas showed, also in 1998, that a triplet
state [4n]annulene can be viewed as a Huickel-aromatic [4n-
2lannulene dication plus two non-bonded same-spin -
electrons.”" Later, the (anti-)Jaromaticity of small annulenes in
their S, states have been analyzed computationally based on
magnetic and electronic criteria, indicating that Baird’s rule is
often also applicable to these states.”>” For the T, state, it has
further been found that [4n]annulenes are stabilized while [4n
+2Jannulenes are destabilized relative to nonaromatic
references,”*** findings that should be reflected in the shapes
of T, state potential energy surfaces (PESs), thus influencing
photoreactions that proceed in this state.

From the experimental aspect, Wan and co-workers pio-
neered the application of the excited-state aromaticity concept
outside the area of pericyclic photoreactions.”*® In 1985, they
revealed facile photosolvolysis of 9-fluorenol (1) in methanol
(Scheme 1), and concluded that the driving force is “the
formation of an aromatic 4m cationic system in the excited
state””® Subsequently, his group investigated the photochem-
ical implications of the ESA concept applied to photoacidity
and photobasicity, and to photodecarboxylations. They also
provided the first spectroscopic evidence for the gain of
excited-state aromatic character when they observed a large
Stokes shift in dibenz[b,floxepin (4) and, based on simple 5-SCF
PPP calculations, linked this to the attainment of a cyclically
conjugated 8m-electron cycle in the S, state®™ Much later,
quantum chemical calculations of 8m-electron heterocycles by
Toldo et al. further confirmed the photoinduced geometrical
planarization and gain of Baird aromaticity in the S, and also
the T, states.®

The excited-state aromaticity concept was also found to be
important for “aromatic chameleon” compounds, that is,
compounds that can adapt to the different aromaticity rules in
different electronic states.”® Fulvenes are aromatic chameleon
compounds which are dipolar in their Sy, S, and T, states, yet in
opposite directions in the S; and T, states compared to the S,

Excited state
OH aromatic

888 :

1

*

hv

—_—
ROH/H,0
R = Me, Et, Pr

Scheme 1. Photochemical solvolysis of 9-fluorenol (1) with an excited-state
Baird-aromatic 4m-electron cationic intermediate (2).
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state as a consequence of the electron count reversals in the
aromaticity rules (Figure 3A). That is, in the ground state the
five-membered ring is influenced by 6m-electron Hickel
aromaticity while in the lowest stt* states this ring adopts some
4n-electron Baird aromaticity. As an effect of the aromaticity/
antiaromaticity switch and a resulting reversal in the dipole
moment, the excitation energies to the S, and T, states are
tunable through introduction of electron-donating or electron-
withdrawing substituents at the exocyclic C atom or at the ring
that either stabilize or destabilize the excited states as
exemplified by fulvenes 5-8 (Figure 3B).”"*? The T, state
energies were shown to correlate well with changes in various
aromaticity indices upon excitation from S, to T,, for example,
ANICS(1),,57» AHOMA 1, and AISE¢+.®* Additionally, the vertical
excitation energies to S, were found to vary with the degree of
S, aromaticity.

An elegant spectroscopic evidence for a switch in aromatic
and antiaromatic character (and vice versa) when going from S,
to T, was provided by Kim, Osuka and co-workers through the
ground and excited-state absorption spectra of a pair of bis-
rhodium hexaphyrins; one with 26 m-electrons which is
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Figure 3. A) Schematic energy diagrams that display the tuning of S; and T,
state excitation energies of pentafulvene through substitution: substituents
X and Y impact on the S, and T, state energies of pentafulvenes, either
enhancing the S;-state Hiickel aromaticity (X =electron-donating group,
EDG, or Y =electron-withdrawing group, EWG) or the S,/T,-state Baird
aromaticity (X=EWG or Y =EDG). B) Experimentally determined S,- and T,-
state excitation energies [kcal mol™'] of four differently substituted
pentafulvenes.”'*?
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aromatic in S, and one with 28 m-electrons which is
antiaromatic.®” In the S, state, the aromatic hexaphyrin has a
sharp absorption spectrum while the antiaromatic one dis-
played a broad and structureless spectrum. When going to the
T, state, the spectral features switched character, and this,
together with computationally determined aromaticity indices,
provided evidence for Baird’s rule operating in a pair of closely
related compounds having opposite aromatic/antiaromatic
characters. Similar observations were made for a pair of 1,3-
phenylene strapped [26]- and [28]hexaphyrins for the singlet
excited state® Due to this light-induced switch in the
aromatic/antiaromatic characters, the hexaphyrin pairs can be
labeled as a light-switched yin-yang pairs.”® Later on, support
for the aromaticity and antiaromaticity reversal has also been
obtained by time-resolved vibrational spectroscopy.!'*'”*"

Although the cyclopentadienyl cation and its pentachloro
congener have triplet ground states according to EPR
spectroscopy,”’®®® which also applies to hexachlorobenzene
dication,® it was only recently that such a species could be
isolated and studied by crystallography. Long and co-workers
used two gadolinium trications in an inverse sandwich structure
to exercise direct magnetic exchange couplings and force the
central benzene dianionic moiety to adopt a Baird-aromatic
triplet ground state.'™

Taken together, it is clear that Baird aromaticity and
antiaromaticity of mm* excited states as well as triplet ground
states have potentials for numerous areas. To provide a basis
for applications within photoinduced reactivity we next discuss
how ESA gain and ESAA relief impact on the shapes of excited-
state potential energy surfaces.

4. Effects of ES(A)A on the Excited-State
Potential Energy Surface

Photoinduced reversal of (anti-)Jaromaticity from the S, state to
the lowest mm* excited states brings changes to various
physicochemical properties of [4n]- and [4n + 2]annulenes. For a
comprehensive treatise of these impacts, we refer to our
previous reviews,*' yet, in this section we describe how the
ES(A)A character influences properties linked to reactivity,
particularly the shapes of the excited-state potential energy
surfaces (PESs). Hence, the aromatic stabilization energies
(ASEs) are crucial as they reflect the gain (loss) in energy upon
attainment of aromaticity (antiaromaticity) when compared to a
suitable nonaromatic reference. These energies were first
assessed for [4n]annulenes in their triplet states by Gogonea,
Schleyer and Schreiner,® and later by Zhu, An and Schleyer for
a broader class of species including both [4n]- and [4n-+
2]annulenes as well as 47-electron heteroannulenes.***

As noted above, a particularly attractive ASE is the isomer-
ization stabilization energy (ISE, Figure 4). The ISEs in the T,
states are generally found to be, respectively, positive for [4n+
2]annulenes and negative for [4nlannulenes, opposite to those
in the S, states. The ISE, of benzene in S, is —33.2 kcalmol ™,
revealed through a stabilization of toluene (10) relative to its
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Figure 4. Isomerization stabilization energies (ISEs [kcalmol™']) of some
representative [4n]- and [4n+ 2]Jannulenes. The ISEs for benzene are given
both for S, and T;; for the other compounds, the ISEs are only given for the
T, states, although they are calculated in two different ways.****!

nonaromatic isomer 9.° In contrast, in T, the ISE changes sign
to 16.9 kcalmol ™, revealing a destabilization of 10 compared to
9 (Figure 4). In addition to exploring ISE’s of various [4n]- and
[4n+2]annulenes in the S, and T, states, An and Zhu also
calculated the energy differences between the cyclic compound
and their directly cleaved acyclic reference compounds in
homodesmotic reactions. These energies showed good correla-
tions to the earlier computed ISEs."™"

Excited-state aromatic stabilization and antiaromatic desta-
bilization are also reflected in the first hydrogenation energies
of, respectively, [4n]- and [4n+2]annulenes, as revealed by
Papadakis et al. (Figure 5A).1°? Computationally, they showed
that the first hydrogenation steps of [4n+2]annulenes were
exergonic in the T, states, in contrast to the S, states where
they are endergonic. The opposite applies for [4nlannulenes.
Noteworthy, for each state there is a zigzag relationship
between the energies of the first hydrogenation step and the
m-electron counts (Figure 5B), and importantly, the zigzag
relationship is opposite for the two states which provides
support for the switch in aromatic and antiaromatic character
when going from S, to T,. Thus, the high hydrogenation
reactivities of arenes in their T, states observed in the experi-
ments stem from a drive to alleviate the antiaromatic destabili-
zation, while the decreased reactivity of [4n]Jannulenes reflects
the loss of aromatic stabilization through the hydrogenation
reaction.

The drive to alleviate ESAA and its effect on excited-state
potential energy surfaces is demonstrated through the discov-
ery of a small red emitter based on a single benzene
fluorophore moiety."™ Despite that 1,10-(2,5-diamino-1,4-
phenylene)bis(ethan-1-one) (p-DAPA, 17) lacks extended -
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Figure 5. A) Hypothetical schemes of the first hydrogenation and energy
sign reversal of [4n]- and [4n+ 2]annulenes from the S, to the T, state.

B) Zigzag relationship between st-electron counts and the first hydro-
genation energies, calculated at the (U)B3LYP/6-311 + G(d,p) level for
annulenes (neutral, cationic and anionic) with 4, 6, 8, 10 and 12 m-electrons.
Each data point is an average of a number of annulenes and annulenyl
cations/anions. Reproduced from ref. [102], which is an open access article
distributed under the terms of the Creative Commons CC BY license.

conjugation or intramolecular charge transfer character of its
excited state, it was found to emit red light (1,,,=618 nm). The
unusually small energetic difference between the S; and S,
potential energy surfaces in the S, relaxed geometry was
attributed to ESAA alleviation assisted by intramolecular hydro-
gen bonds. For example, as demonstrated by NICS(1),, values
(Figure 6A, B), p-DAPA is aromatic in S, but becomes antiar-
omatic upon vertical excitation to its S, state. Yet, the S, state
relieves most of this antiaromaticity through hydrogen bond
length redistribution between the amino and the adjacent
carbonyl group, and the emission occurs from this relaxed
minimum. Support of this interpretation is also provided by
HOMA (Figure 6C, D, based on S, HOMA parameters).

Benzannulated 4nm-electron molecules can also show
emissive properties (Figure 7A),®” yet, here the structural
change is driven by gain of ESA. [4n]Annulenes and various
benzannulated derivatives are often puckered in S, and to gain
aromatic stabilization in their lowest excited states they
planarize. Various computed aromaticity indices (MCI, NICS, and
HOMA) have verified that the planar structures are aromatic in
both their S, and T, states.® For instance, a NICS-XY scan of
dibenz[b,floxepin (4) revealed a clear Baird-aromatic character
for the planar T, state structure (NICS=—15.2 ppm at the center
of the oxepin ring), and the compound exhibits higher HOMA
values for the 16m-electron perimeter in S, and T, (0.770 and
0.675, respectively) than in S, (0.530).

Although intricate, the excited-state aromatic stabilization
can be quantified experimentally as revealed by Itoh, Aida and
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Figure 6. Relief of ESAA assisted by intramolecular hydrogen bonds.

A) Schematic energy diagram with calculated NICS(1),, values (in bold) at the
optimized geometries of p-DAPA. FC: Franck-Condon. B) Calculated NICS(1),,
grids parallel to the molecular plane of p-DAPA. Bond lengths [A] and HOMA
value of p-DAPA at the C) S, and D) S,@S; in geometries. Reproduced
from ref. [103], which is an open access article distributed under the terms of
the Creative Commons CC BY license.

co-workers for a chiral cyclooctatetrathiophene with an 8-
electron cyclooctatetraene (COT) core (18, Figure 7B).'"* In its
S, state, this molecule has a tub-shaped conformation due to
steric strain between the four thiophene rings in addition to the
intrinsic angle strain in the COT ring. When 18 ring-inverts from
one enantiomer to the other it needs to proceed via a quasi-
planar TS, and thus, it needs to overcome both the steric and
angle strains leading to an inversion barrier which is signifi-
cantly higher in the S, state (25.4 kcalmol™) than for the parent
COT molecule (~12 kcalmol™").'%% However, it was found
through a combination of the CD spectral decay profiles and
computations that aromaticity is gained in the lowest mm*
states when the central COT ring of 18 becomes planar, leading
to lowering of the activation barrier for inversion by 21-
22 kcalmol™ relative to the barrier in S, (AAH™,,,, Figure 7B).
This value provides an experimentally determined excited-state
ASE value."™ Noteworthy, the lowering is the same in the T,
and S; states, indicating that the S, state of 18 is aromatic to a
similar extent as the T, state, a finding supported by computa-
tional results.
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Figure 7. A) Photoexcitation of dibenz[b,floxepin from the S, to the S, state and their potential energy surfaces (PESs). Reproduced with permission from
ref. [89]. Copyright: 2019, Wiley-VCH Verlag GmbH & Co. KGaA. B) Ring inversion of thiophene-fused chiral COT where AAH*,,, = AH",(So)—AH" 1 (T;).
Reproduced from ref. [104], which is an open access article distributed under the terms of the Creative Commons CC BY license.

Thus, excited-state aromaticity is a stabilizing factor accord-
ing to both computational and experimental observations, and
it should have an impact on photoreactivity. Indeed, when
investigating the singlet excited-state PESs linking various
excited-state CgHg isomers, transition states and conical inter-
sections, Garavelli et al. conclude that “a planar Dg,-symmetric
minimum [of COT] represents the collecting point on S,” and they
considered it as “stabilized by a kind of aromatic effect”."™ This
interpretation is supported by the joint experimental and
computational study by Ayub et al. using the cyclopropyl (cPr)
group as an indicator to differentiate the triplet state
aromaticity from the antiaromaticity or nonaromaticity of [4n+
2](hetero)annulenes."®™ Normally, the cPr group ring-opens
when attached to singlet and triplet diradicals,"®"'? yet, when
attached to a 4nm-electron annulene which is T, (and S,) state
aromatic this process should be unfavorable as it would ruin
the excited-state aromaticity (Figure 8A). Indeed, in experiments
it was found that the cPr group, when attached to T,
antiaromatic benzene or naphthalene (19 and *22), undergoes
facile homolytic ring-opening upon irradiation in methanol at
A=254 nm with a regain of aromaticity in the annulenic moiety
and subsequent solvent addition followed by polymerization
(19) or decomposition (22). In contrast, when attached to an S,
and T, aromatic COT (25), the cPr group becomes inert under
the same photochemical conditions, since the ring-opening
would cause a loss of COT aromaticity (Figure 8B). As benzene
has lower intersystem crossing quantum yield (@ =0.25)""
than naphthalene (@ =0.75)""" it is likely that the photo-
reaction of 19 occurs either only from triplet, or from both the
S, and T, states, while the photodegradation of 22 should occur
solely from the T, state. On the contrary, the @, of COT is
rather low!"" so that 25 will remain in the S, state, unless triplet
sensitizers are used.

However, the activation energy for cPr ring-opening may
primarily depend on the spin density at the C atom to which
the cPr group is attached, and that it is higher in 325 than in 319

Chem. Eur. J. 2023, 29, e202203748 (9 of 30)

simply because the spin density is evenly distributed over the
ring while it is localized to certain C atoms in the latter. Indeed,
for a set of nonaromatic reference compounds in their T, states
there is a strong correlation (R*=0.931, Figure 8C) between the
site-specific spin density and the activation barrier for cPr ring
opening. Yet, the activation barriers for cPr opening in cPr-
substituted annulenes depend additionally on the m-electron
count of the annulene. More specifically, the cPr-substituted
4nm-electron (hetero)annulenes have higher activation barriers
by 1.6-6.0 kcalmol™' than a hypothetical nonaromatic analogue
with the same spin-density at the C atom to which the cPr
group is attached, while for the cPr-substituted (4n+ 2)m-
electron (hetero)annulenes the activation barriers are lower by
1.7-7.7 kcalmol™' than had the (hetero)annulenyl rings been
nonaromatic. This reveals (de)stabilizing effects of Baird (anti-
)aromaticity in the T, state which turns to nonaromatic
character upon cPr-ring opening. An analogous trend was
found computationally for the S, states."®™ Similarly, the
silacyclobutene moiety was also identified as a good T,
aromaticity indicator.""® For example, silacyclobutene-fused [4n
+ 2]lannulenes displayed increased photoreactivity,"'” but when
this moiety is fused to [4n]annulenes, its ring-opening is
endergonic as this reaction would break the Baird
aromaticity."'”

As the cPr group is a reoccurring structural unit in novel
drugs and drug candidates,""® there could be reasons to pay
attention to potentially lower photostability of drugs and drug
candidates containing cPr substituent on a (hetero)annulene
moiety. Other small and strained groups (e.g., the
bicyclo[1.1.1]pentyl group) are found as saturated phenyl
bioisosteres in novel drugs."'™® Also for these there could be
reasons for caution with regard to possible photodegradation
when attached to cyclic moieties with (4n + 2)mt-electrons.

Related to the findings on cPr-substituted annulenes, the T,
PES’s of annulenyl substituted olefins also vary in an interesting
way (Figure 9).%7'? Upon excitation of styrene (26) from S, to
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Figure 9. T,-state Z/E isomerization of A) styrene- and B) COT-substituted olefins with the ring-closure bifurcation values of the basins of the m-contribution to
the electron localization function (RCBV(ELF.)) as the ring aromaticity indicator (C and E for vinylstyrene and D and F for vinylCOT). RCBV(ELF_) values above
0.65 reveal aromaticity. Figure based on results from ref. [122].

T,, the phenyl group becomes antiaromatic (Figure 9A and C).  olefin bond twists to 90° so that at the T, state minimum 26 is
However, as a means to alleviate this T, antiaromaticity the  described as a 1,2-biradical composed of a Hiickel-aromatic
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benzyl radical part and a methyl radical part (Figure 9A). This
partial regain of Hiickel aromaticity is viewed through the -
contribution of the electron localization function (ELF,), more
explicitly in the ring-closure bifurcation values in (RCBV(ELF))."®
These values should be above 0.65 for aromaticity."*” Clearly,
the twisted minimum structure (*p*) of 326 is the most
aromatic."*? In contrast, [4nJannulenyl substituted olefins are
aromatic in T, and tend to keep the biradical character within
the annulenyl ring (Figure 9B). As a consequence, the olefinic
C=C bond of vinylCOT (27) remains a rigid double bond in T,
and twisting about this bond leads to loss of T, state Baird
aromaticity of the COT ring (Figure 9D and 9F). This explains the
very low quantum yields observed for the Z/E-photoisomeriza-
tion of 1,5-bis(styryl)-cyclooctatetraene when run under sensi-
tized conditions."*

Substituted olefins 26 and 27 represent the two extreme
cases. Quantum chemical computations reveal that by choice of
the olefin substituents as different five-membered ring 67- and
4m-electron heteroannulenes, together with the cyclopenta-
dienyl anion and cation, it is possible to tune the shape of the
T, PES between the two extremes."? The ESA and ESAA effect
of the annulenyl group as a substituent on the olefin also
attenuates as one goes to larger ring systems f2m

Thus, the vinyl group of 26 functions as a substituent that
assists in alleviating the T, state antiaromaticity by twisting,
similar to what the cPr group does by ring-opening. In general,
substituents can have notable influence on antiaromaticity
reduction in the lowest excited states, as revealed by Baranac-
Stojanovi¢ for substituted benzenes in their T, states.'* The
calculations revealed, for example, that benzenes with o- or -
electron-donating substituents are less antiaromatic than
simple benzene in the T, state. Carbonyl and nitro substituents,
at which the triplet diradical character can localize, lead to
benzene rings with significant aromatic character in the T,
state,"*® which, however, should be Hiickel-type aromaticity.
Thus, the substituent on a benzene ring impacts also on its
antiaromaticity (or aromaticity) in the T, state, affecting the
photoreactivity of the compound in question. For the 8-
electron COT ring, it has been found that amido substituents
have very small effects on the T, aromaticity."”” Clearly, the
triplet excitation is confined to the Baird-aromatic COT ring
whereby substituents have only modest effects. Thus, the effect
of a certain substituent depends on which type of ring it sits (a
4nm- or (4n+2)m-electron ring), as shown above for the cPr
group.

Generalizing these findings on the connection between the
shapes of the T, and S, PES’s and ESAA relief or ESA gain, one
can draw the qualitative schemes of Figures8A and B,
respectively. For an excited [4n+ 2](hetero)annulene derivative,
the extent of antiaromatic character in the idealized case
attenuates gradually as the molecule moves along on the S,
and T, PES until it reaches a conical intersection with the S,
state (Figure 10A), or alternatively, it reaches an excited-state
minimum with a weak antiaromatic or nonaromatic character
from where it relaxes radiatively or non-radiatively. In contrast,
a [4n](hetero)annulene in its lowest ot vertically excited state
is only weakly aromatic or nonaromatic. By the structural
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relaxation, leading to a more planar and bond length equalized
structure (Figure 10B), it will gradually gain ESA until it reaches
the highly symmetric minimum on the S, or T, state PES with
maximal excited-state Baird-aromatic character.

5. ESA and (Lack of) Photoreactivity

So far, there have only been a few explicit studies on the
relationship between ESA and photoreactivity of [4n]Jannulenes
or of photoreactions leading to such species. As mentioned
above, Garavelli et al. described the Dg,-symmetric minimum of
COT as “a collecting point on S,” stabilized by “a kind of aromatic
effect’"™ This gain of ESA should promote photochemical
formation of various COT and 8m-electron heteroannulene
derivatives (Figure 10B), and in a previous review we described
a series of such photoreactions leading to interesting 7- and 8-
membered rings with further synthetic potentials."® We also
listed thirteen pathways for photochemical formation of the
parent cyclobutadiene (CBD) at cryogenic temperatures starting
from various precursors. Yet, until today there is no combined
experimental-computational study that shows on the gain of
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ESA along the reaction coordinates of these reactions. Indeed,
the decay to the S, state may occur through a conical
intersection before the reacting system has reached the highly
symmetric Baird-aromatic structure of a 4nm-electron species in
its lowest excited states.

5.1. Monocyclic 4 nxt-electron species

With regard to a CBD derivative formed photochemically at
ambient temperature the tris(trimethylsilyl)pentafluorophenyl-
cyclobutadiene (29) is formed from tris(trimethylsilyl)-penta-
fluorophenyl-tetrahedrane  (28) upon irradiation  with
4>300 nm (Scheme 2).*® This reaction should occur in the S,
state, and it can be an effect of both ESAA within the phenyl
group, which triggers the opening of the tetrahedrane moiety,
and gain in ESA when the CBD ring is formed. In this context, it
is noteworthy that the S, state of the parent CBD in the Dy,
symmetric structure has been found to be significantly
influenced by aromaticity as it has a NICS value of —16.5 ppm
at CASSCF level,"? and the T, state has a NICS value which is
very similar (—16.4 ppm). In a recent investigation using
temperature-dependent EPR experiments, it was observed that
the T, state of tetrakis(trimethylsilyl)cyclobutadiene (30) can be
populated thermally and that it is situated 13.9 kcalmol™' above
the S, state'™ The D parameter from the recorded EPR
spectrum of the T, state revealed a square geometry, and the
very minor computed distribution of triplet state spin density
onto the silyl substituents (SiH; or SiMe;) is consistent with T,
state Baird aromaticity. Interestingly, this CBD derivative is
thermally stable and decomposes to bis(trimethylsilyl)acetylene
first at 250 °C."* Still, the potential Baird aromaticity of 30 in its
T, state was not determined explicitly."*”

As [4n+2]annulenes are inert in their S, states, one can
expect [4nlannulenes to be inert when excited to their S; and T,
states. Indeed, Paquette and co-workers observed that both 1,2-
dimethylCOT (31 and 32) and 1,4-dimethylCOT (33 and 34)
when irradiated under sensitized conditions were stable for
100 h  (Figure 11A), contrasting their ready thermal
rearrangements."*”  Furthermore, under conditions where
benzene readily adds triethylsilane under irradiation, COT (13)

Me3S|
hv (A > 300 nmz

Me3S|/$_Q CeDe

M63S|

SIMe3

s> 0

SIM63
29

Scheme 2. Photochemical formation of tris(trimethylsilyl)pentafluorophenyl-
cyclobutadiene from tris(trimethylsilyl)pentafluorophenyl-tetrahedrane.*

Chem. Eur. J. 2023, 29, e202203748 (12 of 30)
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Figure 11. A) Photostability of 1,2-dimethylCOT and 1,4-dimethylCOT.["*"!
B) Attempted photochemical addition of triethylsilane to COT. C) ACID plot
of T,-state COT revealing an induced diatropic ring-current."*?

remained completely inert (Figure 11B), consistent with its
Baird-aromatic stabilization."*?

The photostability of COT can be used in applications
because when covalently linked to a chromophore it can
enhance the photostability of the latter as demonstrated for
fluorophores for bioimaging,"?” zinc porphyrins,™*? and organic
laser diode materials."*¥ Two aspects are important for this
function, and both relate to the T, state aromaticity of COT (14).
First, intramolecular triplet energy transfer to the attached COT
moieties is efficient, whereafter its T, state aromatic minimum
decays to the S, state. This provides, for example, a COT-linked
fluorophore with a self-healing feature.*” With this, one avoids
build-up of the fluorophores’ T, states which are phototoxic by
themselves, induce photoreactions, such as H-atom abstrac-
tions, and lead to the formation of reactive oxygen species
(ROS). A second important aspect of *14 is its low propensity to
form singlet oxygen through triplet-triplet annihilation as the
reaction leading from 314 and 0, to 14 in its S, state and
singlet oxygen is endergonic for COT derivatives while the
analogous processes are exergonic for common Hickel-
aromatic triplet energy quenchers such as anthracene."*” Both
these aspects are related to the T, state Baird-aromatic
character of COT.

A number of photochemical approaches to [4nlannulenes
were shown in our previous review from 2014."® An early gas
phase study, relevant to the growing area of astrochemistry,
reveals the formation of four tetracyanoCOT isomers (37-41) as
major products and two tricyanobenzenes (42 and 43) as minor
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products when cyanoacetylene was irradiated with 254 nm light
at 50 Torr (Scheme 3A)."*) More recent gas-phase irradiation
experiments (also at A =254 nm) on mixtures of cyanoacetylene
and propyne revealed the formation of methylcyanoacetylene
and acetylene, a process that proceeds by excitation of
cyanoacetylene and the likely formation of a transient
cyanomethyl substituted cyclobutadiene 46 and its bond-shift
isomer 47 (Scheme 3B)."39

5.2. Polycyclic molecules with 4 nn-electron cores

Dibenzo[b,floxepin (4) is an oxepin derivative that exhibits a
similar attenuated photoreactivity as that of COT.®” When
photoexcited this molecule shows a notably different photo-
reactivity compared to its thermal reactivity and also compared
to the photoreactivity of its analogue suberene 52 which has a
nonaromatic middle ring. Formation of dibenz[b,floxepin by
dehydration of 50 is thermally difficult but facile under photo-

A
= CN 7»=254nm,2h<
36
50 Torr i i
N
oCN
B
H———-~ CN
44 h=254nm
+
H—=
45

chemical conditions (Scheme 4). In contrast, attempts to afford
suberene through alcohol 51 dehydration under the same
conditions failed. Also, photoreduction and photoaddition of
the alkenyl group in dibenz[b,floxepin are much less efficient
than in suberene. This photoreactivity difference was also found
between dibenz[b,floxepin and dihydrodibenz[b,floxepin since
photolysis of the latter afforded a spiro adduct (possibly via a
radical pathway) while the former was inert (Scheme 4).

The excited-state aromatic stabilization of dibenz[b,floxepin
(19.6 kcalmol™") decreases with flattened S, state PES if further
m-expansion is introduced into the structure (Figure 12)."*” For
example, the COT-fused anthracene dimer undergoes confor-
mational planarization in the S, state due to the contribution of
the Baird-aromatic COT ring. However, if the two m-conjugated
acene segments are exchanged to tetracene or pentacene
moieties, then the contribution of acene segments to the S,
state outperforms the contribution of the COT ring."*® In such
cases the molecule does not planarize in the S, state. Instead,
one can observe a singlet exciton fission process as the

CN NC
CN NC
3g CN

CN

CN
CN
43

Me

: [ 48
-
H————H

Scheme 3. Photochemical formation of A) tetracyanocyclooctatetraenes as major products and tricyanobenzenes as minor products in irradiation experiments
of cyanoacetylene. B) Photochemical formation of transient 1-cyano-2-methylcyclobutadiene as the two bond-shift isomers and its subsequent retro-

cycloaddition reaction.

50 OH GSAA 4
e v OO0
— X
Hy “HO-MeOH H280,4-H,0
ESA gain 50 OH
LY H* o .O
H20 -MeOH HSOH0
51 OH ) ESNA 52 51 OH

Scheme 4. Synthesis and photoreactivity of dibenz[b,floxepin and suberene.

Chem. Eur. J. 2023, 29, e202203748 (13 of 30)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB217 SUOWILIOD) BAIIEaID a(qedl|dde ay Aq peusenoh are saile YO ‘9sh Jo sanJ oy ArigiT auluQ A8]IAA UO (SUOIIPUOI-pUe-SWLIBY/WOD A3 1M Aelq Ul |uo//:Ssdiy) SUORIpUOD pue s | auy 8es *[£20z/0T/c0] uo Arlqiaulluo A1 ‘9hog utey Aiseaiun eesddn Ag 872£02202 Weyd/z00T OT/I0p/wod A 1m Akelq puljuoadoine-Ans Iweyd//:sdny woly pepeojumoq ‘6T ‘€§0Z ‘S9LETZST



Chemistry
Europe

European Chemical
Societies Publishing

Review

Chemistry—A European Journal doi.org/10.1002/chem.202203748

A S
\\\g_;/ Weaker S, aromaticity
; i 9 by n expansion
\\_///-.__ 1 S,
E Absorption Fluorescence
(red-shifted) (unshifted)
SO = h

Small difference
in the planarization barriers

>

B Conformational coordinate

E (kcal mol-")

arbitrary scale R
44 Stabilization energy

E(SOHSON"‘G gained by S, aromaticity

Iy

98.8
Abs  gp
r

N || Il

- - ——— —
Bent Planar
(So opt) (S, opt)

Figure 12. A) Tuning S, aromaticity and PES’s with it expansion of oxepin.
B) Relative energy levels of m-expanded oxepins in the S, and S, states.
Reproduced with permission from ref. [137]. Copyright: 2020, American
Chemical Society.

molecule in these cases is best described as two tetracene or
pentacene moieties linked by two ethylene tethers.

Also other dibenzannulated 8m-electron heteropines have
been investigated. Chen et al. observed large Stokes shifts for a
series of (N-substituted)dibenz[b,flazepins that are attributed to
the ESA-driven planarization along the S, PES with a negligible
barrier For N-phenyl dibenz[b,flazepins, a phenyl ring
rotation is involved in the planarization and induces a barrier,
which can be lowered by decreasing the electron-donating
ability of the para-substituent on the phenyl ring. In this
context, it is noteworthy that Padberg et al. observed nearly the
same Stokes shifts for isomeric dithienophosphepines and their
corresponding oxides (non-(anti-)Jaromatic analogues), which

R = H, NMe,, NAr,
LG = leaving group

Excited state
aromatic * R\ LG

indicates that large Stokes shifts are not always related to the S,
planarization and the attainment of ESA character.""

Returning to the seminal work by Wan on photosolvolysis
of fluorenol (see above),® this molecule has been identified as
a scaffold undergoing efficient photoheterolysis producing
excited 4m-aromatic fluorenyl cation. The ESA gain facilitates
efficient cleavage of even poor leaving groups, such as
hydroxide anion,®™ carboxylates™" or tertiary amines."*?
Recently, Heckel and co-workers developed a series of 9-
fluorenol-based photoremovable protecting groups 53 (photo-
cages) based on this photoreactivity."*'*¥ Dialkyl and diary-
lamino substitution in positions 2 and 7 (Figure 13A) led to red-
shifted absorption (4,,, <369 nm) and high uncaging quantum
yields (®,<0.42). The second generation of ESA-driven photo-
cages was rationally designed by computation of excitation
energies of various heterocycle-fused cyclopentadienyl carboca-
tions 54."*¥ The small vertical excitation energy of the cationic
intermediates with large antiaromatic S, state character and
large ESA character was hypothesized as a measure of a
productive photoheterolysis. Para-thio-cyclopentadithiophene
derivatives 55 (Figure 13B) were identified as molecules with
large antiaromatic character in the S, (NICS(0, outer rings)=
22.7 ppm, NICS(0, inner ring) =96.8 ppm; note that NICS(0) is
known to exaggerate the o-contributions and artificially
increases the NICS value)®” and lowest vertical excitation
energy of the corresponding cyclopentadienyl carbocation
(0.73 eV vs. 1.61eV for fluorenyl carbocation). These com-
pounds were found to be efficient UV-to-blue light-driven
photocages with moderate uncaging quantum yields (®,=
0.03-0.28) and satisfactory uncaging cross sections (€D, 405 ym=
600-900 M cm ™).

5.3. Synopsis

To summarize, the photoreactivity leading to 4nm-electron
cycles as well as the photostability of such cycles once formed
support the validity of the general features of the excited-state
PES described in Figure 10B. Until today, the reaction types that
have been used for formation of 4nst-electron cycles (Figure 14)
involve various photorearrangements, photoadditions, photo-
eliminations (further examples in ref.[12]), and excited-state
protonations of (4n+ 2)m-electron species (discussed in the next
section) which lead to excited-state homoaromatic 4n-electron

55

R=H, Br, Ar
R'=H, Ph, ethynyl

Figure 13. A) A 9-fluorenyl-based photoremovable protecting group forming excited-state aromatic carbocation. B) Cyclopentadithiophene photoactivatable

derivatives.
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Figure 14. The various processes by which a molecule can be formed
through gain of ESA. Processes in bold are discussed herein, those in normal
print in ref. [12]. Photochemical processes of the reaction types in gray have
not yet been reported.

species. So far, there are no reports on photooxidations or
photoreductions leading to cyclic 4nm-electron compounds,
possibly as these species would rapidly recapture electrons or
holes expelled in such processes. Yet, this opens for future
research. In this context, one can note that the T, state ISE
values for several small and medium-sized macrocycles with
aromatic 6m-electron monocycle units (e.g.,
[nlcycloparaphenylenes, [n]CPPs) are negative due to formation
of globally Baird-aromatic cycles with nx4 ni-electrons.” Thus,
there may exist hitherto unknown photorearrangement paths
to such macrocycles. Indeed, the COT dimer is known to ring-
open photochemically to [16]annulene, although in just 13%
yield.["!

Taken together, the rather limited number of reaction types
suggests that there is (much) more to be explored in the area
of photochemical formation of 4nm-electron cycles. In the next
section, we analyze photoinitiated processes that lead to ESAA
alleviation.

6. Relief of ESAA

As described in Figure 10A, an S, aromatic molecule in its
lowest mm* state should strive to alleviate its antiaromatic
character. As will be seen next, this ESAA alleviation can
proceed by a number of different processes. It can by
unimolecular processes enabled by puckering allowing the
molecule to reach a conical intersection, or by electron transfer
from one moiety of the molecule to another. The ESAA
alleviation can also proceed through a bimolecular reaction.
The photoreactions are found in a variety of applications; from
drug photodegradation in pharmaceutical chemistry to molec-
ular design of optical switches for optoelectronics.

6.1. Photorearrangements of 6x-electron cycles

Benzene is the archetype of an aromatic molecule in S,
(NICS(1),,=—27.4 ppm), and its isomerization upon photoexci-
tation exemplifies the enhanced reactivity of [4n-+ 2]Jannulenes
in their excites states.*® This photoreactivity was recently linked

Chem. Eur. J. 2023, 29, e202203748 (15 of 30)

to ESAA relief by Slanina et al. (Figure 15),'* as benzene at its
S; minimum is markedly antiaromatic (NICS(1),,=80.9 ppm).
This excited-state antiaromatic benzene molecule relieves its
destabilization through a rearrangement resulting in the
formation of either of two nonaromatic isomers, pentafulvene
(58) and benzvalene (59). The rearrangement proceeds in S, via
a prefulvenic biradical TS (57) leading to a S,/S, conical
intersection,'* and the ESAA relief of benzene in the S, state
was considered as the driving force for the isomerization
(Figure 15B).1"®

The irradiation of benzene and simple arenes in nucleophilic
solvents was investigated by Kaplan et al.">® and by Farenhorst
and Bickel™" in the 1960s, and it was found to provide
substituted bicyclo[3.1.0]lhexenes 62 (Scheme 5). Since then, the
mechanism and driving force for this peculiar loss of aromaticity
in S, have been subjects for discussions.""” The antiaromaticity
of benzene in its S, state can in principle be relieved by either
of two different pathways. First through the unimolecular
rearrangement of S, benzene to the prefulvene conical
intersection which leads to benzvalene (path a, Scheme 5)
displayed in Figure 15. In the second route, the increased
proton affinity of S, benzene,"*? which is comparable to that of
COT in S,M™ can facilitate protonation of the excited-state
benzene (path b) leading to the formation of a benzenium

A 1 ¥
@ hv = 254 nm [
—_ =

56 3 .
Aromatic Antiaromatic
ESAA
relief
. 45
/\
7| £
& Q3
58 59
Non-aromatic
B
‘E alio Antiaromatic 5 ‘r;f »
a
2 60.0 it B
£
< 40.0 4
S 200 -
E
2 0.0 Nonaromatic
o . .
-20.0
Aromatic
-40.0 — —

8 7 6 5 4 -3 2 10 1
Intrinsic reaction coordinate

Figure 15. A) Photoisomerization of benzene at 254 nm and B) change in
(anti-)aromaticity along the reaction coordinate as given by NICS(1),,.
Reproduced from ref. [146], which is an open access article distributed under
the terms of the Creative Commons CC BY license.
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Scheme 5. Two possible mechanisms for the formation of
bicyclo[3.1.0]hexene derivatives from a benzene photorearrangement in
acidic nucleophilic media (ROH).

cation. While both routes provide for ESAA relief, fluorescence
quenching and isotope labeling experiments ruled out pathway
b. The preference of intramolecular rearrangement (path a) over
intermolecular protonation was explained by the exceedingly
low concentration of excited-state benzene (at the conditions
used, for example, light intensity, [S,-state benzene]=10""M)
caused by its short lifetime and the relatively low concentration
of available protons which favors unimolecular rearrangements
(see below).

This photochemical rearrangement is, however, quite non-
selective for mono- and polysubstituted arenes,™ and the
primary photoproducts undergo a number of further
reactions,>* > which limit the synthetic utility. However, the
isoelectronic pyridinium ions were found to photo-rearrange to
the analogous bicyclic products (66, Figure 16A), also upon
relief of ESAA (Figure 16B)."*" This rearrangement has been
shown to be much more synthetically useful as it can be
combined with acid-promoted ring opening of the strained
bicyclic product to give wvarious amino-substituted
cyclopentenes,"* a powerful stereoselective method that has
become important in synthesis of biologically active
compounds"* and other targets."**'"!

Similar ESAA triggered photochemistry was observed for
pyrylium salts (67)"? and a silabenzene kinetically stabilized by
a very bulky Tbt substituent at Si (70; Tbt =2,4,6-tris[bis(trimeth-
ylsilyl)methyllphenyl)"®*'® (Figure 17). In the case of 67, the
oxygen atom is incorporated in the three-membered ring, while

Chem. Eur. J. 2023, 29, e202203748 (16 of 30)

A ) 'ﬁ
N
@ O ESAA WH
P rellef
R OH R'O™ 64
63 Antiaromatic
Aromatic ¢| |‘I NuH
_R H R
HN @\N)‘
R'Ox.,é‘..Nu L R arﬁ‘“k H"'@"H
-H RO
66 65
B
100.04

| Anti-
aromatic

NICS(1)ss

=

o

=}
T

i
L!;?

NICS (1) ppm

J Aromatic

-50.0

7 6 5 4 3 -2 1 0 1 2 3

Linear interpolation (steps)

Figure 16. A) Photoisomerization of pyridinium salts and B) change in (anti-

)aromaticity along the reaction coordinate as given by NICS(1),,. Reproduced
from ref. [46], which is an open access article distributed under the terms of
the Creative Commons CC BY license.

70 rearranges with the bulky Si(Tbt) moiety as a part of the five-
membered ring. However, the synthetic utility of these
reactions is much lower than that of the corresponding photo-
reaction of the pyridinium ions. Noteworthy, the antiaromatic
character of 70 in its S, state is significantly weaker than that of
benzene and the pyridinium ion (see NICS(1) at the S; minima,
Figures 15B—17B), explained by the weaker SiC than CC -
bonds."*

6.2. Other modes of photochemical reactivity of arenes

Even though reaction path a instead of path b is followed to
product 62 when benzene is irradiated in nucleophilic media
(Figure 15), the proton affinity of benzene in S; as measured by
ion cyclotron resonance spectroscopy is notably higher than in
the S, state (207.4 vs. 181.4 kcalmol~")."*? This feature connects
to the relief of S, state antiaromaticity through protonation as a
nonaromatic benzenium cation is formed in which the cyclic
conjugation is disrupted by a sp>-hybridized C atom. Such ESAA
relief was verified by a large reduction in the NICS(1),, value
upon protonation (ANICS(1),,=—55.6 ppm). Interestingly, the
benzenium cation (60) which is formed in the S, state puckers
to a structure with a short through-space C—C distance of
2.099 A.'%® This structure resembles homoaromatic cations such
as the homotropylium cation explored extensively in the S,
state and in which there are one or several through-space
interactions along an aromatic cycle.!"?’-'*
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Figure 17. A) Generalized photoisomerization of pyrylium salts and silabenzene and B) change in (anti-)aromaticity along the reaction coordinate for
silabenzene photorearrangement as given by NICS(1),,. Reproduced from ref. [146], which is an open access article distributed under the terms of the Creative

Commons CC BY license.

Similarly, both the 10m-electron cyclooctatetraene dianion
(72)"% and the cyclononatetraenide anion (77)""" are exper-
imentally more easily protonated upon excitation than in the S,
states, and this should involve the relief from ESAA. Simulta-
neously, these protonations lead to formation of the homoar-
omatic 8m-electron cyclooctatrienyl anion and cyclononate-
traene, respectively (Figure 18). The excited-state homoaromatic

A
74
Weak H"
donor
Cyclooctatrienyl anion (87)
Homoaromatic (S4 and Ty) 72
B
H H H
hv r
R
. Weak H*
donor H
78

Cyclononatetraene (8x)
Homoaromatic (S4 and T4)

characters of these latter species were examined based on
various aromaticity indicators including C-~-C homoconjugative
distances (r(C--C)), ACID plots, NICS scans and ISE values in the
T, state, and r(C-C) in the S, state. In general, this Baird
homoaromaticity should provide extra stabilization to photo-
chemical reaction intermediates,"’? and similar through-space
conjugation leading to excited-state homoaromaticity has been

1.402 2477 Y 1.402

{ -
1.407 W 1.407

1.424 1424

75

L2

NICS(1),,=-15.2 ppm

NICS(1).,=-9.13 ppm

NICS(1),,=-12.4 ppm

Figure 18. Formation of the homoaromatic 8m-electron A) cyclooctatrienyl anion and B) cyclononatetraene from photoinduced protonation with evaluations
of their homoaromaticity. Reproduced with permission from ref. [172], which is an open access article distributed under the terms of the Creative Commons

CC BY 3.0 license.
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Figure 19. A) Aromaticity evaluation (ACID) of the benzene photohydrosilylation process. B) Photohydrosilylation reactivity of benzene and naphthalene.
Reproduced from ref. [102], which is an open access article distributed under the terms of the Creative Commons CC BY license.

used to rationalize computational findings on exciplex forma-
tion in the T, states of benzene, naphthalene and
anthracene 374

In addition to protonation, the ESAA character of benzene
in T, can be diminished through hydrogen atom abstraction
from triethylhydrosilane by benzene as also this breaks the
cyclic m-conjugation (Figure 19A)."°? Thus, Baird-antiaromatic
[4n+ 2]annulenes should be susceptible to photochemical
addition reactions (cf. Figure 5). Indeed, experimental photo-
hydrosilylation of differently sized arenes (e.g., benzene and
naphthalene), using triethylhydrosilane as a heavy “dihydro-
gen”, was found to successfully afford the corresponding
monosilylated products (Figure 19B). It is a two-step process
where a T,-state arene abstracts a hydrogen atom from the
hydrosilane to form the benzenium radical (79) and silyl radical,
which then combine to afford silylcyclohexadiene intermediates
(80 and 81). Subsequently, they form the final silylated product
or polymers and release H, gas. The activation barrier of the
hydrogen atom abstraction from trimethylhydrosilane was
found to be very low for T, state benzene (2.4 kcalmol™ with
UB3LYP-D3(BJ)/6-311 +G(d,p)), much lower than that in the S,
state (20 kcalmol™" with CASPT2//CASSCF), suggesting that the
experimental photosilylation occurs in the T, state.

For polybenzenoid aromatic hydrocarbons (PBHs), the
reactivity decreased extensively; while benzene reacted to
completion by primarily forming polymers, naphthalene only
reacted to 21% with the remaining portion unreacted.'®
Transfer photohydrogenation of a few PBHs (e.g., phenanthrene
and anthracene) using formic acid was also observed resulting
in their dihydro-derivatives, and although the yields were
minute (3-5%) it supports the enhanced photoreactivity of
Baird-antiaromatic compounds. In some of the PBHs one could
see in the computations that the Baird antiaromaticity localized
to certain rings, and these were also the more photoreactive.
Indeed, the relative stability of PBHs with angular versus linear
three-ring segments in the S, and T, states is related to the

Chem. Eur. J. 2023, 29, e202203748 (18 of 30)

photoinduced change of aromaticity pattern."’>'’® Phenacenes
are more stable than acenes in the S, state due to their larger
aromaticity. When the number of fused rings is no more than
12, the stability trend is reversed in the T, state, that is, acenes
become more stable than phenacenes. Very recently, Baird
presented a qualitative theoretical rationalization of this
observation,"”” based on the results from Markert et al.l'””
Triplet state reactivity of substituted chlorobenzene was
recently explored computationally by Nitu and Crespi."”® The
excited-state antiaromaticity was found to be relieved by
puckering (Figure 20), whereupon one unpaired triplet spin
localizes on the carbon attached to the chlorine atom, in line
with what has been observed earlier by Baranac-Stojanovic."*
The resultant species have varied reactivity depending on their
further substitution; electron-rich chlorobenzenes favor the
radical reduction (Figure 20A), while electron deficient species
undergo solvolysis through a photo-Sy2Ar reaction (Figure 20B).
Both processes were found to be energetically comparable to,

A Reduction

3 c i ° cr

— < <
R eq QH TSreq o Py T

B

3 c 3 cld ° cr

— A
3Rsol o 3TSS°|V. 3Pso|v

Figure 20. Proposed mechanisms for the A) reduction and B) substitution
(Sn2Ar) of triplet aryl chlorides. Reproduced with permission from ref. [178].
Copyright: 2022, Wiley-VCH Verlag GmbH & Co. KGaA.
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Scheme 6. Intramolecular [2 + 2] photocycloaddition of vanillin.

or more favorable, than the commonly accepted mechanism of
photoreactivity, that is, the dissociation of the C—Cl bond to
form triplet or single aryl cations.

Photochemical cycloadditions of lignin-derived phenol com-
pounds with alkenes (86, Scheme 6) can also be considered to
be driven by ESAA relief of the S, state benzene ring with the
formation of photochemically more stable structure."”® Under
irradiation, vanillin carrying an alkene side chain can undergo
intramolecular [2+2] photocycloaddition to form a nonaro-
matic tricyclic product 87.

6.3. Photoacidity and ESIPT processes

Photoexcitation also has an impact on the acid-base properties
of arene derivatives in their lowest excited states. For com-
pounds that act as photoacids, it has been shown that ESAA
relief increases the acidity in the S, state when compared to the
So state, and thereby drives the deprotonation. For example, 2-
naphthol (88, Scheme 7) exhibits a considerably enhanced
acidity upon excitation (pK,=9.5 in S, and pK,*=2.8 in S,;)."*"
The deprotonation can be connected with ESAA relief,"? where
88 in the S, state was found to be much more antiaromatic
than naphthalen-2-olate (89) with AZNICS(1),,=—86.1 ppm.['®"
The situation is opposite in the S, state where the deprotona-
tion instead leads to a slight loss in aromaticity (AZNICS(1),,=
+8.5 ppm). In the S, state, also protic solvent molecules assist
in the ESAA alleviation in phenol derivatives as found in a
combined spectroscopic and computational study of water-

Large ESAA relief

Sog

88

1 _ *
O o}
OAc OAc
—
91 92
NICS(1),, = 26.9 ppm
l deacylation
1

_ *
o o
o} o}
— ©
93 94
NICS(1),, = 23.9 ppm

Figure 21. Effect of tropolone acetate deacylation on ESAA, with NICS
calculated in the T, state at optimized S, state geometries."®!

propofol (2,6-diisopropyl-phenol) aggregates with up to eight
water molecules."® It was found that not only the phenolic
O—H bond is weakened in the excited state but an interaction
between water molecules and the benzene ring of propofol
also induces a distortion of the molecule to a puckered
prefulvenic conformation, a factor that provides for further
ESAA alleviation.

An influence of excited-state antiaromatic character has also
been found in tropolone acetate which is deacylated to the
troponolate ion in a catalytic process, accelerated by irradiation
with blue LED light."®! The tropolone acetate is antiaromatic in
the excited-state (NICS(1),,=26.9 ppm calculated in the T, state
at the S, state geometry), and the deacylation step is
accompanied with a slight relief of ESAA (Figure 21), although
much smaller than in case of deprotonation of excited 2-
naphthol. The overall catalytic cycle (not shown) was found to

AINICS(1;S4),, = -86.1 ppm

Slight GSA loss

Y =

88

SCH

89

AZNICS(1;Sg),, = +8.5 ppm

ApKa = pKa (S1) - PKa(So) = -6.7

AASNICS(1),, = AENICS(1:S4),, - AENICS(1:S0),, = -94.6 ppm

Scheme 7. Deprotonation of 2-naphthol in the Sy and S, states, the ApK, =pK, value in the S, state minus that in the S, state, AZNICS(1),,= sum of NICS(1),,

values of the two hexagons of the conjugate base minus that of the acid."®"
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efficiently promote the photochemical acylation of different
phenols and alcohols.

Enhanced deprotonation driven by relief of ESAA can also
be used to rationalize the photochemical formation of ortho-
quinone methides 96 (0-QMs) through excited-state intra-
molecular proton transfer (ESIPT) processes. 0-QMs are highly
reactive intermediates in reactions involving phenol derivatives,
and they can act as electrophiles and as dienes in pericyclic
reactions."™ An important example of 0-QMs precursors are
phenolic compounds that undergo ESIPT from an OH group to
an adjacent proton-accepting group (PAG; e.g. an imine N
atom, a carbonyl O atom, or an sp*-hybridized C atom) leading
to the formation of a photochromic keto-enol tautomer pair
(Scheme 8).

The connection between ESIPT processes and ESAA relief
was explored computationally in salicylic acid and 2-(2-
hydroxyphenyl)benzoxazole (HBO) derivatives."®*'® Lampkin
et al. especially observed that a greater S, aromaticity leads to
greater S, antiaromaticity, a feature that can be used for ESIPT
fluorophore design."® In salicylic acid the benzene ring

OH 0
G hv, ESIPT H
PAG —T— =PAG
PT
95 enol 96 keto

o-quinone methide

Scheme 8. The process of ESIPT keto-enol transformation with a proton-
accepting group (PAG).

HO O, .
| 4
o] 7(
O S " No ESPT
-72.4 ppm No keto form minima.
(aromatic)
HO_ O,
27 s, HO o\H
: 5 [ 2
+64'5 s +18.2 ppm
(antiaromatic) (antiaromatic)
HO._ O,
= H 5
) * 4
S
0 No PT

-21.9 ppm * No keto form minima.

(aromatic)

Figure 22. Occurrence of excited-state intramolecular proton transfer (ESIPT)
and aromaticity evaluation (NICS(1),,) of salicylic acid in the S, S, and S,
states. Reproduced from ref. [186], which is an open access article distributed
under the terms of the Creative Commons CC BY license. The general term
excited-state proton transfer (ESPT) is used in the figure as it also can be
intermolecular. Note that the color scheme is the same as that of Figure 16,
and thus, opposite to that of the original figure.
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becomes antiaromatic upon excitation to S; as its NICS(1),,
value changes from —21.9 ppm in Sy to +64.5 ppm in S,. The
keto form in S;, on the other hand, is much less antiaromatic
(NICS(1),,= +18.2 ppm), manifesting the ESAA relief. Interest-
ingly, in the S, state the benzene ring was found to be aromatic,
and as a result, the ESIPT process in this state is unfavorable
(Figure 22).% At this point it should be stressed that it has
been concluded that by considering only the (anti-)aromatic
character of excited-state reactants and products in ESPT
reactions one may neglect important (anti-)aromaticity effects
along the reaction paths which are decisive."® This is especially
critical when there is an interaction between two electronically
excited states.

The ESIPT of HBO (97) was also found to be related to ESAA
relief. The phenolic ring is aromatic in S, (NICS(1),,=
—20.8 ppm) but becomes antiaromatic in S; (NICS(1),= +
26.4 ppm, Figure 23). Upon formation of the keto tautomer by
ESIPT, the ring becomes nonaromatic (NICS(1),= +
12.2 ppm)."® In the HBO system, benzannulation at different
positions of the phenolic benzene ring, leading to 2-(2-
hydroxynaphthalenyl)benzoxazole (HNBO; 99 and 101), can
cause either a red- or a blue-shift in the fluorescence. This
feature can be rationalized by different magnitudes of the ESAA
effect. The S, keto tautomer with more Clar sextets in the
naphthol moiety is more antiaromatic and therefore alleviates
more energy when relaxing to S, leading to a shorter emission
wavelength. Thus, benzannulation can be applied as a tool for
tuning the magnitude of Stokes shift."®'% On the other hand,
benzannulation at the benzoxazole part of HBO, leading to 2-
(2"-hydroxyphenyl)naphthoxazole (HNO, 103), has a smaller
impact on the emission energy and leads to a higher proton

HBO: ESAA alleviation from phenol

ESIPT
f=Rco

Antiaromatic

Non-aromatic gg

HNBOs: ESAA alleviation from naphthol

g = ﬁm

Antiaromatic Non-aromatic 1q

N
{15_1 _ESIPT — SE‘
o

101 Non-aromatlc

Antiaromatic

HNO: ESAA alleviation from naphthoxazole

103 Antiaromatic 104 Aromatic

Figure 23. ESIPT of benzannulated HBO in S, with aromaticity evaluation
(NICS(1),, values in ppm) of each ring."%'¢7
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transfer energy barrier in the S, state."® Studies by NICS(1),,
show that in S;, only the naphthol part is antiaromatic in the
HNBO enols, while in the HNO enol only the heterocyclic moiety
is antiaromatic, that is, ESAA alleviation by ESIPT takes place in
different parts of the molecules (Figure 23) as the photo-
excitation localizes at the moiety with the longest conjugation,
that is, naphthol in HNBO and naphthoxazole in HNO, leading
to their aromaticity loss in S,.

In a qualitative theoretical study of 58 ESIPT processes,
Aihara and co-workers found that ES(A)A plays an important
role in ESIPT reactions of phenolic compounds.® Topological
resonance energies (TREs) of the S, and S, states, obtained by
Huckel MO theory, of various enol species and their correspond-
ing keto tautomers were compared (Figure 24). Here, positive
TRE values indicate stabilization (aromaticity) and negative
values destabilization (antiaromaticity) relative to a non-con-
jugated reference. For almost all keto-enol type ESIPT processes,
the relative magnitude in the (anti-)aromatic (de)stabilization
between the two isomers was opposite in S; as compared to S,.
That is, in S, the enols have positive TREs, and thus, are more
conjugatively stabilized (aromatic) than their keto tautomers. In
contrast, in S;, the TREs of most enols become smaller
(regardless of sign) than those of the corresponding keto
tautomers, indicating that enols in their S, states are less
aromatic than the corresponding keto tautomers (Figure 24).

The qualitative TRE and TRE* values of the excited-state
keto-enol tautomerization of salicylideneaniline are also in line
with results from high-level quantum chemical calculations by
Rocha-Rinza and co-workers (Figure 25)."*" They reported the
salicylideneaniline (109 and 110) enol-keto tautomerization in
the S, state to be a barrierless pathway. They used 6’ as
aromaticity index, where 6’ measures the deviation between
the electron delocalization in a given cyclic structure and

OH (0]

:< 0 :/-( OH
OH OH

105 106
TRE = 0.2348 TRE = 0.1399
TRE* =-0.2801 TRE*=0.0171
OH O O OH
T SO
107 108
TRE = 0.3526 TRE = 0.2815
TRE* = -0.0286 TRE* = 0.0949
OH o}
@J@ d_“/N@
109 110
TRE =0.4727 TRE = 0.4069
TRE* = 0.0807 TRE* = 0.1951

Figure 24. The general process of ESIPT keto-enol transformation and two
examples (salicylic acid and salicylideneaniline) of calculated TREs (|]) in
the S, (TRE) and the S, (TRE*) states. A positive TRE corresponds to a
stabilized (aromatic) and a negative TRE to a destabilized (antiaromatic)
situation compared to a nonconjugated reference."®”
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Figure 25. A) The ESIPT mechanism of salicylideneaniline, and B) aromaticity
evaluation using the electronic aromaticity index 6’ for the encircled
phenolic benzene ring along the reaction coordinate from the enol to the
keto isomer of salicylideneaniline in the Sy and S, states. The aromatic
character of a given ring is lowered with increasing values of 8’. Reproduced
with permission from ref. [190]. Copyright: 2015, The Royal Society of
Chemistry.

benzene, and found a notable loss of aromaticity in the
phenolic benzene ring of 109 upon excitation (Figure 25B). It
was concluded that the aromaticity loss induces a redistribution
of electron density that drives the proton transfer and
tautomerization.

The photochemical formation of the keto-forms can also be
step-wise as found for 2-aminomethyl-p-cresol (111) which
upon photoexcitation rapidly undergoes hydrogen bond-medi-
ated ESIPT to form a spectroscopically detectable zwitterionic
intermediate, followed by deamination affording the o-QM
(Scheme 9A)."" Similarly, photoexcited 2-aminomethyl-p-cresol
ammonium (114)"*? and salicyl alcohol (116)"*® rearrange to o-
QM by ESIPT with deamination and dehydration, respectively,
yet in the latter two reactions no zwitterionic intermediate was
detected (Scheme 9B and C). For these transformations, the
(anti-)aromaticity change along the S, PES was not explored
and it is unclear at which step the ESAA relief is largest. A
number of transformations resembling the ESIPT reactions, and
which can be described as photochemical sigmatropic [1,5]-H-
shifts, were also proposed to proceed by ESAA relief by
Rosenberg et al.">'**"* Several of these photoreactions were
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Scheme 9. 0-QM formation from A) and B) photodeamination and
C) photodehydration."*'-'*

explored by Lofés et al. as basis for the design of novel optical
conductance switches."”

A similar photoreaction was recently concluded to occur in
the aminonaphthalene and aminoaniline photocages (119) by
Basari¢ and co-workers (Scheme 10)."® The antiaromatic char-
acter of the singlet excited state of these molecules drives the
heterolysis of the C—LG bond leading to the cleavage of
carboxylate and the formation of a carbocation that has a
significant contribution of the quinoid structure with the
positive charge on the nitrogen, which releases its antiaromatic
character.

Proton transfer of 2-methoxy-6-methylacetophenone (122)
to its enol form (enolization) can be accelerated by photo-

LG

”ﬁi ﬁj ”ﬁ:f

Scheme 10. Photorelease from aminonaphthalene and aminoaniline photo-
cages. LG: carboxylate.

OMe Me OMe Me OMe Me
Me
122 124
Aromatic S, Antlaromat/c Ty Nonaromatic T,

Figure 26. Photoenolization of 2-methoxy-6-methylacetophenone.
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excitation (photoenolization) as shown in a computational
study by Halder and co-workers (Figure 26)."* In the S, state
the proton transfer energy barrier is 38.2 kcalmol™, which
becomes much smaller (3.7 kcalmol™) in the T, state. This
barrier lowering is explained by the aromaticity change of the
phenyl ring in 2-methoxy-6-methylacetophenone. To undergo
proton transfer in S, the aromatic reactant (NICS(1),=
—24.4 ppm) has to go through a less aromatic transition state
(NICS(1),,~ —13 ppm), which contributes to the high energy
barrier. However, upon photoexcitation and intersystem cross-
ing to the T, state, the S,-aromatic phenyl ring becomes Baird
antiaromatic (NICS(1),,=26.1 ppm in the FC region, 7 ppm at
the optimal T, geometry). At the TS for proton transfer it
becomes stabilized by regain in aromaticity (NICS(1),,~
—22 ppm), and thus, the barrier is significantly lowered.

6.4. Photoswitching

As indicated just above, building on the switch in aromaticity
and antiaromaticity when going from the S, to the S, and T,
states, for the design of photoswitches is an apparent path. The
ESAA character of an annelated benzene ring has been used by
Durbeej, London and co-workers in Irie-type dithienylethene
photoswitches®**" which have the ethene-type linker (typical
in these switches) replaced by a benzene linker which trans-
forms to an o-xylylene moiety upon irradiation (Figure 27A).2%
A similar dithienylethene photoswitch with a tetrafluorinated
benzene linker was also examined spectroscopically.”® Accord-
ing to NICS, HOMA and the electronic Shannon index, the
benzene linker becomes antiaromatic at the FC region (Fig-
ure 27B), yet this antiaromaticity is relieved when the Cl region,
where the two thienyl rings become covalently bonded, is
approached. This ESAA relief was also quantified using FC
relaxation energy differences based on ISE values. In a follow-
up study on three different dithienyl-substituted switches with
benzene, cyclohexene or CBD mi-linkers, it was found that the
6m-electron linker, compared to cyclohexene-linked reference
molecule, relieves ESAA in an efficient photocyclization while
the CBD linked species does not photoswitch.?*¥ Still, photo-
switching can potentially be based on the formation of a larger
excited-state aromatic isomer if that isomer is nonaromatic
instead of antiaromatic in the S, state. Such a photoswitch was
proposed by Lofas et al. based on a central bicyclo[4.2.0]octa-
2,4,7-triene unit which photochemically can isomerize to a COT
unit, and then reclose thermally."®”

6.5. Photochemical benzopentafulvene formation from o-
ethynylstyrenes

As seen in Section 4, twisting of aryl olefin bonds is also a
means to relieve T, ESAA (Figure 9). When this process occurs in
more complex molecular structures, it can facilitate further
transformations that are of synthetic utility, for example, the
stereoelectronically unfavorable 5-exo-dig cyclization of enyne
derivatives.?™ o-Ethynylstyrenes bearing a hydroxymethyl
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group on the olefin (128) could be photoexcited to the T, state
through sensitization, where the S, aromatic benzene ring
(NICS(1),,=—24 ppm) turns antiaromatic
(NICS(1),,= +29 ppm). Now, similar to what occurs in simple
styrene (Figure 9), the benzene ring reduces its T, antiaroma-
ticity by twisting the C=C bond of the olefinic substituent. At
the fully 90° twisted structure the olefin bond is best described
as a 1,2-biradical while the benzene ring partially regains Hiickel
aromaticity (NICS(1),,=—15 ppm, cf. a benzyl radical). At this
twisted structure, the C1-C5 cyclization is easily enabled
because the radical orbital at the p-carbon of the twisted
olefinic m-bond is oriented towards the ethynyl bond (Fig-
ure 28). After a subsequent step, which results in formaldehyde
elimination, the final benzofulvene product (130) is formed.
Importantly, when the central benzene ring is replaced by a
cyclohexene ring the reaction does not occur, indicating that T,
state ESAA relief is the triggering factor for the photochemical
benzofulvene formation.

6.6. ESAA relief through electron transfer

A number of recent studies have revealed that a further route
for alleviating ESAA is provided by photoionization or photo-
reduction leading from the antiaromatic wzt* state to a formally
nonaromatic radical cation or anion, respectively. Photoinduced
intramolecular electron transfer, leading to photo-dissociation,
occurs in phenyltetrazole®™® and in reactions with photo-
removable protecting groups that contain benzene moieties.*””

Chem. Eur. J. 2023, 29, e202203748 (23 of 30)

In the first case, 5-phenyl-2H-tetrazole (131) upon photo-
excitation undergoes ring-opening of the tetrazole moiety and
release of dinitrogen (Figure 29). The vertical excitation to the
S, state is primarily localized to the Ph group which becomes
strongly antiaromatic (NICS(1),,=385.1 ppm) while the tetrazole
ring remains aromatic (NICS(1),=—59.2 ppm). Yet, an intra-
molecular electron transfer occurs from the t* orbital of the Ph
group to the m* orbital of the tetrazole ring which leads to an
ESAA of the Ph group turns (NICS(1),,=5.0 ppm) followed by
cleavage of the N1-N2 bond of the tetrazole, and finally,
electron transfer back to the Ph group which restores its Hiickel
aromaticity (NICS(1),,=—29.3 ppm).

A similar reaction is the photochemical C—Cl bond dissocia-
tion in coumarinylmethyl chloride (135, Figure 30A), where the
chloride models a phosphate, carboxylate, sulfate, sulfonate or
another group for which the coumarinylmethyl moiety is used
as a photoremovable protecting group.?®*? Again, the
aromatic benzene ring in 135 becomes antiaromatic upon a
nw* excitation, and as ESAA alleviating mode, the C—C—C—Cl
dihedral angle rotates to a structure with an enhanced overlap
between the m* orbital of the ring and the o* orbital of the
C—Cl bond which weakens the C—Cl bond. Hiickel aromaticity is
then regained upon back-electron transfer to the ring. The
changes in aromaticity during the process was monitored
through a dynamics simulation with NICS(1),, computed at
various times. The vertically excited 135 (1 in Figure 30B) is
nearly planar and shows an antiaromatic character of the
benzene ring (NICS(1),,=24.3 ppm). This ring distorts and at
102 fs it is nonaromatic (NICS(1),,=3.5 ppm) due to the electron
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Reproduced with permission from ref. [205]. Copyright: 2015, American
Chemical Society.

loss. Again, ESAA relief triggers intramolecular electron transfer
from the benzene ring, and thus, the C—Cl bond cleavage.”®”
Going to larger molecules, ESAA relief can also act as a
driving force for ligand-metal charge transfer (LMCT) in different
[26]t metallohexaphyrins as observed by Kim and co-
workers.”'? In the S, state, [26]m metallohexaphyrins, bis-gold
(137), mono-gold (138), and mono-palladium (139) hexaphyrins
(Figure 31A), are aromatic and stable macrocycles with 137 is
the most aromatic and 139 the least. Upon photoexcitation to
the FC state, it is concluded that their hexaphyrin rings become
S, antiaromatic and destabilized, in analogy with earlier
observations on 1,3-phenylene-bridged [26]/[28] hexaphyrin
congeners.”'" This leads to an intramolecular LMCT process
which is most rapid for 137 and slowest for 139 (Figure 31B).
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Figure 30. A) Photocleavage of coumarinylmethyl chloride, and B) S, and S,
PESs of the process and conformational change. Note that compounds 135
and 136 in (A) are labeled 1 and 6 in (B). Reproduced with permission from
ref. [207]. Copyright: 2020, American Chemical Society.

This resulted in a decreased electron density on the hexaphyrin
ring, whereby the electron withdrawal by the perfluorophenyl
substituents (C4F5, Ar in Figure 30A) from the hexaphyrin ring
was attenuated. This led to a strong blue-shift in the IR
frequencies of the Ar groups (from 1450-1550 to 1510-
1530 cm™) in time-resolved IR absorption spectrum, a secon-
dary effect which reflects the ESAA relief.

Photoinduced electron transfer can also occur between
molecular entities in supramolecular structures, with the most
well-known being the photo-deactivation of Watson-Crick
adenine (A)-thymine (T) and guanine (G)-cytosine (C) base pairs
in DNA.”'? This photo-deactivation proceeds by proton coupled
electron transfer (PCET), also known as electron-driven proton
transfer (EDPT), from the photoexcited purines A/G (A*/G¥) to
the corresponding pyrimidines T/G. The ultrafast PCET process
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is barrierless and can be linked to alleviation of ESAA (Fig-
ure 32),%'? providing information on the PCET process which is
complementary to the Rehm-Weller model telling that the
excited-state electron-transfer rates correlate with the Sj-state

hv =350 nm

redox potentials of the electron donating and accepting
moieties.?*?'¥ According to the new model, the S, aromatic
purine rings upon photoexcitation to the locally excited 'msm*
state become highly antiaromatic and rapidly transfer a m-
electron to the o* orbital of N-H bond, which subsequently
cleaves homolytically leading to a proton transfer to the
pyrimidine. In this way, the purines relieve photoinduced
antiaromaticity and regain aromaticity that stabilizes the
charge-transfer state (CT), whereas the weakly aromatic pyrimi-
dines turn slightly antiaromatic (Figure 32). Importantly, the
ESAA relief model was demonstrated to be in line with the S;-
state Rehm-Weller model. For example, the more antiaromatic
A (2NICS(1),,= +58.1 ppm) and G (ENICS(1),,= + 140.6 ppm),
compared with their 1,3-hydrogen shifted isomers (respectively,
3NICS(1),,= +44.9 and +72.0 ppm), have lower vertical ioniza-
tion potentials (IP) in the *mst* states, and thus, more easily lose
an electron.

Finally, photoinduced intermolecular electron transfer trig-
gered by ESAA can also go to the surrounding medium as
observed for amiloride derivatives 140 (Scheme 11),%" a class
of diuretic drug compounds. Upon irradiation, amilorides
undergo photosubstitution in various protic solvents.?'*?*” The
reaction was explored by Jorner etal. in a combined exper-
imental and computational study, revealing a biphotonic
mechanism.”' In the substitution process, the pyrazine core is
first excited by one photon to its mn* S, state, followed by
intersystem crossing to T,. A second photon absorbed by the
molecule in its T, (or S;) state leads to an electron ejection out
of the ring into the solvent whereby an amiloride radical cation
intermediate is formed (Scheme 11). A subsequent nucleophilic
attack by a solvent molecule (ROH), and final reduction by the
solvated electron leads to the observed substituted amiloride
derivative 140. The aromaticity change upon the excited-state
ionization in the second step was explored through magnetic
and electronic aromaticity indices using a simplified model
structure, for which the NICS(1),, value changes from 22 ppm in
the T, state to —6 ppm in the radical cation, revealing an ESAA
relief.

Q H
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Scheme 11. Biphotonic mechanism of photosubstitution of amiloride analogue 140 in protic solvents."
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6.7. Synopsis

As is clear from above, ESAA can trigger a number of processes
(Figure 33), the unifying theme being that they all allow the
molecule to alleviate this antiaromaticity following the general
path described in Figure 8A. If there is an intramolecular path
for ESAA relief, and the molecule is conformationally flexible in
the excited state, it is likely this path will be followed as it is

unimolecular. This is exemplified by the T, state olefin twist of
o-ethynylstyrenes with hydroxymethyl groups at the olefin,
leading to  benzofulvenes  through  expulsion  of
formaldehyde.”®' Molecules which have less flexible structures
can instead alleviate the ESAA through a bimolecular reaction.
Here, the realization that an excited-state antiaromatic molecule
seeks to alleviate this antiaromaticity can allow for development
of new photoreactions and improved descriptions of existing
ones. It may also provide deepened understanding of
photo(in)stability of molecules for environmental or pharma-

Photorearrangements ceutical relevance, and enable us to degrade hazardous

Photo- 1 Photo- chemicals more rapidly as one may identify and enhance

reductions -, additions conditions that forces the molecule to follow an ESAA triggered
degradation pathway. Efforts should be focused on searchin

Photo- An ESAA Photo- 9 P y 9

«

deprotonations eliminations

molecule

for processes of this kind that hitherto are unknown.

5 Hitherto
Excited state ‘ ‘ .
proton transfer HILSRowD 7. Conclusions and Outlook
Photooxidations processes

Figure 33. The various processes by which an excited-state antiaromatic
molecule can alleviate its antiaromaticity. Processes in bold are discussed in
this section, those in normal print in ref. [12]. In gray are photochemical
processes waiting to be discovered.
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In this review we have described the impact of excited-state
aromaticity and antiaromaticity on the photochemical behavior
of different m-conjugated (hetero)annulene derivatives. We first
discussed various evidence of how ES(A)A influences the
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physical properties of organic molecules (excited-state energies
and shapes of potential energy surfaces, Stokes shifts, dipole
moments, proton affinities, pK, values). Focus was placed on
how gain of ESA or alleviation of ESAA connects with photo-
reactivity, and explicit application examples from a range of
areas, for example pharmaceutical chemistry, functional organic
materials, and biochemistry, were reviewed.

However, it is important to stress that the application of the
ES(A)A concept to rationalize photoreactivity is not limited to
the photochemical transformations described herein. In general,
it can be used as a tool for predicting the stability of molecules
in their excited states in applications where high photochemical
persistence is required (e.g., fluorescent dyes, photoredox
catalysts, organic solar cell materials, and photosensitizers) and
where photoreactivity and photobleaching can lead to sub-
stantial health and environmental risks (photoinduced degrada-
tion of pharmaceuticals and pesticides, for example,
chlorpyrifos®"). Alternatively, it can provide us with knowledge
on how to improve the degradation of environmentally hazard-
ous compounds and materials. It can also prove useful for the
design of new photoactivatable molecules whose photoreactiv-
ity can be enhanced by ESAA or ESA (photoremovable
protecting groups, photoswitches, photoacids, super-resolution
microscopy dyes, etc.). Finally, the concepts can likely be used
to rationalize several irradiation-induced processes observed in
astrochemistry and prebiotic chemistry, as well as numerous
other areas, and also used much more in applied areas of
chemistry. For instance, striving towards ESA character upon
excitation may provide the means to photo-repair partially
degraded photoactive materials (e.g. organic materials for
photovoltaics and optoelectronics) giving opportunities for
improved materials reusability and allowing us to establish
circular chemistry processes.”??

Yet, despite being a powerful concept, gain of ESA or relief
of ESAA always needs to be examined in the context of other
known effects influencing the reactivity of excited states, and it
should be emphasized that Baird’s rule applies to lowest mm*
states (or 0o* states), not to nit* states. The excitation must be
localized to the ring under consideration and not primarily to a
(neighboring) functional group such as a carbonyl group. The
situation is especially complicated in polycyclic conjugated
compounds as a calculated negative NICS value in the T, state
might not necessarily correspond to Baird-aromatic character; it
can instead correspond to Hiickel-aromatic character that has
shifted from one ring to another upon excitation.®”*® There are
also molecules that, in their lowest mm* excited state, are
simultaneously Hiickel and Baird aromatic, that is, they are
Hiickel-Baird-hybrid aromatics in those states.***" The analysis
of a potential excited-state aromatic and antiaromatic character
should therefore be pursued with caution, and quantitative
computation should be combined with a qualitative theoretical
analysis and rationalization of the tentative ES(A)A effect (as
described in Figure 2). As important as it is to determine the
scope, it is equally important to determine the limitations,
complications and pitfalls of the concepts. Only then can the
concepts become valuable tools in the design and development
of molecules for use in various applications.

Chem. Eur. J. 2023, 29, e202203748 (27 of 30)

Taken together, the excited-state aromaticity and antiaro-
maticity concepts are model concepts that can be very useful (if
exercised with care) for the rationalizations of an observed
photoreactivity in a range of different areas where light-matter
interactions take place.
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