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The supramolecular Forster resonance energy transfer (FRET) is seen as a promising approach for or-
ganic photocatalysis using dyes as catalysts, because it combines the high efficiency of energy transfer
with the dynamic responsiveness based on non-covalent interactions. Here we propose a supramolecu-
lar FRET photocatalysis strategy for «-oxyamination reaction based on supramolecular confinement effect.
The well-designed benzothiadiazole-based cationic monomer as energy donor and the dyes of Nile Red as
acceptor are doped into the amphiphilic surfactants of sodium dodecyl sulfate (SDS). Benefitting from the
supramolecular confinement space provided by SDS in aqueous environment, the FRET process between
the monomer and Nile Red is effectively achieved (exciton migration rate: 3.99 x 10" L mol-! s-1). On this
basis, the supramolecular FRET system is used as an efficient energy source to catalyze a-oxyamination
reactions between a series of 1,3-dicarbonyl compounds and 2,2,6,6-tetramethylpiperidine-1-oxyl under
white LED light, showing a yield as high as 94% and a turnover frequency value of 3.92 h-'. This photo-

catalytic result shows a great enhancement compared to that of Nile Red alone.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Over the past decade, extensive research has been conducted
in the realm of organic synthesis, with a particular focus on pho-
tocatalysis. This interest arises from the robust reactivity exhib-
ited by many organic catalysts, enabling the facilitation of unique
chemical reactions [1-4]. Typically, UV light serves as the exci-
tation source for most reactions [5]. However, the utilization of
this short-wavelength light not only results in the formation of
by-products but also poses potential harm to human health. To
address these concerns, organic dyes have emerged as promis-
ing alternatives for photocatalysts. Organic dyes, as photocatalysts,
offer distinct advantages. Their excitation range falls within the
visible region, enabling them to catalyze reactions under milder
conditions. Moreover, they present benefits in terms of synthesis,
scalability, ease of handling, and the capacity to choose from a
broad spectrum of organic compounds to finely adjust electronic
and photophysical properties [6-9]. Despite these advantages, tra-
ditional dyes like eosin Y and bengal rose red encounter challenges
in altering molecular structures, thus limiting the facile adjustment
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of the redox potential of the photocatalyst to suit different sub-
strates [10]. This limitation significantly constrains the advance-
ment of dyes in the domain of organic photoredox catalysis.

To address this challenge, various approaches have been pro-
posed to modify organic dyes, including the incorporation of tran-
sition metal complexes [11-13] and the development of heteroge-
neous catalysts [14-16]. However, these methods suffer from ineffi-
ciency to harvest the broadband light source and are often accom-
panied by adverse aggregation-caused quenching (ACQ) effect. As
an alternative, the supramolecular Forster resonance energy trans-
fer (FRET) system emerges as a promising avenue. This approach
capitalizes on the combination of high energy transfer efficiency
and dynamic responsiveness facilitated by non-covalent bonds [17-
27]. By incorporating acceptors of organic dyes into the donors
of supramolecular assemblies, thereby enabling the energy trans-
fer process, the ACQ effect can be significantly mitigated, leading
to an enhancement in photocatalytic efficiency. Several instances
of supramolecular FRET catalysis have been reported by Wang's
[28] and Zhang’s [29] groups, wherein the non-covalent bonds pre-
dominantly focused on host-guest interactions. Nevertheless, the
utilization of other types of supramolecular interactions to realize
FRET photocatalysis is not yet clear and needs to be developed, as
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Fig. 1. Schematic illustration of light-harvesting systems and their application in photocatalytic reactions.

it is essential for the improvement of photocatalytic efficiency of
dyes and the expansion of photocatalyst types.

The confinement effect, widely utilized as a constructional
strategy due to its spatial selectivity and the ability to increase
the number of active sites, finds extensive applications in organic
synthesis [30,31] and optoelectronics [32,33]. Integrating the con-
finement effect into supramolecular FRET catalysis offers a dual
advantage: not only does it bring the donor and acceptor into
closer proximity, enhancing FRET efficiency, but it also positions
the reactants closer to the catalyst center, thereby improving pho-
tocatalytic performance. Herein, we propose a supramolecular FRET
photocatalysis strategy, in which the supramolecular confinement
space is provided by the amphiphilic surfactants in an aqueous en-
vironment (Fig. 1). Specifically, a well-designed benzothiadiazole-
based C4-symmetric cationic monomer 1 is first synthesized, which
dopes into the matrix of sodium dodecyl sulfate (SDS) surfactant
to form the nanosheets of 1/SDS. 1/SDS acts as energy donor and
reactor chamber. Upon the addition of the acceptor of Nile Red
(NR) into 1/SDS, an efficient light harvesting system 1/SDS/NR is
successfully established. On this basis, 1/SDS/NR is employed as a
photocatalyst for the o-oxyamination reaction between a series of
1,3-dicarbonyl compounds (2) and 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) (3) in an aqueous condition under white LED light.
Comparative analysis with NR alone reveals a significant enhance-
ment in photocatalytic activity for 1/SDS/NR, achieving a yield as
high as 94% and a turnover frequency (TOF) value of 3.92 hl.
This marked improvement underscores the efficacy of the pro-
posed supramolecular FRET photocatalysis strategy.

Spectroscopic experiments were first performed for the de-
signed molecular 1. In particular, its UV-vis spectrum showed
two major absorption bands in diluted aqueous solution
(1.5 x 10> mol/L, 303 and 405nm, Fig. 2a, purple line). The
fluorescence spectrum showed an emission band centered at
525 nm (absolute fluorescence quantum yield, @ =40.96%, Fig. 2a
and Fig. S1 (Supporting information), which emitted a bright
green-yellow color under excitation (Fig. 2a, inset). By plotting
the emission of 1 against concentration, the critical aggregation
concentration (CAC) was determined to be 3.89 x 10~ mol/L (Fig.
S2 in Supporting information) [34]. Despite the large spectral
overlap integral (7.85x 10" nm* L mol-! ¢cm™') resulting from
the absorption of NR in aqueous solution and the emission of
1, indicating a potential for FRET to occur, the addition of NR

to an aqueous solution of 1 did not induce the occurrence of
the FRET process, even with an increased concentration above
the CAC (Figs. S3 and S4 in Supporting information). This lack of
FRET is attributed to the weak interactions between 1 and NR,
making it challenging to form aggregates in water. Consequently,
the distance between 1 and NR fails to meet the prerequisite
conditions (<10 nm) for the occurrence of FRET [35].

To minimize the distance between 1 and NR, we chose SDS
to provide confinement space for them. We first clarified the in-
teraction between SDS and 1. Upon gradually doping of 1 into
SDS, the original absorption band of monomer 1 underwent a
significant redshift, with three isosbestic points located at 312,
358 and 425nm (Fig. S5a in Supporting information). Similarly,
the emission band of 1 centered at 525 nm red-shifted to 550 nm
and accompanied by a significant decrease in emission inten-
sity (®@r=4.40%, Figs. S5b and Sla in Supporting information).
The morphologies of 1/SDS observed by transmission electron mi-
croscopy revealed the formation of nanosheets (Fig. 3a). Addition-
ally, the structure was confirmed through scanning electron mi-
croscopy and high-angle annular dark-field scanning transmission
electron microscopy (Fig. S6 in Supporting information), along with
energy-dispersive spectroscopy mapping (Fig. 3b). Moreover, the
aqueous solution of 1/SDS still maintained the same fluorescence
emission after 48 days and its melting temperature obtained from
the fitting was 320.51 K. These results proved that 1/SDS was very
stable in aqueous environment (Fig. S7 in Supporting information).

Subsequently, we investigated the FRET process between 1/SDS
and NR. Upon the gradual addition of NR to the aqueous solution
of 1/SDS, the intensity of the emission band centered at 550 nm
for 1 gradually decreased, accompanied by a significant enhance-
ment in the NR emission band centered at 638 nm (®r=5.07%,
Fig. 2b and Fig. S1b in Supporting information). The CIE coordi-
nates revealed a change in emission color from yellow to red (Fig.
2b inset and Fig. S8 in Supporting information). Notably, NR alone
exhibited barely observable emission bands at the same concen-
tration (Fig. S9c in Supporting information). Further insights into
the FRET behaviors between 1/SDS and NR were elucidated using
two-dimensional excitation spectra (Fig. 2c). Excitation within the
range of 300-450nm led to a decline in the emission of donor
1/SDS situated at 475-600nm, while the emission signals of ac-
ceptor NR at 613-700 nm exhibited a significant enhancement. The
spectral overlap integral of 1/SDS with NR was calculated to be
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Fig. 2. Photophysical properties of monomers 1 and 1/SDS/NR. (a) Normalized UV-vis absorption spectra of 1 and NR, and fluorescence spectra of 1 in water. Inset: the
photograph of 1 in H,0 under 365 nm excitation. (b) Steady-state fluorescent spectra changes of 1/SDS upon increasing the molar ratio of NR. Inset: the photograph of 1/SDS
at different concentrations of NR under 365nm excitation. (c) Two-dimensional excitation spectra of the 1/SDS and 1/SDS/NR (10 mol% of NR). (d) Fluorescence lifetime
decay profiles of 1/SDS upon increasing the molar ratio of NR. All the concentrations of 1 and SDS were fixed at 1.5 x 10~ mol/L and 1.8 x 10~* mol/L, respectively.

Fig. 3. Morphological studies for 1/SDS. (a) TEM and (b) EDS images of different
sample parts. The sample was obtained by slowly evaporating the aqueous solution
of 1/SDS ([1]=3.0 x 107> mol/L, [SDS] = 3.6 x 10~* mol/L).

4.02 x 10> nm* L mol~! cm™! (Fig. S9a in Supporting information).
This clearly indicated that the FRET behaviors could be well pro-
ceeded from 1/SDS to NR. Similarly, for other confiment matrixes
such as sodium dodecylbenzene sulfonate (SDBS) and sodium do-
decyl sulfonate (AS), the FRET process between 1 and NR can be
induced as well (Fig. S10 in Supporting information).

The mechanism of the FRET process was further elaborated.
As the molar ratio of NR increased, the fluorescence lifetime ()
of 1/SDS decreased gradually (from 3.62ns to 1.50ns, Fig. 2d). In
addition, the ratio plot of 1/SDS/NR (Ig3gnm/Is50nm) increased lin-
early as the NR molar ratio changed from 0.0 to 10.0 mol%, sug-
gesting that the acceptor was dispersed individually into the ma-
trix of 1/SDS (Fig. S9b in Supporting information). The ratio plot
reached a plateau at higher NR concentration, suggesting that the
dye had a tendency to form cluster in the 1/SDS matrix (Fig. S11 in
Supporting information). Importantly, based on the Froster mecha-
nism, the energy transfer efficiency and antenna effect were cal-
culated to be 86.0% and 12.0, respectively (Fig. S9d in Support-
ing information). Furthermore, the Stern-Volmer plots of the aver-
age 7 values and steady-state fluorescence intensity of 1/SDS did
not overlap at higher NR concentrations, which was characteris-
tic of the fluorescence quenching of 1/SDS comprising both dy-
namic and static quenching (Figs. S12a and b in Supporting in-
formation) [36]. Indeed, the calculated quenching efficiencies were

dominated by the dynamic quenching efficiency (n4y,) at low ac-
ceptor concentrations, while at high concentrations the 14y, and
static quenching efficiency (7stat) were close to each other during
the FRET process (Table S1 in Supporting information). We then
determined the number of donors quenched by a single acceptor
(n) using a mathematical model [37-40]. By plotting donor emis-
sion intensity versus acceptor concentration, a nonlinear curve fit-
ting yielded a value of n of 19, suggesting a moderate quenching
effect of acceptors on donors (Fig. S12c in Supporting information).
Coulombic homo-transfer was used here to illustrate excitation en-
ergy delocalization in 1/SDS/NR, which occurred as exciton diffu-
sion [41-43]. By plotting 1/t of 1/SDS against the concentration of
NR, the second-order exciton migration rate for NR was calculated
to be 3.99 x 10" L mol-! s~!, which represents a large value of the
FRET from 1/SDS to NR (Fig. S12d in Supporting information). All
these results manifested that we have successfully constructed an
efficient FRET system of 1/SDS/NR in aqueous solution.

Since efficient FRET system can be used as an energy source, we
then dedicated to exploring the potential of 1/SDS/NR in organic
photocatalysis. The «-oxyamination reaction was selected, which is
a useful transformation in organic synthesis [44,45]. Here we first
performed this reaction between ethyl 3-oxo-3-phenylpropanoate
(2a) and the free radical TEMPO (3) under visible light in aqueous
medium. It can be clearly seen in Table 1, the yield of 4a was dra-
matically increased when using the FRET system as a photocatalyst
compared to NR alone. In entry 1, the yield of 4a reached a max-
imum of 94% with a TOF value of 3.92 h™! (Fig. S13 in Support-
ing information). As a comparison, there was no product genera-
tion when NR was used alone (Table 1, entry 3), and its catalytic
activity was hardly observed (Fig. S14 in Supporting information).
However, when the FRET catalytic system was placed in a dark en-
vironment, no products were generated (Table 1, entry 2), suggest-
ing the importance of visible light in the catalytic cycle (Fig. S15 in
Supporting information). For the other control groups, if the pho-
tocatalytic systems of 1/SDS/NR miss one element, the product of
4a could not be efficiently obtained (Table 1, entries 4-9 and Figs.
$16-S20 in Supporting information). Based on the above results,
the photo-catalytic mechanism was then proposed. As shown in
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Table 1
Visible light induced photo-catalysis by FRET system.?
o} o "
@)\/COQH . N 1/SDS/NR @*(CO?E‘
>Lj< White LED light O;’é
H,0, r.t. N
2a 3 4a
Entry 1/SDS (mol%) NR (mol%) Yields of 4a (%) ® TOF (h™!)
1 7.5 1.5 94 3.92
2 7.5 1.5 n.r.¢ 0.00
3 None 1.5 n.I. 0.00
4 7.5 None 13 0.11
5 1 (7.5 mol%)d None 26 0.22
6 1 (7.5 mol%)? 1.5 27 0.23
7 SDS (90.0 mol%)® 1.5 .. 0.00
8 SDS (90.0 mol%)® None n.I. 0.00
9 None None n.I. 0.00

2 Reaction conditions: 3-oxo-3-phenylpropanoate 2a (0.002 mmol), 2,2,6,6-
tetramethylpiperidine-1-oxyl 3 (0.002 mmol), water (5mL), stirring at room tem-
perature.

b Crude yields determined from 'H NRM based on the starting material with in-
ternal standard 1,3,5-trimethoxy benzene. Philips 40 W LED bulb (4000 Lm, 6500K)
has been used as visible light source.

¢ The reaction was performed in dark.

4 Only 1 was used in the 1/SDS system.

¢ Only SDS was used in the 1/SDS system.

Table 2
Photo-catalysis by FRET system with different substrates.?

1 (7.5 mol%)
SDS (90.0 mol%)

0
i N NR (1.5 mol%) A’)K(COZH
.0 Mol7%

White LED light N
2 3 H,0, r.t. 4

Entry Ar Product (4) Yields (%)b TOF (h™!)

1 4-OMe-Ph (2b) 4b 90 3.00

2 4-F-Ph (2c) 4c 86 441

3 4-CI-Ph (2d) 4d 92 472

4 4-Br-Ph (2e) 4e 73 3.74

5 4-NO,-Ph (2f) af 64 8.53

3 Reaction conditions: 1,3-dicarbonyl 4 (0.002 mmol), 2,2,6,6-

tetramethylpiperidine-1-oxyl 3 (0.002mmol), water (5mL), stirring at room
temperature.

b Crude yields determined from 'H NMR based on the starting material with in-
ternal standard 1,3,5-trimethoxy benzene.

Fig. S26 (Supporting information), upon photoexcitation with visi-
ble light, 1/SDS transfers the energy to NR to form NR*. Then, as a
reductant, it transferred an electron to substrate 2 through a single
electron transfer process (SET). NR was recycled from the interme-
diate 5b through another SET process. Finally, radical 5¢ coupled
with radical TEMPO to form product 4.

Next, the scope of 1/SDS/NR as photocatalyst was explored us-
ing a series of substrates 2. As shown in Table 2, for all types of 2
with the electron-donating and electron-withdrawing groups, the
«-oxyamination reaction could well proceed. Specifically, electron-
donating groups resulted in an increase in reaction time (Table 2,
entry 1 and Fig. S21 in Supporting information, TOF =3.00 h~! for
4b versus 3.92 h~! for 4a). The halogen substituents of 2 exhibited
a similar photocatalytic result compared to 2a (Table 2, entries 2-
4 and Figs. S21-S24 in Supporting information). In contrast, strong
electron-withdrawing groups significantly shortened the reaction
time but with a relatively low yield (Table 2, entry 5 and Fig. S25
in Supporting information). This may be attributed to the decom-
position of the unstable product according to the literature [46]. All
these results clearly indicate that we have successfully constructed
a FRET system with great ability to catalyze organic reactions in
water with visible light sources.

Chinese Chemical Letters 35 (2024) 109757

In summary, we have successfully established a supramolecular
FRET photocatalytic system for «-oxyamination reaction. Benefiting
from the supramolecular confinement effect induced by SDS, the
FRET process between 1/SDS and NR can be efficiently achieved.
More importantly, the FRET system was used as an energy source
to catalyze the o-oxyamination reaction under visible light in an
aqueous solution, giving a significantly improved yield of 94% com-
pared to NR alone. This work not only represents a general ap-
proach to construct supramolecular FRET systems, but also opens
up a new avenue to organic photocatalysis.
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