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A push—pull-functionalized stilbene has been prepared, with an elec-
troactive perchlorotriphenylmethyl (PTM*) radical and dimethylamine
units as electron-withdrawing and -donating moieties, respectively,
showing an electrocatalytic redox-induced Z — E isomerization
where the open-shell nature of PTM* plays a key role in the isomer-
ization ocurrance.

The rise of molecular machines has entailed a growing interest
in the field of molecular switches, thanks to the key role the
latter may play in those sophisticated systems." Actually, the
development of bistable molecules that undergo reversible
conversions between their isomers has been a recurrent topic
within the scientific community. Among them, particular atten-
tion has been devoted to the so-called photoinduced molecular
switches,” based on the light-driven (E/Z) isomerization phe-
nomenon. Several advantages, including high spatiotemporal
precision or cleanness,®* justify the extensive use of this
external stimulus to induce and modulate structural or mor-
phological transitions on the chemical systems. As a result,
many are the reports on photoswitchable double bonds that are
found in the literature. See for instance: C=C (e.g. stilbene),’
N=N (e.g., azobenzene),*” or C=N (e.g. hydrazone).® However,
(E/Z) isomerization reactions of such molecules may require
severe photoirradiation conditions,”'® limiting their use to
those applications where intense emission is required.
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Electrocatalytic oxidative Z/E isomerization
of a stilbene favoured by the presence of an
electroactive persistent radicalf
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In a complementary way, it is known that redox reactions
can lower the rotation barrier around a double bond by increasing
its single-bond character. In fact, electron-transfer-induced (E/Z)
isomerizations have been demonstrated in hydrazone''"'** or
stilbene derivatives, either through the formation of radical
cations'*' or radical anions."*™"” Furthermore, fast isomeriza-
tions can be achieved when catalytic mechanisms involving
radical species are activated, as proved for azobenzenes'®'® and
stilbene-based structures.>® Consequently, recent advances in
molecular machines point at geometric isomerizations trig-
gered by redox reactions as an alternative to photoinduced
stimulation.?! For this reason, the design and development of
new molecules with suitably substituted double bonds and
stable (E/Z) configurations is required. Up to now, to the best
of our knowledge, all the studied systems presented electro-
active moieties that generate either radical anion or radical
cation intermediates upon electron transfer phenomena. Thus,
the derived radical charged species were the ones playing a key
role on the isomerization process. In this new approach, we
address the use of a neutral radical molecule to investigate the
impact of the radical character of the starting compound on the
isomerization process.

Perchlorotriphenylmethyl (PTM®) radical unit has proved to
be an excellent choice when considering chemical redox
switches with optical (linear and nonlinear) and magnetic
response.>*>* Some of us recently demonstrated irreversible
E — Z isomerizations for two PTM-based stilbene derivatives.>®
However, not redox but photo- and thermal-activated processes
were investigated in that occasion. Further to this, nothing was
said about the radical character since only the hydrogenated
(«H-PTM) analogues were considered. On the other hand, some
of us also reported the key role that PTM* group can play for the
stabilization of a vicinal charge defect generated upon oxidation.*®
Thus, these previous results motivated us to explore which could
be the effect of the electroactive PTM* moiety on a redox mediated
(E/Z) isomerization. With this aim, a new donor-acceptor-
functionalized stilbene dyad, [PTM-DMA]® in Scheme 1, with
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Scheme 1 Synthesis of [(E)-PTM-DMA]".

PTM?* as electron-acceptor was synthesized and characterized.
N,N-Dimethylanyline (DMA) was chosen as strong electron-
donor moiety, in order to facilitate the oxidation process based
on a previous reports on vinylene-bridged PTM-donor deriva-
tives studies with different amine groups.?”*® Additionally, its
hydrogenated version («H-PTM-DMA, see Scheme 1) has also
been studied, to gain further insights into the influence of the
open-shell character on the phenomenon under study.

The synthetic procedure of [PTM-DMA]* started with a
Horner-Wadsworth-Emmons coupling (Scheme 1, reaction A)
between the phosphonate precursor 1>° and 4-dimethylamine-
benzaldehyde, yielding aH-PTM-DMA. Remarkably, a different
(E/Z) isomeric mixture was obtained depending on the working
conditions. According to "H-NMR monitoring, a 25/75 ratio of
E/Z isomers was achieved when the synthesis and the subse-
quent work-up were performed under daylight conditions
(Fig. S1, ESIT). On the contrary, a considerably increase of E/Z
ratio (95/5), was achieved under light exclusion (Fig. S2, ESIT).
As previously said, these findings were associated with the £ — Z
photoisomerization (Fig. S3, ESIT) and the subsequently blocked
Z — E back conversion previously reported for «H-PTM stilbene
compounds.>

Starting from a 15/85 (E/Z)-oH-PTM-DMA mixture, a depro-
tonation with KOH in presence of [18-crown-6] was then carried
out (Scheme 1, reaction B) and, consequently, the corres-
ponding anion ([PTM-DMA] ) was generated. Suitable single
crystals of [PTM-DMA]~ for X-ray analysis were grown by slow
diffusion of hexane into a CH,Cl, solution of 18-crown-6 K"
[PTM-DMA]" (see ESL,} Section S3). The crystal structure unam-
biguously revealed the formation of the (Z)-isomer; i.e.
[(2)-PTM-DMA] ™ (Fig. 1A). The solid-state structure of this salt
consists in a one-dimensional coordination polymer with the
carbanions and their related counterions in alternating posi-
tions along the crystallographic a axis (Fig. 1B). Interestingly, a
double coordination of each [(Z)-PTM-DMA]  unit with two
different K'[18-crown-6] ions was observed.

Electrochemical properties of the resulting [(Z)-PTM-DMA]™
were investigated by cyclic voltammetry (Fig. 1C) and two

reversible processes were observed: Ered” = —0.66 V (vs. Fe/Fc')
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Fig. 1 (A) Asymmetric unit in the crystal structure of [(Z)-PTM-DMA]™
showing both the anion and the K*[18-crown-6] counterion. Disordered
CH,Cl, molecules have been omitted for clarity. (B) View of the polymeric
chain formed along the crystallographic a axis. (C) Cyclic voltammograms
(ca. 0.1 mM/0.2 M TBA-PFg in CH,Cl,) of [(Z2)-PTM-DMA]™ (black) and
[(E)-PTM-DMA]* (red) recorded under inert atmosphere at r.t. Scan rate =
0.1V s~% WE = Au wire, RE = Ag wire, CE = Pt wire.

corresponding to the PTM ™~ /PTM® redox couple® and E,* = 0.16 V,
related to the DMA/DMA*" pair.”” According to these data,
chemical oxidation of [(Z)-PTM-DMA]  was performed, in order
to obtain the same configuration in the [PTM-DMA]* radical.
Fe(ClO,); and AgNO; were indistinctively used as oxidizing agents
(Scheme 1, reaction C). Electron spin resonance (ESR) and UV-Vis
electronic absorption spectroscopy fully confirmed the isolation of
a radical species (see ESI,T Section S4 and Table S1) upon addition
of one equivalent of the oxidant.

The resulting ESR spectrum of the isolated radical shows
two main overlapped lines (Fig. S14, ESIt). The two lines are
due to the hyperfine coupling of the unpaired spin of the PTM*®
moiety with one proton of the vinylene bridge. The isotropic
coupling constant (a(*H,) = 1.9 G) was in good agreement with
those described for different (E)-stilbenoid-based PTM* compounds
coming from their corresponding (E)-«H-PTM derivatives.”>*® On
the other hand, the reddish compound presented the characteristic
electronic absorption of conjugated PTM® radicals.>' In particular,
the features appearing at 392, 495 and 556 nm (Table S1, ESI{) were
attributed to the electronic transitions involving the radical frontier
orbitals.*! In addition, a low-energy broad band was also detected
("max = 811 nm, ¢ &~ 2875 M ' cm ') and assigned to an optically
induced electron transfer (ET) from the DMA to PTM® unit. TD-DFT
calculations (see ESIL,t Section S5) supported the assignment.
Moreover, previous studies described similar A, and ¢ values
for ET bands in analogous (E)-isomers of vinylene-bridged
PTM-donor dyads®”**?* generated from their corresponding
(E)-oH-PTM precursors. All at once, both the ESR and NIR data
suggested the formation of the E isomer of the PTM*-DMA
instead of the Z one. At that point, a different synthetic
pathway was carried out for obtaining the [(E)-PTM-DMA]*
isomer. (E)-oH-PTM-DMA, the (E)-isomer of the precursor,

This journal is © The Royal Society of Chemistry 2020
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and the intermediate anion [(E)-PTM-DMA]~ were considered as
starting compounds for the given purpose (see ESI,T Section S2).
The resulting radical has identical spectroscopic characteristics
than the previous one (Fig. S13, S14 and Table S1, ESIt). Thus,
obtaining the thermodynamically more stable [(E)}PTM-DMA]®
isomer irrespective of the (E/Z) configuration of its given
precursor was proved.

Redox properties of [(E)-PTM-DMA]® were also studied and
compared to the ones described for the [(Z)-PTM-DMA]™ anion.
As shown in Fig. 1C, the two voltammograms are almost
identical, which points to a very efficient (Z) — (E) isomeriza-
tion upon oxidation of [(Z)-PTM-DMA] . This observation
prompted us to study the anion-to-radical oxidation process
in depth. Two different stages could be distinguished from the
monitorization, via UV-Vis electronic absorption spectroscopy,
of the stepwise oxidation of [(Z)-PTM-DMA] ™ (Fig. 2A). Up to
1.04 eq. of Fe(ClO,);, a color change from violet to pale orange
was observed. Accordingly, once the characteristic UV-Vis band
of [(Z)-PTM-DMA]~ ** vanished, new UV-Vis features at 387, 489,
556 and 780 nm (Table S1, ESIt) increased through isosbestic
points, indicating the generation of an intermediate PTM®-
based species. Then, after the addition of a small excess of
oxidizing agent (1.25 eq.), an intensification of the color
solution took place, turning from pale orange to orange/red-
dish. At the same time, the UV-Vis electronic absorbance
spectra evolved towards the previously described for [(E)-PTM-
DMA]*. In particular, a remarkable red-shift of the bands and
an increase in their related absorbance occurred. Identical
results were obtained when using AgNO; as oxidant or via
spectroelectrochemistry (Fig. S16, ESIT). It is known that elec-
tronic absorption spectra of stilbenes are generally sensitive
to configurational effects. In this line, a red shift in their
related UV-Vis features can be seen as long as the extension
of m-conjugation within the stilbene chromophore itself and
between the stilbene core and unsaturated auxochromic groups
increases.>® Thus, this intermediate species was necessarily
associated with a less n-conjugated PTM radical-based species
than [(E)-PTM-DMA]".

In line with UV-Vis results, the two stages of the stepwise
chemical oxidation of [(Z)-PTM-DMA]~ were also differentiated
by in situ ESR. As shown in Fig. 2B, the silent response from
the anionic species was firstly transformed into a two-line ESR
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spectrum when 1.04 eq. of oxidant was added. Interestingly, the
obtained a(*H,) was 2.6 G, exceeding in 0.7 G the one observed
in the ESR spectrum of [(E)-PTM-DMA]* (Table S1, ESIt). Thus,
a higher amount of spin density in the olefinic hydrogen
nucleus is counted on the intermediate radical species. As
expected, further oxidation (up to 1.25 eq.) resulted in the
evolution of the ESR signal towards the one associated with
[(E)-PTM-DMA]* (Fig. 2C). Bearing all these findings in mind,
the generation of the [(Z)-PTM-DMA]* isomer radical upon
oxidation of [(Z)-PTM-DMA]™ anion was concluded. According
to Scheme 2, a fast one way Z — E isomerization reaction
mediated by cationic species would occur yielding [(E)-PTM-
DMA]J*, in good agreement with previous reports in stilbene
derivatives.***> Moreover, taking into account that only a small
excess of oxidant was needed (i.e., 0.25 eq.), an electrocatalytic
nature of the oxidative isomerization was considered, as equally
described for stilbenes® or azobenzenes.'®"’

Finally, a high excess of oxidant (>2 eq.) provoked a second
color evolution when the orange/reddish solution of [(E)-PTM-
DMA]* turned into dark blue. Analogously, a new main UV-Vis
feature was observed at 600 nm with no hints of ET band
(Fig. S18, ESIt). Hence, the generation of the above mentioned
closed-shell cationic species, [(E)-PTM-DMA]’, was assumed.
The total disappearance of the ESR signal and TD-DFT calcula-
tions at a B3LYP/6-31G(d,p) level of theory (Fig. S25 and S26,
ESIt) supported the assignment but, unfortunately, this new
species was not stable enough to be isolated.

On the contrary, a totally different behavior was found in the
case of (Z)-aH-PTM-DMA. The non-radical derivative was sub-
jected to the same chemical oxidation protocol after certifying
that the used oxidizing agents have the appropriate redox
potentials to form the cation-radical of the amine (Fig. S7,
ESI¥).>**” No changes were observed after monitoring by UV-Vis
electronic absorption spectroscopy and NMR, demonstrating that
the Z — E isomerization does not occur. This result brought to
light the need of an open-shell (radical) substituent in the stilbene
derivative for the Z — E isomerization process to happen. DFT
calculations at the (U)B3LYP/6-31G(d,p) level of theory were run
for the transient cationic species of the radical and non-radical
derivatives (see ESLt Section S5). As mentioned, it is known that
PTM® may contribute to the stabilization of vicinal charge defects
generated upon oxidation, by means of a rapid evolution of the
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In situ monitorization via: (A) UV-Vis electronic absorption spectroscopy and (B/C) ESR, of the stepwise chemical oxidation of [(Z)-PTM-DMA]~

(5 x 107> M in THF with Fe(ClO,)s as oxizing agent (ox.), at r.t., according to Scheme 1, reaction C. Same results were obtained with ox = AgNOs.
[(Z)-PTM-DMA] " solid black line, [(2)-PTM-DMA]*: solid green line, and [(E)-PTM-DMA]*: solid purple line.
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Scheme 2 Proposed mechanism for the oxidation process of [(Z)-PTM-
DMA]™ up to [(E)-PTM-DMAYJ°, including the electrocatalytic (i.e., 0.x eq. e7)
oxidative (2) — (E) isomerization occurred through the cationic species
[(Z/E)-PTM-DMA]*.

structure into a closed-shell quinoidal configuration (Fig. S17,
ESI¥).2® Accordingly, a lower n bond order at the central olefinic
molecular fragment was found for the cation coming from the
open-shell dyad (Table S2, ESIT) favouring the isomerization.
Similar justification was given to explain the Z/E isomerizations
by one-electron oxidation of a few non-radical push-pull-
substituted stilbenes.*®

In summary, further insights into the redox-induced geo-
metric isomerization phenomenon have been gained from the
n-conjugation of an electroactive persistent perchlorotri-
phenylmethyl (PTM®) radical moiety to an E/Z switchable
stilbene derivative. An electrocatalytic isomerization has been
demonstrated to be undoubtedly triggered by the open-shell
nature of PTM*® unit. We envisage that the findings here
reported, in combination with the already described properties
(i.e., magnetic, optical or chiral among others) will enhance the
prospects of using the PTM*® unit in smart materials.
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