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Developing efficient photosensitizers for C-P bond construction is highly important and remains a chal-
lenge due to the urgently needed for the synthesis of modified nucleosides, nucleotides, and other
phosphine-containing ligands. Herein, two pyrene-tethered bismoviologen derivatives (Py-BiV2*) were
designed and synthesized for visible-light-induced C-P bonds formation. The photochemical and electro-
chemical properties of Py-BiV2* were studied systemically, certifying fine-tunable opto-electronic proper-
ties through the number of pyrene groups (4, n=1; 6, n=2). The prepared Py-BiV?+ showed strong light
absorption, while retaining good redox features and chromic response features that were inherent to vi-
ologens. 4 exhibited accelerated photoinduced electron transfer in the presence of the electron donor
(pyrene) and the generated 4’ (radical cation) showed higher stability. Accordingly, Py-BiV2+ directly
served as photosensitizers for the first time in the visible-light-induced C(sp®)-P and C(sp?)-P bonds
formation. As expected, these novel viologen derivatives exhibited good catalytic performance and good

substrate expansibility under ambient conditions.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Viologens have achieved extensive applications [1-3] includ-
ing electron mediators [4,5], supramolecular chemistry [6-8], elec-
trochromism [9,10], electrode materials [11-14], ionic liquid [15-
17], due to their good electron-accepting abilities, reversible re-
dox processes, and stable redox states [18]. In particular, viologens
can realize continuous multiple switching between dications and
radical cations undergoing the reversible single electron transfer
[3,18], which makes them as the potential catalysts. Recently, vi-
ologens have attracted widespread attention as electron-transfer
catalysts (ETC) in the field of organic catalysis and have achieved
the preparation of various organic compounds [19-21]. In addition,
the exploration of viologens as electron-transfer catalysts in photo-
catalysis has recently emerged and considerable efforts have been
made by scientists. Decorating viologen on the surface of g-C5Ny4
by intermolecular hydrogen bonds achieved highly effective photo-
catalytic hydrogen production with a high H, generation rate and
a splendid apparent quantum yield [22]. When coupling viologen
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with photosensitizer and formate dehydrogenase (FDH), the formic
acid was successfully produced via the reduction of CO,, and this
method not only contributed to the conversion of CO, to fuel and
organic matter but also provided a strategy for artificial photosys-
tems [23]. Besides, a series of organic reactions, such as the reduc-
tion of carbonylic compounds [24], the hydrogenation of C=C and
C=0 bonds [25], and the selective reduction of «,f-unsaturated
compounds [26], were developed by using viologen as an electron
media in combination with common photosensitizers, microorgan-
ism or enzyme, which promoted the application of viologens in or-
ganic photocatalysis.

Although these researchers had reached the goal that viologens
were used in the field of photocatalysis and realized the prepa-
ration of chemical products, these studies could not avoid using
photosensitizers such as noble metal complexes and organic dyes,
which not only made reaction complicated but also resulted in en-
vironmental problems. Therefore, utilizing viologens as photosensi-
tizers and electron mediators at the same time in the field of pho-
tocatalysis had become a promising and feasible alternative. How-
ever, it is difficult for viologens to possess good performance of
light absorption and rapid photoinduced electron transfer due to
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Scheme 1. The synthetic procedure of pyrene-tethered bismoviologens. Conditions: (a) DCM, r.t. (b) MeOTf, DCM, 0 °C to r.t. (c) DMF, 60 °C, MW. (d) MeOTf, DCM,

0°Ctor.t.

viologens’ connatural drawbacks, which doubtlessly hinder the ap-
plication of using viologens as photosensitizers in the field of pho-
tocatalysis. Some progress had been made to achieve the purpose.
Rigaudy and coworkers reported selective N-demethylation of ter-
tiary amines and cyanation of various alkaloids with N,N-dimethyl-
2,7-diazapyrenium (DAPZ+) as a photosensitizer that is an analogue
of viologens and has better conjugation [27,28]. When chalcogen-
oviologens that were synthesized by introducing chalcogens into
viologen scaffolds were used as photosensitizers, a visible-light-
driven hydrogen evolution reaction was reported by our group
[29,30]. Recently, our group had developed a visible-light-induced
cross-dehydrogenative coupling by using bismoviologens as photo-
sensitizers, which were prepared by the incorporation of bismuth
and viologen skeleton [31]. However, the use of viologens as pho-
tosensitizers was limited to hydrogen production, the cleavage of
C-N bonds, and the construction of C-C bonds. Clearly, expand-
ing photocatalytic reactions using viologens as photosensitizers be-
come urgent that should be settled.

Organophosphorus compounds have received considerable at-
tention as they play an irreplaceable role in pharmaceuticals
[32,33], ligands [34-37], biology [38,39] and materials [40,41]. The
formation of C-P bonds was mainly through transition metal catal-
ysis [42,43]. In recent years, research in the field of photocataly-
sis had made great strides and developments [44-49], which have
broken new ground for the formation of C-P bonds [50,51]. How-
ever, the photosensitizers used in these reactions were still con-
centrated in precious metals and organic dyes that were either
expensive or difficult to modify, which was inconsistent with the
concept of green chemistry and sustainable chemistry [52-54].
Compared with common photosensitizers, bismoviologens were
easily prepared and modified and had been successfully used in
the construction of C-C bonds [31]. The construction of C-P bonds
by photocatalysis usually involved the generation of radicals, and
bismoviologens could obtain an electron from the reactants un-
der light irradiation to promote the formation of radicals or rad-
ical cations. Therefore, it was promising and feasible to use bis-
moviologens as photosensitizers for the efficient construction of C-
P bonds. Because, pyrene exhibits a long luminescence lifetime and
strong light absorption, and it has been widely used to enhance the
light absorption performance in molecule design [55-57]. There-
fore, bonding pyrene with bismoviologens skeleton would further
improve the opto-electronic properties of bismoviologens and en-
hance the efficiency of photocatalytic reactions.

Based on the considerations, two pyrene-tethered bismoviolo-
gens were synthesized, and the opto-electronic properties of the
two molecules were fine-tuned by the number of substituents.
More importantly, they exhibited stronger performance of light ab-
sorption and faster photoinduced electron transfer process, thus
they were used as photosensitizers to achieve C(sp3)-P and C(sp?)-

P bonds formation under visible-light photocatalysis with high ef-
ficiency.

To obtain the desired materials required for photocatalysis, the
pyrene-tethered bismoviologens (Py-BiV2+) were prepared through
the reaction of dipyridinobismole (1) with 1-bromomethylpyrene
(2) (Scheme 1) [58]. Firstly, mono-pyrene substituted bismoviolo-
gen (MPy-BiV2+, 4) was synthesized by the reaction of 1 (1 equiv.)
and 2 (0.3 equiv.), followed by the methylation and anion exchange
simultaneously with excess methyl triflate (MeOTf). Then, the re-
action started from between 1 (1 equiv.) and 2 (6 equiv.), subse-
quently exchange anion to OTf with excess methyl triflate (MeOTf),
affording di-pyrene-substituted bismoviologen (DPy-BiV2*, 6). The
thermal properties of Py-BiVZ+ were examined by thermogravi-
metric analysis (TGA), which showed a slow weight loss up to
200°C and a rapid weight loss starting at approximately 300 °C,
indicating that Py-BiV3*+ were stable below 200°C (Fig. S1 in Sup-
porting information).

The solid structure of MPy-BiV2+ (4) was verified by single-
crystal X-ray diffraction analysis. As shown in Fig. 1, tricyclic units
exhibited almost complete planarity in the single-crystal structure
of 4 and the phenyl on the bismuth atom was nearly perpendicular
to the tricyclic units, which was in agreement with the previous
report [31]. The packing in 4 showed two different 7 —m stack-
ing interactions. The distance between the pyrene group and tri-
cyclic units of adjacent molecules is 3.441 A, which indicated 7w —m
stacking interactions, whereas the two pyrene groups of neighbor-
ing molecules showed a weaker 7w —m stacking interaction with a
distance of 3.469 A (Fig. S2 in Supporting information).

With the desired molecules in hand, the UV-vis absorption
spectra were collected in acetonitrile to investigate the opti-
cal properties. As shown in Fig. 2a, Py-BiV?+ displayed pro-
nounced absorptions peaks close to 350nm with molar absorp-
tion coefficients (¢) of 2.0 x 104L mol-! cm~! (4) and 2.1 x 10L
mol~! cm~! (6), respectively. A distinct shoulder was observed at

Fig. 1. X-ray single-crystal structure of 4 (thermal ellipsoids set at 50% probability,
H atoms are omitted for clarity).
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Fig. 2. (a) UV-vis spectra of Py-BiV?* in CH3CN, ¢~ 6.5 x 10~ mol/L; extrapolated band gaps (E,) and photographs of Py-BiV?* are shown as insets. (b) Photoluminescence
spectra of pyrene, Me-BiV, 4 and 6 in CH3CN under ambient conditions (Ex=340nm), photoluminescence spectra (insets) of pyrene, Me-BiV, 4 and 6 in CH3CN under
ambient conditions (Ex=365nm). (c¢) UV-vis spectra changes of 4 irradiated with UV in the presence of DIPEA under Ar atmosphere. (d) Solution-based ECD with 4 as an
electrochromic material. Spectroelectrochemistry of 4: (e) first reduction, (f) second reduction. (g) UV-vis spectra of radical cation (4’) and neutral species (4'').

273 nm for 4, 286 nm for 6. their molar absorption coefficients are
1.8 x 104L mol~! cm~! (4) and 1.6 x 104L mol~! cm~! (6). The re-
sult of absorption spectra led to a yellow color that is visible to
the naked eye. Besides, there was a weak absorption, which ex-
tended to about 450 nm. Compared with dimethyl bismoviologen
(Me-BiV), 4 and 6 showed a similar red-shifted absorption and
a reduced energy gap. This phenomenon stemmed from the el-
evation of HOMO energy levels since HOMO was located on the
electron-rich pyrene units. The photoluminescence spectra mea-
sure of pyrene, Me-BiV, and Py-BiV2+ ensued (Fig. 2b). When the
excitation wavelength is 340 nm, pyrene exhibited two characteris-
tic PL emission bands centered at 375 nm and 390 nm, whereas Py-
BiV2+ had virtually no emission peaks in these two regions. This
result indicated that the luminescence of the pyrene group in Py-
BiV2+ was quenched due to the accelerated photoinduced electron
transfer (PET) between pyrene and bismoviologen skeleton [59,60].
A similar phenomenon was observed at the excitation wavelength
of 365 nm.

As viologen derivatives, Py-BiV2* also showed good electron-
accepting ability. The acetonitrile solution of 4 and N,N-
diisopropylethylamine (DIPEA, electron donor) exhibited obvious
absorption peaks at ca. 400 nm and ca. 630 nm under white LED ir-
radiation, which implied the production of radical cations (4’) (Fig.
S3a in Supporting information). In comparison, the solution of Me-
BiV and DIPEA showed a very small change in UV-vis absorption
spectra (Fig. S3b in Supporting information). The increase in ab-
sorption strength at ca. 630nm of 4 is 2.5 times that of Me-BiV2+.
This result demonstrated that the photoinduced electron transfer
between 4 and DIPEA is much faster, because the strong light ab-
sorption of the pyrene group promotes the photoinduced electron
transfer (Scheme S1 in Supporting information). Since the absorp-

tion of the pyrene group is mainly in the ultraviolet region, the ab-
sorption intensity of the 4 and DIPEA solution at 630 nm was sig-
nificantly enhanced after UV irradiation, which meant more radi-
cal cations (4’) were generated (Fig. 2¢). The increase in absorption
strength at ca. 630 nm of 4 becomes 4 times that of Me-BiV (Fig.
S4 in Supporting information). The results suggested a more effi-
cient photoinduced electron transfer and further confirmed that 4
is easier to accept the electron than Me-BiV. The advantage laid a
foundation for 4 as a photosensitizer.

Py-BiV2+ could also be used as an electrochromic material. The
electrochromic devices (ECDs) consisting of two pieces of indium
tin oxide (ITO) and the DMF solution of Py-BiV2* without any
electrolytes were constructed. When adjusting the applied poten-
tial to —0.7V, 4-based ECD exhibited a color change from yellow
to blue-green (Fig. 2d), and in the case of 6-based ECD, a color
change had appeared from orange to blue-green (Fig. S6 in Sup-
porting information), which reflected that the dications (4 and 6)
were gradually reduced to radical cations (4’ and 6, Supporting in-
formation). When the applied potential was increased from —0.7 V
to —1.0V, the blue-green color of 4 or 6-based ECD faded away be-
cause of a decrease of radical cations (4’ and 6’) (Fig. 2d and Fig.
S6 in Supporting information). Subsequently, in situ spectroelectro-
chemistry experiments based on ECDs were carried out to investi-
gate the variation of the absorption spectra of Py-BiV2t+ with the
time of externally applied voltages. As shown in Fig. 2e, 4-based
ECD was gradually reduced and two distinct absorption peaks at
581 nm and 634 nm kept on rising accompanied by a weak absorp-
tion peak at 795nm with a voltage of —0.7V. By comparison, 6-
based ECD displayed the continuously increasing absorption peak
at 596 nm and 637 nm, and no significant absorption intensity was
observed in the near-IR region at —0.7V (Fig. S6). When the ap-
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plied potential was increased to —1.0V, the absorption intensity of
4/6-based ECDs in the visible region decreased to a certain extent
(Fig. 2f and Fig. S6). The phenomenon was associated with the re-
duction of the radical cations. The radical stability was tested, and
it could be found that the radical stability of 4-based ECD is four
times higher than that of Me-BiV (Fig. S7 in Supporting informa-
tion).

Meanwhile, the interactions of Py-BiV2t+ with the appropriate
chemical reagents led to additional two redox states, which exhib-
ited significantly different colors compared with the parent due to
differences in absorption spectra. Accordingly, the UV-vis absorp-
tion spectra of all species under argon were obtained. The addi-
tion of zinc powder to the DMF solution of 4 and 6 resulted in
the conversion of dications to the radical cations (4’ and 6’), and a
conspicuous absorption band was detected in the range of 500 nm-
800 nm accompanied by a color change from yellow or orange to
blue-green respectively (Fig. 2g and Fig. S7). The radical cations (4’
and 6’) were confirmed by electron paramagnetic resonance (EPR)
spectra (Fig. S11 in Supporting information). The further treatment
of radical cations (4’ and 6’) with Na resulted in yellow neutral
species (4" and 6"’), which showed a broad and attenuated absorp-
tion band in the visible region (Fig. 2g and Fig. S8 in Supporting
information). The results suggested that the phenomenon of chem-
ical reductions was consistent with that of electrochemical results.
Besides, the emission spectra of these reduced species were fur-
ther collected. As expected, radical cations (4 and 6’) and neutral
species (4 and 6'') showed significant photoluminescent proper-
ties (Fig. S9 in Supporting information).

The measure of cyclic voltammetry in dimethylformamide
(DMF) was carried out to investigate the electrochemical properties
of Py-BiV2+ and the results were summarized in Table S2 (Sup-
porting information). The cyclic voltammograms of two Py-BiV3+
showed two pairs of redox peaks at a sequence of scanning speeds
ranging from 10mV/s to 1000 mV/s, which is ascribed to two re-
versible redox reactions that were the innate nature of viologens
(Fig. S10 in Supporting information). Compared to previous stud-
ies, the first reduction of the 4 and 6 was more positive than that
of Me-BiV. This result implied that Py-BiV2+ are more capable of
accepting electrons than Me-BiV. Although the reduction potential
of 4 is slightly more negative than that of dibenzyl bismoviologen,
its stronger light absorption performance and more red-shifted ab-
sorption make it favorable for photocatalysis.

To gain deeper insights into the experimental results for Py-
BiV2*, the density functional theory (DFT) calculations were con-
ducted. The distributions of the HOMO and LUMO were depicted,
the HOMO distributions for 4 and 6 were similar, which were situ-
ated on the pyrene units, whereas the LUMO distributions were
mainly situated on the bismoviologen skeleton (Fig. 3, Figs. S21
and S22 in Supporting information). The slightly lower LUMO en-
ergy levels of Py-BiV2* than Me-BiV suggested that the reduc-
tion potential of Py-BiV2t was slightly more positive than that
of Me-BiV, which was in agreement with their reduction poten-
tial obtained by the measure of cyclic voltammetry. However, their
HOMO energy levels were higher than Me-BiV which led to a more
narrow energy gap, these results confirmed the red-shifted ab-
sorption band in both molecules. Predictably, the UV-vis absorp-
tion of theoretical calculations basically coincided with experimen-
tal data (Figs. S15-S20 in Supporting information). In the case of
4, The HOMO — LUMO+2 transition was mainly responsible for
the maximum absorption (Table S7 in Supporting information).
The maximum absorption of 6 principally originated from the
HOMO-1 — LUMO+2 transition and the HOMO — LUMO+3 transi-
tion (Table S8 in Supporting information). The energy gaps that
were separately calculated from the HOMO — LUMO+2, HOMO-
1— LUMO+2, and HOMO — LUMO+3 energy levels were similar

Chinese Chemical Letters 34 (2023) 107958

for 4 and 6 (Fig. 3), in agreement with the gained results of en-
ergy gaps from UV-vis absorption.

In addition, the electrostatic potential maps were presented in
different colours (Fig. S24 in Supporting information). For the di-
cations, the more positive electrostatic potential was observed on
three-membered heterocycles, relative to the radical cations, sug-
gesting that three-membered heterocycles served as the region of
accepting electrons when interacting with other compounds. The
charge distribution was separately calculated using natural bond
orbital (NBO) charges and Mulliken charges, which could be dis-
tinguished directly by the color of the spheroids (Figs. S25 and
S26 in Supporting information). The most negatively and the most
positively charged were indicated as the reddest and the greenest
spheroids, so the most positive atom was the bismuth atom, the
negative charge was mainly distributed on nitrogen atoms and car-
bon atoms that were directly connected to the bismuth atom.

The phosphorus-containing compounds are an essential organic
matter that has extensive application and their synthesis has
aroused increasing attention. Constructing C-P bonds by photore-
dox catalysis is considered a green and environmentally friendly
synthetic strategy [61,62]. To the best of our knowledge, the con-
struction of C-P bonds using viologen derivatives as photosensitiz-
ers has not been reported. Considering the previous research of
bismoviologens and the characteristics of Py-BiV2+ [31], an aero-
bic reaction of C(sp3)-P bond formation was carried out in the air.
Diethyl phosphite (8a) was selected as a model substrate for reac-
tion with N-phenyltetrahydroisoquinoline (7a), and 4 was used as a
photosensitizer and electron media (Scheme 2). The initial investi-
gation focused on the effect of solvents (Table S3, entries 1-7). The
experiment results revealed that the target product was formed in
moderate yield, when CH3CN, DMF, EtOH, THF, and acetone were
employed as solvents (entries 1-5). The reaction was carried out
in CH3O0H to provide the desired product (9a) in excellent yields
(90% yield, entry 7). In addition, H,O was used as the solvent and
obtained 32% yields of 9a (entry 6). Therefore, CH;0H was chosen
as a solvent to investigate the effects of other conditions. Lowering
the amount of catalyst to 1 mol% decreased the yield of 9a to 82%
(entry 8). Subsequently, a series of control experiments were car-
ried out. As expected, trace product was observed without photo-
sensitizers or light (entries 10-11), and a little of the product (14%
yield) was detected in argon (entries 9). The results showed that
the use of 4 as a photosensitizer was required. Replacing photo-
sensitizer 4 with other viologen derivatives led to a decrease in the
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of the C(sp?)-P bonds formation reaction.

yield of 9a (entries 12-14). Furthermore, the reaction of different
phosphite or phosphine oxides with N-aryltetrahydroisoquinoline
(7) could gain the desired products (9b-91) in moderate to good
yields (52%-95%) (Scheme 2b).

The thermodynamic feasibility of the photoinduced single elec-
tron transfer (SET) was analyzed by the oxidation-reduction poten-
tials. The exited state reduction potential of E(4*/4’) was calculated
to be +2.15V (vs. SCE) (see Supporting information for details).
The oxidation potential of the N-phenyltetrahydroisoquinoline
(7a) was +0.82V (vs. SCE) [61]. Therefore, the single elec-
tron transfer (SET) between N-phenyltetrahydroisoquinoline (7a)
and the excited 4 can occur smoothly. Next, the luminescent
quenching experiments of 4 were conducted with substrate N-
phenyltetrahydroisoquinoline (7a), leading to an obvious quenching
phenomenon (Figs. S13 and S14 in Supporting information).

The plausible mechanism of C(sp?)-P bond formation based on
the experimental results and related literature reports is depicted
in Scheme 2c [61,63-65]. Upon excitation of 4, a single electron
transfer from 7 to 4* occurred with the generation of the radi-
cal cation A and the radical cation 4’. The radical cation 4 was
oxidized by O, and regenerated ground state 4. Meanwhile, radi-
cal cation A lost a hydrogen atom by a radical anion to generate
iminium ion B, followed by trapping with nucleophiles to give the
desired product 9.

It is noting that the construction of C(sp2)-P bond is not a neg-
ligible part of the preparation of organophosphorus compounds,
and considerable efforts have gone into constructing the C(sp?)-P
bonds [66-68]. Photocatalytic dehydrogenation coupling reactions
provide a green and efficient method of C(sp?)-P bond formation
avoiding pre-functionalization of reactants [69,70].

Inspired by previous research [69,71], we started an investiga-
tion for photocatalytic aerobic C(sp?)-P bond formation of ben-
zothiazole derivatives with diphenylphosphine oxide with 4 as a
photosensitizer (Scheme 3). Firstly, the reaction conditions were

(a) O 4 ai N (0]
R1' >—H + H— P —R2 _Lar R1—: \>—||?|’—R2
H,0, hv 2~ fe

R?
10 8 1"
(b)
N Q Br NO % N @
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SO, O30 CRgO-
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(c)
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i -H n S 9
Ph—P—H Ph—p- S—B—pn
Ph Ph S N !
c N Ph
8 />_H
D
Py B.v2+ Py- BIV N
(4% ) 10 [e]}
s 9
OO
Py BiVZ* N Ph
(4) 0, 1

Scheme 3. (a) Visible-light-induced C(sp?)-P bonds formation catalyzed by Py-
BiV2*. (b) Substrate scope of the C(sp?)-P bonds formation reaction. (c) Proposed
mechanism of the C(sp?)-P bonds formation reaction.

optimized for the direct construction of the C(sp2?)-P bond. Vari-
ous solvents were examined in the air at room temperature (Ta-
ble S4, entries 1-6). When H,0 was used as the solvent, the
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desired product was provided in moderate yield (63%, entry 6).
The product was gained in good yield when increasing the amount
of diphenylphosphine oxide to 6 equiv. (88%, entry 7). Relevant
control reactions indicated that light, O,, and photosensitizer 4
are indispensable for this reaction (entries 8-10). Different can-
didates of viologens were examined, and investigations revealed
that 4 was the best photosensitizer for this transformation (en-
tries 11-13). With the optimal reaction conditions in hand, then
the substrate scope of this cross-coupling reaction was evalu-
ated. As summarized in Scheme 3b, a variety of benzothiazole
derivatives and diarylphosphine reacted smoothly to produce cor-
responding C(sp?)-P coupled products with good conversion yields
(56%-88%).

A plausible mechanism for the construction of C(sp?)-P bond
reaction is also proposed [71]. The excited state 4* interacted with
diphenylphosphine oxide 8, followed by deprotonation to access
the radical species C and radical cation 4’ .Then, the radical cation
4’ was oxidized by O, and regenerated ground state 4 to com-
plete the photocatalytic cycle. Meanwhile, radical species C at-
tacked benzothiazole 10 to furnish radical intermediate D, which
underwent rearomatization by oxidation and deprotonation to ob-
tain the final product 11 (Scheme 3c). Notably, this is the first time
that viologen derivatives were used as photosensitizers for visible-
light-induced C-P bond formation. The results demonstrated that
viologen derivatives have a wide application prospect in organic
photocatalysis.

In summary, we synthesized two bismoviologen derivatives (Py-
BiV2+) containing different numbers of pyrene groups. Adopting
diversified characterization methods investigated their optical and
electrochemical properties, which could be adjusted by the pyrene
group with good optical properties. The characterization not only
demonstrated the effect of the pyrene group, but also revealed
that Py-BiV2+ had strong light absorption performance and re-
versible redox processes. Py-BiV2*+ exhibited a faster and easier
photoinduced electron transfer process, and the generated 4’ (rad-
ical cation) showed 4 times more stability than Me-BiV. Py-BiV2+
were used as electrochromic materials and the corresponding elec-
trochromic devices had been assembled to exhibit multi-color dis-
plays. Simultaneously, Py-BiV2+ could be used as photosensitiz-
ers and exhibited excellent catalytic activity that had yields of up
to 95% for the construction of C(sp3)-P and yields of up to 88%
for the construction of C(sp?)-P bonds under visible light, respec-
tively. These results demonstrated that the Py-BiVZ+ are a class
of promising functional materials and promoted the development
of viologen derivatives and their application as photosensitizers in
photocatalysis.
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