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ty and Ins
A B S T R A C T

An unexpected bistricyclic aromatic ene AF was synthesized in a tin(II) chloride-mediated reductive
aromatization reaction. The obtained AF showed a highly overcrowded structural conformation as
revealed by X-ray crystallography. Interestingly, AF exhibited reversible high-contrast mechanochrom-
ism and thermochromism between pale and red color. The obvious chromism is likely ascribed to the
conformation transformation and trace amount of diradical species formation upon stimulus.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.
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Smart stimuli-responsive materials have received much atten-
tion in digital technology, sensors, material biology and biomedical
applications during the past few years [1,2]. The responsive
materials can be categorized on the basis of their responsive
stimuli and behaviors, and various responsive materials, such as
vapochromic, piezoelectric, electrostrictive, magnetostrictive,
mechanochromic, photo-responsive, thermo-responsive, pH-
sensitive materials, have been well developed [3–13]. Mechano-
chromic molecules refer to the force-responsive molecules that
exhibit an optical response in reaction to the application of an
external force stimulus [14]. Mechanochromic molecules have
been extensively studied in the field of supramolecular chemistry,
polymeric mechanochromic materials, mechanochemical trans-
duction, stress sensing and so on [15,16]. Among the various
reported mechanochromic molecules, the mechanochromism of
bistricyclic aromatic enes (BAEs) was first to be realized and well
investigated [17]. BAEs are defined as overcrowded alkenes
consisting of two tricyclic aromatic units that are connected
through a C��C double bond (Fig. 1). The synthesis of BAEs and the
discovery of their chromism could be traced back tomore than 100
years ago [18–20]. The chromism of BAEs could be triggered by
various stimuli including thermal, mechanical, electrochemical, or
optical stimuli, resulting in their corresponding thermo-,
mechano-, electro-, and photochromic phenomenon, respectively
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[21–23]. The chromism of BAEs is believed to be associated with
their conformational change from a folded conformer to a twisted
conformer (Fig. 1) [24–27]. However, the chromism in BAEs is still
an enigma as the exact mechanism in such process remains
controversial. In fact, there are many rationales that have been
proposed to explain the chromism in BAEs such as the
aggregation–disaggregation equilibrium, zwitterionic formation,
solid-state effects, double-chair conformation, diradicals forma-
tion and so on [28]. The paramagnetic diradical formation in
connectionwith the chromismwas initial suspected, however, was
later refuted because no solid evidence supported the increased
susceptibility [29,30]. Nevertheless, recent study disclosed that
some overcrowded molecules related to BAEs were able to be
populated to the excited triplet diradicals [31,32].

In this paper, an unexpected bistricyclic aromatic ene AF was
obtained when the precursor of AF-diols was reduced in the
presence of tin(II) chloride (SnCl2). The formation of such
unexpected AF was likely due to a carbocation induced 1,
2-migration during the SnCl2-mediated reductive aromatization
reaction. The crystallographic analysis revealed that AF was
overcrowded and forced to adopt a folded structural conformation.
Interestingly, AF exhibited excellent mechanochromism and
thermochromism property upon being stimulated to its twisted
conformation. Preliminary results also indicated that the twisted
conformation of AF could be thermally populated to a triplet
excited state that formed trace diradical species.

The synthesis of AF is very straightforward and starts from the
reported diols intermediate of AF-diols that was prepared from
9,10-dibromoanthracene and fluoren-9-one under standard
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. General structure of bistricyclic aromatic enes and their four conformations.
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Fig. 2. The 1H and 13C NMR spectra of AF recorded in 1,1,2,2-tetrachloroethane-d2.
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conditions (Scheme 1) [33]. Synthesis and characterization of
compound AF is deposited in Supporting information. The SnCl2-
mediated reductive aromatization reaction was carried out to
reduce AF-diols. Our initial propose was to synthesize the target
molecule AF0, which was very recently realized by Campos and co-
workers [34]. The related molecule was reported to have a
thermally accessible open-shell ground-state configuration and
interesting aggregation induced emission [34–37]. In contrast, it
was found that the dichloromethane (DCM) solution of AF-diols
quickly changed into red without any emission upon adding SnCl2.
Finally, the main product of AF was isolated as a pale solid in 65%
yield.

The obtained AF was first characterized by 1H and 13C NMR
spectrometry (Fig. 2). Surprisingly, the 1H NMR spectrum showed
very complicated proton signals that obviously cannot be assigned
to the expected AF0 with highly symmetric structure [34].
Moreover, the 13C NMR spectrum showed a resonance signal at
195.4 ppm, indicating the existence of C¼O group. Fortunately, the
actual structure of AF was finally unambiguously determined by
X-ray crystallographic analysis (vide infra). A hypothetical reaction
mechanism was proposed in Scheme 1 based on some similar
documented results, as well as our chemical intuition [38,39]. The
formation of the unexpected AFwas likely caused by a carbocation
induced 1,2-rearrangement during the SnCl2-mediated reductive
aromatization reaction. Interestingly, during the revision of our
manuscript, a similar work [40] reported a highly strained
molecule via the similar synthetic protocol. However, such
unexpected reaction was not observed in this report. This is
probably because the resultant spiro ketonewith sevenmembered
ring is not favourable during this 1,2-rearrangement reaction.

The slow diffusion of methanol into the red DCM solution of AF
resulted in the pale single crystal that was suitable for X-ray
crystallographic analysis. The crystallographic data of AF (CCDC:
1969049) can be obtained free of charge from the Cambridge
Crystallographic Data Centre. As shown in Fig. 3, the skeleton of AF
was consisted of a bistricyclic aromatic ene unit (highlight in green
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Scheme 1. Synthetic route to AF a
color) and 10H-phenanthren-9-one unit (highlight in red color).
The length of the central C��C double bond was determined to
be �1.36 Å, which is a common result as the central double bond
of all BAEs is reported to be short in their folded conformations
[17–27]. Interestingly, AF molecule as a whole was highly
overcrowded wherein the bistricyclic aromatic ene part
adopted a folded structural conformation and then linked with
10H-phenanthren-9-one unit, thus resulting in a spiro configura-
tion. The spiro AF possessed a racemic isomeric pair in its solid
state, which could not be separated because of the small rotation
barrier. The two isomerswere aligned alternately and packed into a
three-dimensional array through intermolecular CH/p interaction.

To our delight, AF featured very interesting chromism property.
For example, the color of AF in solid state was pale while its DCM
solution showed high-contrast red color. At first, we inferred that
such solvatochromic phenomenon mightbe related to its intrinsic
zwitterionic character [28]. Thus, the absorption spectra ofAF have
been investigated in different solvents (Fig. S6 in Supporting
informaition). However, it was found that the absorption profile of
AFwas almost independent of the solvent polarity, illustrating that
such chromism is not originated from its zwitterionic character. In
addition, the chromism of AF could also be triggered bymechanical
andthermal stimuli. When the pale-colored solid AF was ground
with anagate mortar and pestle (Fig. 4a), its color changed
immediately from pale to red. This color switching behavior is
basically based on the conformational change of AF, i.e., AF
switched from the folded conformation to the twisted one during
grinding. Notably, such colorchange can be reversed through-
exposure to DCM vapor. Likewise, the toluene solution of AF
revealed thermochromic phenomenon when heating to 100 �C
(Fig. 4b), although the phenomenon was not so obvious compared
nd the plausible mechanism.
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Fig. 3. X-ray crystallographic structure of AF: (a) top view, (b) side view and (c) 3D packing. CH/p interactions are highlighted in pink.
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Fig. 4. (a, b) Chromism properties of AF. (c) Variable-temperatureEPR spectrum of AF. (d) Conformation inversion and thermally populated excited state of AF.
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to themechanochromism. Through the comparison and analysis, it
was implied that mechanical and thermal stimuli could both
produce the twisted conformation species that exhibited red color.
Notably, it is found that AF exhibited very weak photolumines-
cence both in solution and solid state (Figs. S11–S13 in Supporting
information), probably due to their folded/twisted molecular
geometries.

To gain more insight into the interesting chromism property,
the NMR and electron paramagnetic resonance (EPR) spectra of AF
before and after stimuli have been investigated. The variable-
temperature 1H NMR spectrum of AF revealed no significant
change in line broadening or splitting (Fig. S7 in Supporting
information). Similarly, the solid NMR spectrum of AF before and
after grinding almost presented the same profile (Figs. S8 and S9 in
Supporting information). Moreover, the negligible EPR response of
AF almost remained no change before and after grinding (Fig. S10).
It seems that such chromism behaviour has nothing to do with
the radical formation. However, when we carefully checked the
temperature-dependent EPR of solid AF, a very weak single-line
EPR spectrum was observed. With the increase of temperature,
the intensity of EPR signal increased (Fig. 4c), thus suggesting the
formation of trace amount of excited triplet diradicals [32]. It
iswell known that EPR is more sensitive than NMR regarding to the
paramagnetic species. Our preliminary results implied that the
twisted conformation of AF could be thermally populated to a
triplet excited state and form trace diradical specie, which was
detectable in EPR (Fig. 4d). The trace amount paramagnetic species
were not enough to affect the relaxation rates (e.g., T2 relaxation
time) [41,42], thus expressing the detectable sharp NMR spectra.

In conclusion, we herein present the synthesis and characterization
of an unexpectedmechanochromic bistricyclic aromatic eneAF, which
was coincidentally synthesized in a SnCl2-mediated reductive
aromatization reaction in a good yield most likely through a
carbocation induced 1,2-migration. The crystallographic analysis
disclosed the real molecular structure of AF consisting of a
bistricyclic aromatic ene linked with a 10H-phenanthren-9-one
unit. In the single crystal, AF adopted a folded conformation and
spiro configuration with a pair of inseparable racemic isomers.
Interestingly, AF exhibited reversible high-contrast mechano-
chromism and thermochromism between pale and red color. The
red color appearance was assigned to the twisted conformation,
which was realized through mechanical and thermal stimuli.
Furthermore, the EPR results may give some hints that AF in its
twisted conformation state could be further populated to the
excited triplet diradicals. This study would hopefully help to
understand theenigmaof thermochromisminBAEs fromadifferent
view.
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