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a b s t r a c t

In this study, a series of arylene-bridged bis(benzimidazolium)triflates 1–62+·2[OTf–] were synthesized by

grafting different π-linkers with benzimidazolium scaffolds. Among them, compound 12+·2[OTf–] with

anthracene as the linker exhibited remarkable electron transfer capabilities across four distinct redox

states. The inclusion of an anthracene unit as the π-linker contributes to its exceptional redox and opto-

electronic characteristics. Consequently, 12+·2[OTf–] was successfully utilized as both an electrochromic

molecule in an ECD under applied voltage for the first time, and a highly efficient photocatalyst for

the formation of carbon–phosphorus bonds via visible-light-induced cross-dehydrogenative coupling re-

actions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Organic multistage redox systems (≥ two electrons), which in-

volve electron transfer processes, have significantly contributed to

the utilization of organic materials in various applications such

as functional dyes, electronic devices, photovoltaic batteries, data

storage, and organic field-effect transistors [1–5]. These redox

molecules typically consist of two end groups X, and a π-system

linkage, allowing them to undergo three redox states through the

process of reduction and oxidation (Scheme 1a) [6]. The repre-

sentative redox molecules, including benzoquinone (I), tetraaza-

substituted olefins (II) and tetrathiafulvalene (III) and derivatives

have been well developed for their remarkable redox behavior [7–

10]. Additionally, viologens (IV), which are built with two pyri-

dinium end groups as electron acceptors, exhibit excellent redox

ability through a two-step reversible one-electron reduction. As

a result, viologens find wide applications in electrochromic dis-

play devices, photochromism, and other fields [11–21]. In these

molecules, the presence of stable neutral or ionic radicals through-

out the electron transfer process, known as multi-redox systems,

determines the range and potential applications. Consequently, it
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is highly desirable for the scientific community to explore and de-

sign more sophisticated and controllable redox systems.

Herein, imidazolium was chosen as the end group to con-

struct multistage redox molecules in combination with various

π-system linkages. Imidazolium compounds serve as the deriva-

tives of N-heterocyclic carbenes (NHCs), which possess excellent

σ -electron-donating properties to stabilize transition metals and

main group elements, as well as organic radical intermediates

[22–25]. Recently, there has been a growing interest in the de-

velopment of NHCs-based redox molecules. For instance, cyclic

(alkyl)(amino)carbenes designed by the group of Bertrand [26,27],

have been used to build up a range of redox molecules by incorpo-

rating various π-linkers (V), such as alkyne [28–30], olefin [31,32]

and arene units [33,34]. Because of the exciting redox ability, they

have been successfully applied in the field of redox flow batter-

ies [35–37] and singlet fission materials [38,39]. Subsequently, the

choice of cyclic diamino carbenes as the end groups to build redox

systems (VI) was also achieved by the group of Ghadwal, isolat-

ing a series of stable redox intermediates [40–43]. However, the

broader application of imidazolium-based redox molecules has yet

to be fully explored. One possible reason for this is the relatively

high redox potentials and the limited control over the available ox-

idation states.

To fine tune the redox ability, 6 different linkers includ-

ing anthracene, multi-benzene, naphthalene and thiophene
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Scheme 1. Synthesis and application of the designed arylene-bridged bis(benz

imidazolium).

Scheme 2. Synthetic route to the designed arylene-bridged bis(benzimida

zolium)triflates (1–62+·2[OTf–]).

were investigated in combination with benzimidazolium

units as ending groups, giving a series of arylene-bridged

bis(benzimidazolium)triflates (ArBIm2+·2OTf, 1–62+·2[OTf–]).
To briefly assess the redox properties of these compounds, a

theoretical prediction of the HOMO/LUMO energies was conducted

(Fig. S7 in Supporting information) [44]. The results indicated

that the compound 12+, which contains an anthracene unit, is

expected to exhibit the best performance in the redox process,

thanks to its lowest energy gap [45,46]. As illustrated in Scheme

2, 1–62+·2[OTf–] bearing different π-linkers were successfully

synthesized in a concise method. Starting from readily available

N,N-diisopropylbenzene-1,2-diamine and corresponding aldehydes,

ArBIm2+·2OTf precursors were prepared through a condensation

reaction and subsequent H-atom abstraction in the presence of

2-bromoacetophenone according to the literature (Scheme S1

in Supporting information) [47]. Then anion exchange between

bromide and triflate was achieved in the presence of methyl

triflate at room temperature in the solvent of dichloromethane.

Fig. 1. (a) UV–vis spectra of ArBIm2+·2OTf in DMF, [c=1mmol/L]. (b) Emission

spectra of ArBIm2+·2OTf in DMF at 298K. (c) Calculated UV–vis absorption spec-

trum of 12+ . (d) Frontier molecular orbitals of 12+ and associated electronic transi-

tions. (e) Cyclic voltammograms of ArBIm2+·2OTf [c=1mmol/L] performed in DMF

with Bu4NPF6 (0.01mol/L) at 100mV/s. (f) CV and DPV of 12+ (vs. Fc/Fc+).

Targeted 1–62+·2[OTf–] were obtained in one pot through three

steps, giving satisfied yields in Scheme 2.

All these compounds exhibit good solubility in most polar sol-

vents such as methanol, dimethyl sulfoxide, acetonitrile, and DMF.

They were fully characterized by 1H NMR, 13C NMR, and HRMS

measurement. Additionally, their stability was confirmed through

thermogravimetric analysis (Fig. S2a in Supporting information).

To gain insights into their solid-state structures, single crystals

of compounds 12+·2[OTf–] and 42+·2[OTf–], were obtained by

slow evaporation of mixed solvents, namely dichloromethane and

methanol (Table S1 and Fig. S1 in Supporting information). In com-

pound 12+·2[OTf–], due to the steric repulsion between the benz-

imidazolium units and the hydrogen atoms in the peri–position of

the anthracene core, the dihedral angle between the two planes is

nearly orthogonal (88.36°). In compound 42+·2[OTf–], the dihedral

angle between the benzimidazolium and benzene units is 74.12°
(Fig. S1).

The photophysical properties of ArBIm2+·2OTf were investi-

gated and the results are presented in Figs. 1a and b. Firstly, the

UV−vis absorption properties of ArBIm2+·2OTf were examined in

diluted DMF solutions, revealing strong absorption bands in the

range of approximately 284–315nm for 2–62+·2[OTf–]. Notably,

the absorption spectrum of 12+·2[OTf–] exhibited a red-shift com-

pared to other ArBIm2+·2OTf and showed three intense absorption

bands at around 273, 381, and 403nm. These absorption bands can

be mainly attributed to the HOMO to LUMO transition (S0→S1,

l=419nm, f=0.22) and HOMO to LUMO+3 transition coupled with

HOMO-5 to LUMO transition (S0→S11, l=255nm, f=1.51), as in-

dicated by TD-DFT calculations at B3LYP/6–311G(d,p) level theory

(Figs. 1c and d). Furthermore, the photoluminescence (PL) spectra
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of ArBIm2+·2OTf were also measured in DMF, showing emission

peaks ranging from 364nm to 436nm (Fig. 1b). It should be noted

that 12+·2[OTf–] exhibited good absorption in the range of 480–

430nm, implying the potential application in visible-light photo-

catalysis [48,49].

To investigate the redox properties of ArBIm2+·2OTf, cyclic

voltammetry (CV) was performed in DMF (Figs. 1e and f). CV

curve of 12+·2[OTf–] showed three reversible single-electron re-

ductions (E1/2 =–1.20, –1.40 and –1.73 vs. Fc/Fc+), indicating that

the combination of benzimidazolium units and anthracene motif

would adjust the multistage redox system (> two-electron trans-

fer) as we expected. This was further confirmed by differential

pulse voltammetry (DPV) in Fig. 1e. Based on CV and DPV curves of

12+·2[OTf–], it can be inferred that three reduced species would be

generated through the successive one-electron reductions. These

species include a radical cation 1•+, a neutral species 1CS (close-

shell singlet 1CS, open-shell singlet 1OS, and triplet 1T), and a rad-

ical anion 1•– (Schemes S2 and S4 in Supporting information).

The CV curves of 2–52+·2[OTf–] respectively exhibited one re-

versible redox at 1E1/2 =–1.67, –1.29, –1.34 and –1.27V vs. Fc/Fc+,
and another irreversible wave at 2E1/2 =–2.01, –2.44, –2.51 and –

2.49V vs. Fc/Fc+ (Fig. 1f and Fig. S3 in Supporting information).

Compound 62+·2[OTf–] bearing fused-thiophene unit, showed two

quasi-reversible waves (1E1/2 =–1.09V, 2E1/2 =–1.47V). Addition-

ally, when scanning speeds ranging from 0.01V/s to 1V/s were

tested for ArBIm2+•2OTf, the reversibility of the waves increased

(Fig. S3), further confirming the influence of electron transfer rate

on the stability of the reduced species. Due to the combination of

benzimidazolium and the large π-extended conjugation system of

the anthracene motif, 12+·2[OTf–] displayed four accessible redox

states, in contrast to other ArBIm2+·2OTf. It is worth noting that,

to the best of our knowledge, no more than three redox states

have been observed in previously reported arylene-bridged bisimi-

dazolium molecules [40–42].

Next, our research focuses on the application of ArBIm2+·2OTf
in the field of electrochromism, taking inspiration from our previ-

ous work on functionalized viologens with a multistage redox pro-

cess [50–52]. To explore this, we fabricated electrochromic devices

(ECDs) using 12+·2[OTf–] as the active component, DMF as the sol-

vent, and indium tin oxide (ITO)-coated glass as the electrodes. In

the ECDs based on 12+·2[OTf–], applying a voltage of –3.9V re-

sulted in blue color, while a higher voltage of –4.2V induced a

red color (Fig. 2a). Observations of the ECDs under –3.9V revealed

strong absorption bands at approximately 561, 608, and 671nm, in-

dicating the accumulation of the radical cation 1•+ (Fig. 2b). As the

potential was adjusted to –4.2V, a decrease in absorption at ap-

proximately 561, 608, and 671nm was observed, accompanied by

an increase in absorption at approximately 526nm. These changes

signify the consumption of the radical cation 1•+ and its conversion

to the neutral species 1CS (Fig. 2c). These color transitions correlate

with the formation of the radical cation 1•+ from 12+ after one-

electron uptake, followed by the conversion to the neutral species

1CS through the second reduction.

However, when the applied potential was increased to –5.2V,

the color of the ECD changed to black, possibly due to the high in-

stability of the radical anion 1•– within the device. This instability

may induce the limited reversibility of the electrochromic device

for 12+·2[OTf–]. To address this issue, future work will focus on

enhancing the stability of the radical intermediates by the intro-

duction of bulky groups.

Furthermore, the 32+·2[OTf–] or 42+·2[OTf–]-based ECDs would

undergo an irreversible color change from their original col-

orless state to black when subjected to a high external volt-

age of –1.2V. This behavior might be attributed to the decom-

position of the corresponding reduced species of 32+·2[OTf–]

and 42+·2[OTf–]. On the other hand, the ECDs constructed with

22+·2[OTf–], 52+·2[OTf–] and 62+·2[OTf–] displayed red (–3.9V),

blue-violet (–4.2V), and deep blue color (–4.3V) respectively, and

more importantly they can also go back to the colorless state re-

versibly (Figs. S4–S6 in Supporting information). Additionally, spec-

troelectrochemical characterizations of fabricated ECD based on

22+·2[OTf–], 52+·2[OTf–] and 62+·2[OTf–] were carried out (Figs.

S4–S6). These experiments further support the notion that arylene-

bridged bis(benzimidazolium) triflates can serve as a promising

new class of electrochromic molecules.

To gain insights into the reduced species 1•+, 1CS and 1•–

from 12+, the chemical reduction was carried out. When treated

12+·2[OTf–] with 1 equiv. potassium graphite (KC8) at –78 °C, the
mixture became deep blue color. And the UV−vis absorption was

located at ca. 560 and 660nm, which is in agreement with the dis-

play of ECD based on 12+·2[OTf–], as well as the calculated result

by TD-DFT (Fig. 3d and Fig. S11 in Supporting information). More-

over, the electron paramagnetic resonance (EPR) measurement pro-

vided conclusive evidence regarding the organic radical nature of

1•+ with a g-factor value of 2.0031 (Fig. 2e). Additionally, the hy-

perfine structure of the experimental EPR 1•+ was reproduced for

the coupling of the unpaired electron with nitrogen atoms and

corresponding hydrogen atoms on the anthracene unit. This find-

ing was in agreement with the calculated distribution of spin den-

sity, which was predominantly located on the anthracene unit (Fig.

2g). Next, the reduction of 12+ with 2 equiv. KC8 exhibited pur-

ple color and the absorption band was located at ca. 520nm in the

UV−vis spectrum (Fig. 2d, Scheme S2 in Supporting information).

The treatment of 12+ with three equivalents KC8 in THF at –78 °C
gave a dark green solution, and the corresponding EPR spectrum

showed a multiline pattern with g-factor values of 2.0031 (Fig. 2f).

Radical anion 1•– needs to store at low temperatures under dark

conditions, otherwise, it would gradually decompose at room tem-

perature after 48h. The spin density distribution of radical anion

1•– was mainly on the benzimidazolium moiety (Fig. 2h).

Meanwhile, the radical cation 1•+ and anion 1•– may be also

defined as mixed-valence compounds for the donor-acceptor be-

havior in the open-shell system. So the UV–vis spectra were mea-

sured from 800nm to 1600nm (Fig. S2b), and there were no appar-

ent absorption peaks, implying 1•+ and 1•– as classing I compound

for the absence of intervalence charge transfer (IV-CT) bands [53].

Attempt to isolate reduced intermediates (1•+, 1CS and 1•–) for

the single crystal analysis failed. And the possible reason is that

the carbon radical center may be not effectively protected by the

surrounding group, such as the mesityl or 2,6-diisopropyl phenyl

group, as indicated in Ghadwal’s and Hansmann’s work [33-35,40-

43,54]. Nonetheless, the stepwise redox process exhibited by 12+
through its electron-accepting behavior is similar to that of violo-

gen compounds in the field of electrochromism. The unique elec-

trochemical properties and the ease of modification of arylene-

bridged bis(benzimidazolium)triflates hold great potential for ap-

plications as advanced redox materials, offering exciting opportu-

nities for further development.

Furthermore, the use of synthetic organic photocatalysts has

garnered significant attention due to their ability to facili-

tate complex molecular transformations using light as a nat-

ural energy source [48,49]. In this regard, we reasoned that

ArBIm2+·2OTf could function as effective organic photocatalysts

owing to their reversible redox capability and favorable photophys-

ical properties [55,56]. To evaluate the photocatalytic properties

of ArBIm2+·2OTf, the visible-light-induced cross-dehydrogenative

coupling (CDC) reaction between N-phenyl tetrahydroisoquinoline

and diphenylphosphine oxide was chosen as a model reaction to

form carbon-phosphorus bond in Scheme 3. After careful investiga-

tion of the reaction condition (Table S2 in Supporting information),
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Fig. 2. (a) Solution-based ECD with 12+·2[OTf–] as an electrochromic material; Spectroelectrochemistry of 12+·2[OTf–], (b) first reduction, (c) second reduction; (d) UV–vis

spectra of 12+ , 1•+ , 1, and 1•– . (e, f) Experimental (black line) and simulated (red line) EPR spectra of 12+ by 1, and 3 equiv. KC8, respectively. (g, h) The calculated spin

density plots for 1•+ and 1•– (Isovalue 0.002).

Scheme 3. Evaluation of catalysts (ArBIm2+·2OTf) in the photocatalytic CDC reac-

tion. NMR yields are determined by 1H NMR spectroscopy using trimethoxylben-

zene as an internal standard. Isolated yields are in parentheses. a Under dark con-

ditions.

the CDC reaction proceeded smoothly with a catalytic amount of

1–62+·2[OTf–] in the presence of white light under air conditions.

Among them, catalyst 12+·2[OTf–] exhibited the best catalytic per-

formance, leading to the desired product in 89% isolated yield

with the full conversion of 7 in less than 12h, which may be at-

tributed to the good visible-light absorption and redox ability for

the π-linker of anthracene unit. Conversely, less than 10% yield

was observed under dark conditions or without a catalyst. Then,

the substrates with different alkoxyl groups can also successfully

react with 7, giving products 10–12 with isolated yields of 82%,

91% and 65%, respectively. Meanwhile, N-aryl tetrahydroisoquino-

line substrates with bromo and methoxyl groups can also give the

coupling products (13-16) in good yield (77%∼90%). Based on our

experimental findings and relevant literature, we propose a plau-

sible reaction mechanism (Scheme S3 in Supporting information)

[49,57,58]. These results clearly demonstrate the efficacy of 1 as an

excellent organic photocatalyst for C-P bond formation, in compar-

ison to other photocatalysts such as Eosin Y [57] and ruthenium-

or iridium-based complexes (Table S3 in Supporting information)

[59,60].

In summary, we have presented a family of arylene-bridged

bis(benzimidazolium)triflates 1–62+·2[OTf–], which exhibit vary-

ing redox abilities depending on the different arylene linkers

employed. Notably, 12+·2[OTf–] featuring an anthracene unit as

π-linker demonstrates excellent electron transfer in four redox

states. Due to the excellent redox and optoelectronic properties,

12+·2[OTf–] was successfully used as an electrochromic molecule

under applied voltage in ECD, and also as an excellent photocata-

lyst to construct carbon–phosphorus bond via visible-light-induced

cross-dehydrogenative coupling reaction. These findings not only

expand the utility of NHC-based multistage redox systems as elec-

trochromic materials but also position them as promising candi-

dates for organic photocatalysis applications.
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