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ARTICLE INFO ABSTRACT
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The elaboration of multichromophoric system which can undergo a reversible transformation over more than
two different states can be easily performed by the covalent assembly of several identical switching subunits
around a central node. However, the selective addressability of each of them still represents a challenging task.
This study reports on the elaboration of multichromophoric systems incorporating three identical indolino-
oxazolidine (BOX) moieties as multimodal addressable units. Depending of the open/closed oxazolidine ring
status of each of them, these systems can be interconverted between four different states in stepwise manner by
using indifferently acid addition or electrochemical stimulation. More important, we have demonstrated by using
a dissymmetric triarylamine node that the classical statistical BOX opening is broken then reaching a regiose-
lective addressability. The switching of the three identical BOX units differentiated by their  conjugated junction
to the central core follows a preferential order leading to the preponderant and successive formation of only four
forms over the eight theoretically and equally expected. To provide limitations and outlooks for such strategy,
their switching capacities have been rationalized by DFT calculations.

1. Introduction

Due to their numerous application fields, the elaboration of molec-
ular switches continues to raise a large attention. Indeed, these molec-
ular systems are able to undergo a reversible conversion between at least
2 metastable states under the application of an external stimulation
which allows for inducing a modulation of their molecular physico-
chemical properties [1]. During the last decades, the number of stimuli
able to undergo these changes has increased and include pH changes [2],
light irradiation [3], electrochemical potential [4], temperature [4,5],
and pressure [6,7] to name the most common. Among those, one may
imagine numerous applications for such systems on optical data storage,
molecular logic gate, medical imaging, magnetism, and molecular mo-
tors to name a few [8-10].
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If a simple molecular switch allows under stimulation to control a 0/
1 signal, a more complex system presenting several switches, controlled
by one or several stimuli may allow much more complex combinations
of responses, and potentially a storage/sensing capacity heavily
improved [11-13]. Following this approach, numerous multi-
chromophoric systems combining different switches have been devel-
oped especially photo- and redox-active materials due to their promising
applications in data storage materials or molecular logic gates [14-16].
However, the selective addressability of the different constitutive
switching units is still challenging when several identical photochromic
[17,18] or electrochromic units [19] are combined. As example,
numerous studies dedicated on multichromophoric systems involving
several diarylethene (DAE) units, one of the most famous photochromes
[20-31], have revealed either a lack of photoreactivity [32] or random
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switching behavior depending on the nature of the core used to combine
them. Consecutively, many efforts continue to be devoted to optimize
the substitution pattern of such multichromophoric systems in order to
combine photoactivity, selective addressability and molecular proper-
ties modulation [33,34].

Another approach consists to develop multi-stimuli-responsiveness
molecular systems where each switchable unit can be addressed indi-
vidually by using orthogonal stimuli [35]. In this framework, indolino
[2,1-b]oxazolidine derivatives (later referenced as BOX) have particu-
larly caught our attention. Firstly reported at the end of the last century
[36], they exhibit several assets: (i) two metastable states, generally
referenced as Open (O) and Closed (C) in respect to the oxazolidine ring
status, exhibiting strong differences of optical and electronic properties,
(ii) an easy preparation in few steps from cheap and commercially
available compounds, (iii) a large panel of available functionalizations in
positions 2 and 5, and finally [37,38], (iv) some multimodal switching
abilities as light irradiation or pH changes can be used indifferently to
induce the conversion from colorless C to colorful O state [39,40]. An
UV light induces effectively the C-O bond cleavage leading to the oxa-
zolidine ring opening and corresponding zwitterionic form but this later
is spontaneously converted in the presence of water traces to its open
protonated form. More recently, their multimodal switching abilities
were extended to electrochemical stimulation. This conversion from
closed to open protonated form results from the direct BOX unit
oxidation [41] or involves an indirect electromediated process when a
redox active system is present on position 2 [42]. In both cases, the
oxidation of the colorless form conducts to the formation of the corre-
sponding radical cation mainly localized either on the indoline moiety
or on the adjacent pi conjugated system in position 2. Unstable by na-
ture, this this latter is involved in a spontaneous chemical rearrange-
ment leading to the opening of the oxazolidine ring and the generation
of an alkoxy radical, which is able to abstract an Hydrogen atom to
surrounding media and conducts to observe at the end the generation of
the protonated open form [37,42,43]. The benefits to this uncommon
switchable unit for the elaboration of performant multichromophoric
systems have been already reported. As example, the functionalization
of a DAE unit by one or two BOX has led to multiresponsive molecular
systems exhibiting up to 8 and 13 different metastable states respec-
tively [43,44]. Beside their combination with other switchable units,
pure BOX multichromophoric systems have been also envisioned.
Nowadays, limited to very simple n conjugated linear systems bearing
two BOX terminations, these materials allow a step by step pH-, optical
and redox-switching of the two units leading to a logic 0, 1, 2 system
with contrasted, linear and, more importantly, nonlinear optical prop-
erties [38,45,46].

As a new step in the direction of more complex logic systems, we
present here our efforts to graft three BOX units in the periphery of a
triarylamine node. By analogy to previous reported systems, it expects to
lead to multichromophoric systems exhibiting at least 4 discrete states
when symmetrical cores are used (Schemes 1). More important, by using
dissymetrically substituted amine bearing three different © conjugated
systems, we expect to overcome the highly challenging task of regiose-
lectivite addressability of BOX units. Based on a modulation of the
electronic interactions with the central redox center, we aim the BOX
opening in a preferential order leading to observe a step by step
switching of the system between only 4 over the 8 potential different
forms of this system (Scheme 1).

For such reason, some unsymmetrical triBOX systems have been
elaborated by grafting three BOX units on the periphery of a redox active
triarylamine bearing a phenyl (Ph); a phenylthiophene (ThPh) and a
biphenyl (PhPh) as rn-conjugated linkers (Scheme 2). Their regiose-
lective addressability and switching capacities have been explored by
spectroscopy and electrochemistry and compared to the performances of
their symmetrical analogs (Scheme 2). Moreover, their behavior has
been rationalized by the help of density functional theory (DFT) calcu-
lations to provide limitations and outlooks for such strategy.
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Scheme 1. Schematic representation of the 4 different states and associated
forms of a triBOX derivative as function of the open (O) or closed (C) status of
the three BOX units.

2. Results and discussion
2.1. Synthesis

The triphenylamine constitutes the basic node of an important group
of modern electroactive functional materials especially for organic, dye-
sensitized and perovskite solar cells applications [47]. Its functionali-
zation is well-documented and many works report on their formylation,
bromination and palladium catalyzed coupling. All three are largely
involved in the modification of the n-conjugated system which is known
to induce a strong modification of the molecular electronic properties.
For this study, we have prepared different triarylamine derivatives
where each terminal BOX unit is connected to the central nitrogen atom
by three different n-conjugated linkers: a simple phenyl, a phenyl-
thiophene and a biphenyl. As consequence, each of the three BOX units
will exhibit a direct electronic coupling to the aromatic amine core
acting as a strong electron-donating group. Knowing that the BOX
switching properties are generally affected by the nature of the sub-
stituents in positions 5 and 2, we plan to take advantage of this variation
of electronic coupling to drive the opening of the three BOX in a pre-
define sequential order. To obtain our desired symmetrical and dis-
symmetrical multi-BOX systems, we have followed a convergent
strategy. It consists on one hand, to prepare corresponding triarylamine
derivatives bearing three carboxaldehyde terminal functions and, on the
other hand, some indolino[2,1-b]oxazolidines bearing different sub-
stituents. During previous studies, the introduction of a fluorine atom
and a methyl group in position 5 has already facilitated the identifica-
tion of the metastable states and the electrochemical process respec-
tively (vide infra) [41,45].

Concerning the substituted indolino[2,1-b]Joxazolidines, their syn-
thesis has been already reported and does not represent particular dif-
ficulties. When non-commercially available, the substituted
trimethylindolenines are obtained by Fisher indole synthesis from the
corresponding hydrazine. Their quaternarization by 2-iodoethanol
following by a base treatment allows the formation of the oxazolidine
ring and the formation of the desired compounds in good yield
(65-76%). The dissymmetrical aryl amine preparation is only slightly
more fastidious than symmetrical ones as the scaffold is constructed step
by step. It starts by the insertion of bromine atoms in each para position
of the 4-(diphenylamino)benzaldehyde by NBS at 0 °C in THF. By per-
forming two Suzuki-coupling reactions with successively (i) (5-for-
mylthiophen-2-yl)boronic acid, and then (4-formylphenyl)boronic acid,
the desired dissymmetrical triarylamine is obtained in only three steps
with an overall yield of 46% (Scheme 3).

The covalent assembly of the BOX units on the central triarylamine
core results from a simple condensation between both components. If
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Scheme 2. Structure of the 4 symmetrical (5a-b, 6a-b) and 3 unsymmetrical (7a-c) triBOX derivatives under their CCC state.
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Scheme 3. Synthesis of the tricarboxaldehyde amine involving 3 different linkers: a phenyl (Ph), a phenylthiophene (PhTh) and a biphenyl (PhPh).

many experimental conditions can be applied to perform such reaction
[37,38,48], we have used here a silica-mediated procedure known to
improve the reactivity of the trimethylindolino[2,1-b]oxazolidine de-
rivatives [38]. After heating during 7 h at 100 °C, these solvent-free
conditions allow the formation of the different targeted systems with
moderate to good yields (44-77%) depending on the purification diffi-
culties (Scheme 4).

2.2. Acidochromic properties of triBOX

When all BOX units remain under their closed status, all compounds
exhibit low absorption properties in the visible range. In fact, the spectra
of compounds 5-7 have similar shape and reveal one simple absorption
band with a maximum absorption wavelength in the near UV domain
(Fig. 1).

As expected, the extension of the n-conjugated system induces a
bathochromic shift. This is particularly true for symmetrical compounds
where the addition of a thiophene unit on each arm in 6 is associated
with a 42 nm shift relative to triarylamine derivatives 5. At the opposite,
the dissymetrization of the triarylamine core induces only a moderate
variation of the maximum absorption wavelength (17 nm shift). Under
their fully closed states, the variation of the substituent in position 5 of
the indoline does not induce a modification of the optical properties
whatever the nature of the central core (Table 1). Such behavior can be
explained by the breaking of the conjugation between the triarylamine
moiety and the indoline due to the sp® hybridization of the carbons in
position 2 [49]. As expected, the addition of some acid on the fully
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Fig. 1. UV visible spectra of compounds 5-7 under their fully closed states,
CCC, and evolution of their maximum absorption wavelength (ipn.x in nm)
under acid stimulation as function of the open (O) or closed (C) status of the
three BOX units.

closed form leads instantaneously to a drastic modification of the
UV-visible spectra. In all cases, we notice the appearance of an intense
broad band in the visible 455-655 nm range as well as a concomitant
decrease of the band in the near visible range. Based on our previous
studies on BOX derivatives, this expected coloration translates

53,67% R=H M,=M,=T;= —{_)—
5b,77% R=Me T;=T,=T;= —{ H—
R=H n1=n2=u3=i%§‘
6b,54% R=Me n1=n2=n3=-%§‘
R=Me = —{ ) O me= ¥O-O
R=F W= —{ L G HOOr

6a, 61%

Scheme 4. Synthesis of the 4 symmetrical and 2 unsymmetrical triBOX derivatives by silica mediated procedure from the corresponding tris-carboxaldehyde amine.
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Table 1
Main transition details of the different forms and simulated UV/vis absorption spectra of 7c as a function of the level of opening according their relative proportions.
2.0 T
CCC —
OoCC —
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€ (103 L mol't cm™)
5

o
o

0.0 e 1 1 1 1
250.0 300.0 350.0 400.0 450.0 500.0 550.0 600.0

Wavelength (nm)

State Form % Age AEg, See Amax AE pax
CCC 1 100 353 3.51 1.44 344 3.60
0CC 2 61 473 2.62 1.83 480 2.58
3 37 501 2.47 1.66
4 2 454 2.73 1.45
00C 5 87 490 2.53 2.34 486 2.55
6 11 475 2.61 1.95
7 2 495 2.50 2.06
000 8 100 486 2.55 1.93 454 2.73

Vertical excitation wavelengths (g, nm), vertical excitation energies (AEg, eV) and oscillator strengths (fe) of the first excited state. The maximal excitation
wavelengths (Amax, nm) and energy (AEnqy, €V) of the different states, accounting for their relative proportions, are also reported. The averages are weighted using the
populations of conformers at 298.15 K as calculated at the ®B97X-D/6-311-G(d)/IEF-PCM (ACN) level of theory.

unambiguously the opening of the oxazolidine rings under acidic stim- compounds is presented on Fig. 2. Up to one equivalent, the strong
ulation leading to the establishment of a charge transfer band between decrease of the band intensity at 351(392) nm, assigned to the CCC form
the electron donor triarylamine moiety and the generated indoleninium of 5b (6b), is concomitant with the appearance of an unique band
acting as an electron withdrawing group. Interestingly, an irregular centered at 551(572) nm. Exhibiting one isosbestic point at 376(427)
evolution of the UV-visible spectra along the titration with acid aliquots nm, it testifies an equilibrium between two species. Due to the sym-
is noticed for all systems suggesting a stepwise BOX opening under metrical nature of the system, it translates the selective opening of only
stimulation [45,46]. As example, the titration of symmetrical one BOX among the three units, and as a consequence the conversion
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Fig. 2. Variation of the UV-visible spectrum of 5b (9 107°M), 6b (7 107°M) and 7b (9 10 °M) in ACN upon the addition of HCl aliquots from 0 to 1.0 eq. (left), from
1.0 to 2.0 eq (middle) and from 2.0 to 3.0 eq (right).
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Fig. 3. Variation of the "H NMR spectra of compound 5b (4.62 mM) in ACN solution upon the addition of DCI aliquots at 20 °C translating the successive formation

of OCC, 00C and OOO states.

from CCC to OCC state. The addition of acid up to two equivalents in-
duces first the reduction of the band at 351(392) nm and, second a slight
bathochromic shift from 551(572) nm to 559(574) nm as well as a
hyperchromic effect of the main absorption band. The previous iso-
sbestic point is not conserved and a new one is noticed at 382(420) nm
suggesting a second equilibrium. This later can be reasonably assigned
to the second selective BOX opening and the system conversion from
OCC to OOC state. Surprisingly, increasing the quantity of acid up to 3
equivalents leads to observe mainly a hyperchromic effect on the main
visible absorption band with almost no change in the absorption
maximum wavelength. In addition, the appearance of a new higher
energy band at 364(428) nm is noticed. Once again, the previous iso-
sbestic point is replaced by a new one at 345(407) nm translating the
presence of a third equilibrium assigned to the selective transformation
of the system from OOC to OOO state.

To confirm this stepwise switching upon the addition of acid and
identify unambiguously the formation of the different states, the same
titration was monitored by 'H NMR spectroscopy. As example, the
titration performed on compound 5b is presented on Fig. 3. Under its
initial state CCC, the compound 5b exhibits simple spectra with typical
spectral signature of closed BOX systems such as a series of multiplets for
the methylene groups adjacent to the nitrogen and oxygen atoms (5 and
6) ranging from 3.4 to 3.9 ppm and three singlets at 2.33, 1.46 and 1.19
ppm for each methyl groups of the indolino-oxazolidine unit. Addi-
tionally, we notice only one doublet at 6.22 ppm assigned to one
ethylenic proton. Exhibiting a vicinal coupling constant around 16Hz, it
allows us to confirm only the presence of the full trans isomer as well as
its perfect symmetrical nature. As very distinguishable signal of CCC
state, it can be used to follow the switching behavior of BOX derivatives
under various stimulations [44]. As soon as the addition of acid starts, its
intensity decreases and an important complexification of the spectrum is
noticed. Especially, two deshielded doublets (J ~ 16 Hz) appear (6.3 and
8.4 ppm). Based on our previous investigation [43,45,46,50], we can
assign the most shielded to an ethylenic proton attached to a closed BOX.
The opening BOX induces a much stronger low field shift of them. For
this reason, the second doublet is assigned to an ethylenic proton
attached to an open BOX. Below 1 eq of acid, both signals exhibit an
integration ratio close to 2 which translates the selective opening of only
one BOX, generating the OCC state. The spectrum complexification in-
creases when the addition of acid is pursued up to two equivalents.
Indeed, the two previous doublets (6.3, 8.4 ppm) disappear and are
replaced by a new set of peaks. Especially, a new doublet with a 16Hz
vicinal coupling constant is detected at 6.4 ppm. The low field shift of
this signal corresponding to an ethylenic bond attached to a closed BOX
is in agreement with the opening of a second BOX unit and the gener-
ation of the OOC state. Finally, a simplification of the spectrum is
noticed after the addition of 3.5 equivalents. A new set of two doublets

(J~16Hz) is detected at 7.9 and 8.3 ppm translating the opening of the
remaining third BOX unit and the generation of the OOO state exhibiting
a Czy symmetry with fully trans configuration of the ethylenic junctions.

No drastic changes in the acidochromic response are observed be-
tween unsymmetrical triBOX and their symmetrical analogs. Similarly,
to compounds 5 and 6, an irregular evolution of the UV-visible spectra
along the titration with acid aliquots is also noticed with compounds 7a
(not presented here) and 7b (Fig. 2) suggesting a stepwise switching of
the system. As mentioned above (Scheme 1), the OCC state resulting
from the stimulation of compounds 7 under their CCC state should lead
to a statistical mixture of the three different forms 2, 3 and 4. As for the
symmetrical analogs, different isosbestic points are noticed upon the
addition of acid. As shown for 7b on Fig. 2, the isosbestic points at 412
and 323 nm observed at the beginning of titration (0-1 eq.) are suc-
cessively substituted by others, at 406 (1-2eq) and 367 nm (2-3 eq.)
along the titration with HCl. This behavior suggests a successive equi-
librium between two species, and then suggests that the acid stimulation
of the system leads to a regioselective addressability with the opening of
the 3 different BOX units in a specific order. As UV-visible spectroscopy
did not allow us to extract sufficient structural information, NMR
spectroscopy was used to unambiguously confirm the regioselective
addressability of the unsymmetrical systems. Under their closed form,
both compounds 7a and 7b exhibit complex 'H NMR spectrum. How-
ever, typical closed BOX signature can be observed such as four suc-
cessive multiplets ranging from 3.9 to 3.4 ppm characterizing the
oxazolidine rings as well as the presence in aliphatic region of intense
peaks at ca. 1.2 and 1.4 ppm corresponding to the geminal methyl
groups of the BOX moieties. In addition, 7a and 7b present three well-
separated doublets with a J coupling constant of 16 Hz for the three
vinylic protons. By 2D NMR experiments and comparison with sym-
metrical analogs, it was possible to assign each of these signals to each
different arm constituting the unsymmetrical compounds. As example
for 7a, (Figures S4- S6). the doublets at 6.12, 6.27 and 6.39 ppm are
assigned to the vinylic protons connecting a closed BOX unit to the
thiophene-phenyl, the phenyl, and the biphenyl systems, respectively.
The signals of the vinylic protons are very helpful to monitor the
switching of systems involving several BOX units [46]. We observe
effectively the concomitant generation of new doublets at low field
(ranging from 8.2 to 8.5 ppm) and the generation of new signals around
4.0 and 4.5 ppm translating the formation of a pendant ethyloxy chain,
thus confirming the opening of the BOX unit under acidic stimulation.
Ranging from 6.0 to 6.5 ppm, a multiplication of signals corresponding
to the vinylic protons is observed upon the addition of DCl aliquots. They
can be separated in three distinct groups, each of them being associated
to one type of linker (5 PhPh > § Ph > § ThPh) bearing a closed BOX. An
excess of acid leads to the complete disappearance of signals in 6.0-6.5
ppm range and of the multiplets below 4.0 ppm, evidencing the
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Fig. 4. Variation of the H NMR spectra of compound 5b (4.62 mM) in ACN
solution upon the addition of DCI aliquots at 20 °C translating the successive
formation of OCC, OOC and OOO states.

complete conversion of the system into the 00O state (form 8, Figs. S7
and S11). Due to signal overlap, it was not possible to perform the
integration of each form separately, but we could follow the decrease of
the peak-intensities of the closed BOX unit for each of the three different
linkers (Fig. 4). The global evolution of the 3 groups of signals at &
6.35-6.45 (PhPh), & 6.22-6.32 (Ph) and & 6.08-6.18 (ThPh) reveals a
non-statistical repartition upon the amount of acid added. The BOX units
are addressed firstly when borne by Ph, secondly by ThPh and thirdly by
PhPh.

To clarify the regioselective addressability according to the z-system
nature, the fluorine nucleus in 7b was used as NMR probe. Signals be-
tween —124.5 and —125 ppm characterize fluorine in closed BOX unit
while signals between —111 and —114 ppm evidence fluorine in open
BOX unit (Fig. S12). The initial CCC state of 7b presents three peaks at
—124.90, —124.87 and —124.76 ppm. First additions of acid led to the
appearance of signals at —111.7, —112.67 ppm and —113.00 ppm, each
being characteristic of the three forms 2, 3, 4 with one open BOX unit.
They are associated with two new signals in the range —124 to —125
ppm corresponding to the two other BOX units remaining under their
closed status. This confirms the generation of the OCC state into three
forms (2, 3 and 4, see Scheme S1). By continuing the acid addition, the
00C state under its three forms is observed (two signals between —111
and —114 ppm and one signal between —124.5 and —125 ppm are
observed three times, for 5, 6 and 7). Finally, an excess of acid produces
the last state OO0 (form 8). with its three signals at —111.42, —112.32
and —112.6 ppm The solubility of this last state is poor leading to some
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partial precipitation as already observed with other multi-BOX de-
rivatives [45]. The °F NMR resolution being better, the evolution of the
peak-intensities could be measured for the eight forms (Fig. 5). In
agreement with the response of 7a, a non-statistical distribution be-
tween forms 2, 3 and 4 is observed in the OCC state translating a
regioselective addressability. As demonstrated by the integration of the
different signals, the formation of the OCC state results mainly from the
opening of the BOX unit attached to the phenyl arm (form 2), while the
opening of the BOX on the biphenyl group (form 4) is the less promoted.
This preferential opening order is kept for the OOC state of the second
unit which follows the same trends. The form 5 is predominantly
accumulated, as it has the open BOX attached to phenyl and
phenyl-thienyl groups, when the forms 6 and 7 are as expected less
generated because they require the opening of the BOX attached to the
biphenyl group.

To rationalize this behavior, DFT and TD-DFT calculations were
performed on symmetrical and unsymmetrical systems 6a and 7c
without any substituent on position 5 as they did not change the
switching sequence and they have a tiny impact on the optical properties
(vide infra). In both cases, the main experimental evolutions of the op-
tical properties upon the addition of acid are well reproduced.

Concerning the symmetrical compound 6a, we observe (i) the sub-
stantial bathochromic shift with the first BOX opening (140 nm theo-
retical shift vs 180 nm experimental shift) (ii) the strong hyperchromic
effect on the main visible absorption band induced by the subsequent
BOX opening (the predicted ¢ of the OOO state should theoretically
present an epsilon three times higher than for OCC, explained by
degenerescence, when a factor 2.7 is experimentally noticed), and
finally (iii) the negligible shifts of the maximal absorption wavelength
induced by the second and third BOX openings. While BOX units are
generally considered as independent under their closed form, the step-
wise conversion of the system can be largely explained by the help of
theoretical calculations. In fact, we observe that the Gibbs free energy,
AGP decreases with the successive protonation reactions. As example for
compound 6a with trifluoroacetic acid (TFA), AG? drops from —20.4 kJ/
mol for the first BOX opening to —16.1 and —13.7 kJ/mol for the second
and third protonations, respectively. The opening of a BOX leads to the
generation of an indoleninium moiety, which acts as a strong electron
withdrawing group. As consequence, this raising difficulty to open
subsequent BOX units can be simply explained by a decrease of the
electron donor character of the central n-core that is involved in the
stabilization of the corresponding cationic form. As carried out with 6a,
we have determined the AGP for the first, second and third BOX opening
of 7¢, following each possible chemical process (Scheme 5) when TFA is
used as acid.

First, we observe that AG? increases with the successive protonation
reactions whatever the chemical process corroborating the stepwise
conversion of the system. More important, the BOX units borne by the Ph
and ThPh linkers are preferentially addressed due to the lowest AG®
(-28.7 and —27.3 kJ/mol respectively) in agreement with our experi-
mental observations as only traces of O(PhPh)C(Ph)C(ThPh) (form 4)
were detected when 7b is treated with one equivalent of HCl. On the

ACCC
eOCC
m00C
©000

% of state

DCI equivalent

Fig. 5. Quantification of the forms in OCC and OOC states and of the 4 different states of compound 7b (1 mM) in ACN upon addition of DCI aliquots.



Y. Aidibi et al.

Dyes and Pigments 202 (2022) 110270

=NO

7 o

&/ “on Vo 2
;*_<\7}J Form 8
ey

-10.8

.
s}
)/

on M

-16.6

o 871%
1

Form1

Scheme 5. Free Gibbs energy (AG®, kJ/mol) of the successive protonation reactions of 7c as a function of the level of opening (CCC, OCC, OOC and 000) as
calculated at the ®B97X-D/6-311-G(d)/IEF-PCM (ACN) level of theory. The arrows indicate the change of free enthalpy of the 3 successive protonations and the red

arrows indicate the most spontaneous sequence of openings.

other hand, this small difference of AG® between both chemical pro-
cesses explains certainly why a perfect regioselective addressability is
not reached but it is sufficient to obtain the preponderant formation of
form 2 (Ph(O)ThPh(C)PhPh(C), ~61%) over form 3 (Ph(C)ThPh(O)
PhPh(C), ~37%). The unfavorable opening of the BOX borne by the
biphenyl is also noticed during the second protonation process. Once
again, it can be supported by the evolution of the Gibbs free energy of
corresponding reactions. The differences of AG? between the three
chemical processes leading to each form of the OOC state are similar to
those observed for the OCC state (~10 kJ/mol). We can then assume
that this behavior is not only driven by the variation of the electron
donor character of the system but also by the difference of n-conjugation
of the linker bearing the BOX unit. To tweak the simulation of the
acidochromic behavior of 7c¢, we have considered the different con-
formers of each form that exhibit a non-negligible weight within the
Maxwell-Boltzmann statistics. On this basis, the relative proportions of
the different forms have been estimated for each state and reported in
Table 1. As we can see, theoretical calculations reproduce the experi-
mental observations. As example, we notice the preponderant formation

of form 2 (61%) over form 3 (37%) by a factor 1.68 in well agreement
with the 1.85 ratio experimentally measured for compound 7b.

To rationalize the variation of the optical properties of compounds 7
upon the addition of acid aliquots, the relative proportion of the
different forms of the systems have to be considered. Indeed, the optical
properties of the system are affected by the nature of the linker bearing
the open BOX unit(s). This is illustrated in Table 1 where, for the OCC
state of 7c¢, opening the BOX on the PhPh, Ph, and PhTh =n-linker results
in bathochromic shifts of 101, 120, and 148 nm, respectively. Similarly,
for the OOC state the Anyax values differ by 20 nm depending on which
BOX is open or closed (Table 1). Taking in account the difference of
optical properties between the different forms constituting the OCC and
OOC states as well as their relative proportions, the global variation of
optical properties of 7c upon the addition of acid aliquots have been
simulated (Table 1). The first BOX opening conducts to an impressive
bathochromic shift of the maximum absorption wavelength (from 344 to
480 nm). The subtle variation of the maximal absorption wavelength
(from 480 to 486 nm) and the hyperchromic effect (¢ is enhanced by a
factor 1.5) induces by switching from OCC to OOC are also in well
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Fig. 6. Cyclic voltammetry of the different triBOX derivatives in ACN with TBAPFg as electrolyte (0.1 M) on Pt working electrode at 100 mV s™ .
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agreement with the experimental observations. They can be explained
by a slight improvement of the averaged values of vertical excitation
wavelengths and higher averaged oscillator strengths between the OCC
and OOC states. Finally, TD-DFT calculations reproduce well the
hyperchromic effect but overestimate the bathochromic shift induced by
the last BOX opening, with 486 and 454 nm as maximum absorption
wavelengths for the OOC and OOO states, respectively.

2.3. Electrochromic properties of triBOX

As mentioned above, an electrochemical stimulation can also lead to
the opening of the BOX units either by their direct oxidation or by an
electromediated process when they are associated to an electroactive
moiety. In this context, the electrochemical behaviors of the different
molecular systems have been investigated by Cyclic Voltammetry (CV)
in ACN. As shown in Fig. 6, all compounds exhibit similar behavior with
two successive oxidation processes at 0.4-0.5 and 0.65-0.78V. Quasi-
irreversible at lower scan rate, the first one is largely affected by the
nature of the n-system borne by the central nitrogen atom. Compounds
5b and 6b exhibit the highest (0.47 V) and the lowest (0.41 V) oxidation
potential, respectively, whereas the unsymmetrical compound 7b pre-
sent an intermediate value (0.45 V). This signal is assigned to the
oxidation of the central n-conjugated core leading to the generation of
the corresponding radical cation and supported by studies on triaryl-
amine electrochemical behavior [51]. The radical cation of triphenyl-
amine is known to be stable except when no substituent is present in
para positions where it could undergo a dimerization process leading to
tetraphenylbenzidine [52,53]. As consequence, the pseudo irrevers-
ibility of this signal seems to indicate that the radical cation is delo-
calized until the close vicinity of a BOX unit inducing its opening, as
already observed with other redox active systems [42,45,54]. Con-
cerning 6b, the extension of the n-conjugated system by adding 3 thio-
phene units conducts to improve the radical cation stability. At 100
mV/s, a quasi-reversible signal is observed whereas 5b exhibits an
almost irreversible peak in similar conditions (Fig. S15). Nevertheless,
the reversibility in 6b is reduced when the scan rate is decreased to 20
mV/s indicating that the electro-induced BOX opening due to an elec-
tromediated process requires longer time in this case.

The second oxidation process is more affected by the nature of the
substituent in position 5 of the BOX than by the nature of the n-conju-
gated core itself. Compounds 5b, 6b and 7a with a methyl group in
position 5 present very close anodic peak potentials at 0.69, 0.66 and
0.66V. At the opposite, changing the methyl group by a fluorine atom
conducts to observe an anodic shift of 0.12 V from 7a to 7b. Based on our
previous studies on electrochemical behavior of BOX [41], we can then
assign this second oxidation process to the oxidation of the remaining
closed BOX unit. Indeed, under their closed forms, the BOX units behave
independently to each other due to their sp3 carbon in position 2. This
direct oxidation induces also their opening as evidenced by the irre-
versibility of the signal and the appearance of a signal at negative po-
tential range (~—1.0 V) on the back scan but certainly without
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noticeable selectivity as oxidation of all of them happens at very close
potential.

To put in evidence an electromediated process leading to the step-
wise switching of these systems, the titration with a chemical oxidant
monitored by UV-visible spectroscopy is certainly the most convenient
technique. In fact, spectro-electrochemistry measurements can present
here some drawbacks. Generally, they are not able to distinguish be-
tween the stepwise switching of multiBOX systems, and the generation
of long-lived radical cation exhibiting some visible absorption bands can
complicate the interpretation of the UV-visible spectrum modifications
[45,54]. To perform such titration, NOSbFg exhibiting an oxidation
potential of 0.87 V is generally used as oxidizing agent [55]. As ex-
pected, the oxidant addition to the different systems under their CCC
state induces a drastic change of the UV-visible spectra. More important,
it leads to identical spectra as those obtained after stimulation with an
excess of acid and the initial spectrum can be recovered after treatment
with an excess of base such as triethylamine demonstrating the multi-
modal switching ability of these systems. As example, Fig. 7 shows the
results obtained with 7b in more details. The addition of the first
equivalent of NOSbFg leads to the appearance of a unique band centered
at 558 nm assigned to the opening of one BOX moiety per molecule and
the generation of a mixture of forms 2, 3 and 4 (vide infra) associated
with the concomitant decrease of the form 1 characteristic band at 368
nm. As observed with acid, by increasing the quantity of oxidant up to
two equivalents, the low energy band intensity with a tiny bathochromic
shift (559 nm) is increased and new isosbestic points are established. It
translates the generation of forms 5, 6 and 7 corresponding to the
opening of a second BOX unit. Still raising NOSbFg to three equivalents
induces hyperchromic and hypsochromic effects on the main absorption
band (552 nm) as well as the appearance of a higher energy band at 410
nm associated to the formation of the form 8.

As consequence, based on previous results obtained under stimula-
tion by acid (vide supra), we can assume that an electrochemical stim-
ulation leads to observe the conversion of the different systems from
forms 1 to 8 in a stepwise manner. Nevertheless, it does not allow to
conclude about a possible regioselective addressability of the three BOX
units in the case of unsymmetrical ones. For this reason, we have carried
out the titration of 7a (Figures S9 and S10) and 7b by NOSbF¢ by NMR
(Figs. S14 and S15). As expected, the addition of NOSbF¢ in 7b induces
similar modification of the °F NMR spectrum as observed under the
stimulation by acid. Eight different forms are detected and quantified by
the integration of their corresponding signals (Fig. S15).

As already reported on other multi-BOX systems, > subtle differences
are noticed between both kinds of stimulations. First, the successive BOX
openings by chemical oxidation did not lead to its precipitation in ACN
as previously observed with acid. Such a difference has been explained
by the variation of the counterion from chloride to hexafluoro antimo-
nate, a weakly coordinating anion leading to more lipophilic salt [56].
Second, the stimulation by an oxidizing agent appears as efficient as by
an acid as demonstrated by the narrowed coexistence region between
the CCC (form 1), OCC (forms 2-4), OOC (forms 5-7) and 00O (form 8)
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Fig. 7. Variation of the UV-Visible spectrum of 7b (9 10~°M) in ACN upon the addition of NOSbFs aliquots.
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Fig. 8. Quantification of the forms in OCC and OOC states and of the 4 different states of compound 7b (1 mM) in ACN upon addition of NOSbFg aliquots.

states (Fig. 8). Involving different processes, the modification of the
nature of the stimulation presents surprisingly a moderate impact on the
repartition of the different forms in OCC and OOC (Fig. 8). As example,
only a slight variation in the average composition of the OCC state is
observed. The oxidation leads to 58; 37 and 5%, whereas acid provides
61; 33 and 6% of forms 2, 3 and 4 respectively.

Theoretical calculation provides clues for the behavior of the
different forms. First, the localization of the first oxidation process on
the central n-conjugated core whatever the status of the different BOX
units is well corroborated. The HOMO obtained by DFT calculation on
7c under its different forms is mainly localized on the triarylamine in all
cases (Fig. S1). More important, the switching of the system from forms
1 to 8 by the successive BOX openings in a stepwise manner is also well
reproduced. In fact, the first oxidation potential of the system is strongly
impacted by the number of open BOX units and also by the nature of
their linker. As reported in Table S1, the calculated oxidation potentials
for the 3 most preponderant forms are 0.23, 0.48 and 0.73V for forms 1,
2, and 5 respectively.

Up to now, the transformation of the system through an electro-
mediated process has been explained through a multistep mechanism
implying first the delocalization of the radical cation generated on the
central n-conjugated system to the close vicinity of a BOX unit, second
the C-O bond homolytic cleavage, and finally the abstraction of an
hydrogen atom to the surrounding media [37,54,57]. Within this
context, the Gibbs free energies for the opening of the radical cations
were evaluated, showing that from its form 1, the radical cation of 7c
preferentially leads to the form 2, then the form 3 and the form 4. Next,
from the OCC state, the preferred pathways lead to forms 5, 6, and then
7. The ordering of these Gibbs free energies has been rationalized in
terms of geometrical considerations and in particular, the torsion angles
between the aminium radical and the BOX systems. So, for the phenyl
linker, there is a single angle with a departure from planarity and this
angle is small (6c = 8°) whereas for the phenylthienyl linker, the
planarity is reduced (6g = 31° and 0 = 0°) and even more for the
biphenyl linker (64 = 39° and 6p = 14°).

3. Conclusion

In our quest to elaborate more performant multi-chromophoric sys-
tems based on BOX unit, we have prepared and studied 4 symmetrical
and 3 unsymmetrical systems involving three identical BOX units con-
nected to each other by a central triarylamine core. As expected, all the
systems have demonstrated some multimodal switching abilities
allowing to use indifferently acid or electrochemical stimulation to
address the three BOX units and consequentially to switch between the 4
different states from full closed state (CCC) to full open one (O0O).
More important, we have demonstrated that the opening of the three
BOX units occurs in a stepwise manner. As consequence, it was possible
to generate on demand and in large excess the two intermediates OCC
and OOC states. Resulting from two different processes (direct proton-
ation or electromediated pathways), we have proved that the stepwise
conversion of the system lays on strong interaction though bonds

between the different units. In fact, the generation of an indoleninium
moiety acting as a strong electron withdrawing group with the BOX
opening induces a strong modification of the electronic properties of the
central n-conjugated core.

Based on the same approach and using the steric hindrance to
modulate the interaction of the different BOX units, we have explored
the possibility to reach some regioselective addressability in place of a
classical statistical opening. In this context, unsymmetrical systems
bearing three identical BOX units connected to a central nitrogen atom
by three different n-linkers (Ph, ThPh and PhPh) have demonstrated
impressive behavior. If each one of their OCC and OOC states can
theoretically exist under 3 different forms, the electrochemical and acid
stimulations conduct to observe the predominant formation of one of
those. Beside their easy synthesis and their multimodal switching abil-
ity, this possibility to cheat the statistical addressability by using simply
a dissymmetric 7n-conjugated system is one more asset leading to
consider the BOX unit as a switchable unit of choice for the elaboration
of multi-switch systems.
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