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Engineered Polymeric Carbon Nitride for Photocatalytic Diverse 

Functionalization of Electronic-Rich Alkenes 

Youqing Yang,
‡[a,b] Jiwei Shi,

‡[b,c] Chenguang Liu,[b] Qiong Liu,[b,d] Jian Yang,[b] Xiaogang Tong,*[b,e] Jiong 

Lu,*[b] and Jie Wu*[b]

 

Abstract: Engineered polymeric carbon nitride represents a 

promising class of metal-free semiconductor photocatalysts for 

organic synthesis. Herein, we utilized engineered polymeric 

carbon nitride nanosheets, which exhibit an increased specific 

surface area and bandgap due to enhanced quantum 

confinement from vacancy enrichment. These nanosheets 

serve as a heterogeneous organic semiconductor photocatalyst 

to facilitate diverse functionalizations of electron-rich alkenes, 

including arylsulfonylation, aminodifluoroalkylation, and 

oxytrifluoromethylation. This catalytic system operates under 

mild conditions, offering excellent functional group compatibility 

and high yields. Additionally, the catalyst demonstrates 

outstanding recyclability and efficiency in flow reactors, 

highlighting its significant potential for industrial applications.

Introduction 

In the past decade, visible-light photoredox catalysis has 

emerged as a powerful tool in synthetic chemistry, facilitating 

bond formations through unique reaction pathways and 

modes.[1] Moreover, most photoreactions offer advantages such 

as mild reaction conditions, minimal waste generation, and the 

utilization of clean energy source. However, concerns regarding 

the high cost and toxicity of conventional photocatalysts, such 

as Ir(III) and Ru(II) complexes, have prompted researchers to 

explore alternatives like earth-abundant transition metals, 

metal-free organic dyes, and other commercial materials.[2] 

Among these alternatives, heterogeneous materials have 

gained prominence for their ease of removal and recyclability, 

presenting a promising alternative over homogeneous catalysts 

in photocatalytic reactions.[3] 
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Polymeric carbon nitride (PCN), composed mainly of carbon 

and nitrogen atoms in a graphitic structure, can be readily 

prepared from cost-effective and readily available bulk 

chemicals like melamine and cyanuric acid.[4] By modulating 

their properties, such as vacancy engineering, doping, and 

structure engineering, PCN has become one of the most 

appealing materials for heterogeneous photocatalysis.[5] 

Notably, PCN nanosheets (CNNs), characterized with a large 

specific surface area and the presence of vacancies, have 

demonstrated promising photocatalytic efficiency.[6] In 2021, we 

developed two types of heteroatom-doped PCN nanosheets 

(SCN-V and BSCN-V) by integrating nanostructure construction, 

heteroatom doping, and vacancy engineering into one hybrid 

platform, thereby demonstrating superior photocatalytic 

activities in a variety of organic photochemical transformations, 

such as defluoroborylation, [2+2] cycloaddition, C–N, C–S, C–O 

cross-couplings, and regioselective hydrosilylation.[7] On the 

other hand, PCN's successful application in continuous flow 

platform has overcome the challenge of limited light penetration 

in heterogeneous solid-liquid reaction mixtures, rendering it 

suitable for industrial applications.[8] Therefore, PCN's merits 

prompted us to further improve their capabilities and explore 

their application to other types of photochemical reactions. 

The functionalization of alkenes has significantly enriched the 

toolkit of complex organic molecules in medicinal and materials 

science.[9] Compared to the conventional transition-metal 

catalysis (Scheme 1a),[10] photocatalysis has emerged as an 

efficient and sustainable strategy for alkene functionalization in  

Scheme 1. (a) Transition-metal catalyzed functionalization of 
alkenes. (b) Photo-induced functionalization of styrene and 
electron-deficient alkenes. (c) This work: the utilization of 
CNNs-3 as heterogeneous photocatalyst for diverse 
functionalization of electron-rich alkenes. 
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recent years.[11] However, the main focus of these 

transformations is currently on styrene and electron-deficient 

alkenes (Scheme 1b).[12] The photocatalyzed functionalization 

of electron-rich alkenes containing oxygen, nitrogen, or sulfur 

atoms remains underexplored.[13] This is largely due to the 

profound electronegativity and the repulsion effect from their 

lone-pair electrons of these heteroatoms, which significantly 

reduce their reactivity and selectivity.[14] Pioneer work has been 

achieved by Barton and colleagues in 1994, yielding 

selenoethers with excellent yield and regioselectivity from Se-

phenyl selenosulfonates and vinyl ethers by using 

Ru(bpy)3
2+/visible-light system.[15] In 2018, Yoshimi and co-

workers documented a photoinduced redox system using 

biphenyl (BP) and 1,4-dicyanonaphthalene (DCN) as an 

organic photocatalyst for the preparation of cross-coupling 

adducts between electronically-differentiated donor and 

acceptor alkenes containing a nucleophile under mild 

conditions.[16] More recently, Glorius and co-workers disclosed 

a base-controlled strategy toward the reincorporation/release of 

SO2 in photocatalyzed radical difunctionalization of alkenes.[17] 

In addition to vinyl ethers, the photocatalyzed difunctionalization 

of enamides and enecarbamate have been reported by 

Studer,[18] Fu,[19] Li,[20] and other groups,[21] enabling the 

synthesis of α,β-substituted amines through oxyalkylation and 

oxy-/amino-carbotrifluoromethylation. Despite these progresses, 

the pursuit of more straightforward and environmental-friendly 

strategies for the functionalization of electron-rich alkenes is of 

high synthetic significance. 

 
Figure 1. (a) Procedure of preparing CNNs. (b) TEM of CNNs-3. (c) AFM of CNNs-3 with height profile inset. (d) XRD of CNNs. 

(e) XPS survey spectra of CNNs. The peaks at 286 eV, 397 eV, and 530 eV belong to the C 1s, N 1s, and O 1s regions, 

respectively. (f) FTIR of Bulk-CN, CNNs-1, CNNs-2 and CNNs-3. The peak at 810 cm⁻1 is attributed to the bending vibrations of 

the heptazine ring, the peaks in the 1200 to 1600 cm⁻1 range correspond to C-N and C=N bonds. The broad peak in the 3000-

3300 cm⁻1 region is associated with N-H and O-H bonds. (g) BET surface areas of CNNs. 
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In this study, we present a straightforward and practical 

protocol for the functionalization of electron-rich alkenes using 

engineered ultra-thin CNNs as photocatalysts, including 

arylsulfonylation, aminodifluoroalkylation, and 

oxytrifluoromethylation (Scheme 1c). Moreover, the CNNs 

employed in these heterogeneous photocatalyzed reactions are 

easily prepared from inexpensive and readily available starting 

materials via several rounds of calcination under the air. Our 

approach demonstrates a high isolated yield and a broad 

substrate scope, offering a practical solution for 

functionalization of electron-rich alkenes. 

Results and Discussion 

Preparation and structure characterization of CNNs 

Using inexpensive dicyandiamide as the precursor, we first 

synthesized the Bulk-CN and subsequently transformed it into 

three kinds of CNNs materials (CNNs-1, CNNs-2 and CNNs-3) 

through straightforward consecutive thermal exfoliation 

processes in air (Figures 1a and S1). Transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM) 

images revealed the transformation of the bulk PCN to two-

dimensional lamellar-like structures (Figures 1b, S2 and S3). 

Atomic force microscopy (AFM) image confirmed that the 

average thickness of CNNs-3 is approximately 2.4 ± 0.19 nm 

(Figures 1c and S4), providing clear evidence of successful 

exfoliation to atomically thin nanosheets. The X-ray diffraction 

(XRD) patterns of CNNs closely resembled those of Bulk-CN, 

featuring two characteristic peaks at 13.2° and 27.8° 

corresponding to (100) and (002) crystal planes (Figures 1d 

and S5).[22] The peaks in the CNN exhibit slight shifts ((100) 

peak to a lower angle, (002) peak to a higher angle) and a 

reduction in intensity, attributed to the thermal "etching effect" 

causing the in-plane layer size to become smaller (observed in 

the (100) peak) and decreases in interlayer stacking due to the 

planarization of undulating single layers caused by heating 

(seen in the (002) peak).[23] X-ray photoelectron spectroscopy 

(XPS) measurements further revealed that the chemical states 

of carbon and nitrogen in CNNs-3 were identical to those in 

Bulk-CN, as evidenced by the absence of significant binding 

energy shifts in the core-level C1s and N1s spectra (Figures 1e 

and S6). Furthermore, the Fourier transform infrared (FT-IR) 

spectra indicate that the characteristic peaks of the C-N 

heterocycles contained in CNNs-3 and Bulk CN are almost 

identical (Figure 1f), revealing their similar chemical 

structures.[24] The typical vibrational mode of the melamine 

heptazine ring is observed at 810 cm−1, while the peaks in 1200 

to 1600 cm−1 region are attributed to the characteristic 

stretching modes of the C−N heterocycles. Multiple broad 

peaks in the 3000-3300 cm-1 are assigned to the stretching 

modes of N-H and O-H bonds, possibly because of the amino 

groups and surface-absorbed H2O molecules.[25] It is worth 

noting that all peaks of CNNs-3 are sharper than those of BCN, 

which is due to the more ordered stacking of hydrogen-bond 

cohered long strands of polymeric melon units that survive 

thermal exfoliation.[24] Additionally, the Brunauer-Emmett-Teller 

(BET) specific surface area of CNNs also enhances with 

increasing thermal exfoliation (Figure 1g). Notably, the specific 

surface area of CNNs-3 is calculated to be 178.9 m2 g-1, which 

is approximately 29 times larger than that of Bulk-CN (6.1 m2 g-

1), which could provide numerous active sites for surface 

adsorption and activation of reactive species, facilitating 

photocatalytic interfacial reactions.[26] Overall, all CNNs 

maintain a similar crystal structure to bulk carbon nitride but 

exhibit distinctive surface properties with significantly larger 

specific surface area. These characteristics may enhance their 

catalytic performance, rendering them to possess efficient 

catalytic activity for various photocatalytic reactions. 

Optical properties and band structures of CNNs 

The optical absorption characteristics of all CNNs were 

investigated using ultraviolet-visible diffuse reflectance 

spectroscopy (UV-vis DRS), and the bandgap energies were 

determined through the Kubelk-Munk method.[27] In comparison 

to Bulk-CN, CNNs exhibited a blue-shifted absorption edge, 

signifying an enlarged bandgap. This is presumably due to the 

strong quantum confinement effect of the formed ultrathin 

nanosheet structure, which causes the edges of the conduction 

and valence bands to shift in the opposite direction (Figure 

2a).[24] Specifically, the thermal exfoliation gradually increases 

the bandgap of Bulk-CN (2.51 eV) to that of CNNs-3 (2.82 eV). 
The valence band XPS spectra further corroborated this result, 

showing a significant increase in the valence band maximum 

from Bulk-CN to CNNs-3 (Figure S11).[28] 

The flat band potentials were estimated from the intercept of 

the extrapolated lines in Mott-Schottky (M-S) plots (Figure 2b), 

with CNNs-3 displaying the highest potential among the 

samples (-1.17, -1.21, -1.24, and -1.31 V (vs. Ag/AgCl) for Bulk-

CN, CNNs-1, CNNs-2, and CNNs-3, respectively). Moreover, 

 
Figure 2. (a) UV-Vis spectra of CNNs. (b) Mott–Schottky plots 

of CNNs. (c) Band gap of CNNs. (d) Steady state PL spectra of 

CNNs. (e) EIS Nyquist plots of CNNs. (f) Designed reaction 

model. 
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the positive slopes indicating an n-type semiconducting 

character for all CNNs samples. As the conduction band 

potential (ECB) of n-type semiconductors is generally higher 

than the flat band potential by approximately 0.2 V, the ECB are 

estimated to be -1.41, -1.45, -1.48 and -1.55 eV (vs. SCE) for 

Bulk-CN, CNNs-1, CNNs-2, and CNNs-3, respectively (Figure 

2c).[29] 

Additionally, the increasing bandgap from Bulk-CN to CNNs-

3 was corroborated with the blue shift in the photoluminescence 

(PL) spectrum (from 468 nm to 455 nm, Figure 2d). The 

decreasing PL intensity indicates enhanced electron-hole 

separation efficiency across the CNNs, leading to lower 

recombination rate of electrons and holes, consequently 

increasing the photocatalytic activity.[30] The separation 

efficiency of electron-hole pairs was further revealed through 

time-resolved photoluminescence (TRPL) spectroscopy, 

surface photovoltage (SPV) spectroscopy, and transient 

photocurrent density measurements. The average fluorescence 

lifetime of CNNs-3, calculated from the TRPL spectra (Figure 

S7), was found to be 11.7 ns, shorter than that of bulk-CN (15.3 

ns), CNNs-1 (14.5 ns), and CNNs-2 (13.6 ns). These results 

demonstrate the efficient charge transfer in photocatalytic 

reactions.[31] A distinct positive SPV response was observed for 

the different materials within the 300-450 nm range (Figure S8), 

which is a characteristic of n-type semiconductors. [28] This SPV 

response indicates that, with progressive thermal exfoliation, 

the response intensity gradually increases, confirming that 

CNNs-3 is the most effective in separating photogenerated 

electron-hole pairs. Compared to bulk-CN, CNNs-1, and CNNs-

2, CNNs-3 exhibited the highest photocurrent, indicating the 

most efficient charge separation under light irradiation. The 

lower recombination and charge transfer rate over CNNs were 

also supported by electrochemical impedance spectroscopy 

(EIS) Nyquist plots, where the diameter of CNNs-3 is 

dramatically reduced compared to Bulk-CN (Figure 2e).[27] 

Lastly, the efficient charge transfer rate was further verified by 

the enhancement of the electron spin resonance (ESR) signal 

at g=2.0 over CNNs-3 (Figure S13), further corroborates the 

enhanced charge transfer rate in vacancy-rich CNNs. This is 

verified by the gradually enhanced ESR intensity along with the 

enhanced vacancy concentration within CNNs.[32] Taking all the 

above results, CNNs-3 exhibits the greatest separation ability 

for electron-hole pairs among the CNNs, where the excited 

electrons can be efficiently transferred to target molecules that 

absorbed on the surface. This distinct capability could be 

harnessed for generating radicals via single electron transfer 

(SET), offering intriguing possibilities for organic chemistry 

applications (Figure 2f). 

Investigation of reaction conditions 

With different PCNs prepared, our investigation commenced 

with the arylsulfonylation of electron-rich alkenes, using tosyl 

chloride (1a) and ethyl vinyl ether (2a) as the model substrates 

under an argon atmosphere in MeCN and irradiated with 456 

nm LED light (40 W) at room temperature for 12 h (Table 1). 5 

mg of PCN were used for the screening, and improved yield of 

desired product 3a from 39% to 94% was obtained with 

increasing etchings from Bulk-CN to CNNs-3 (entries 1-4). 

Furthermore, the catalytic performance of CNNs-3 surpassed 

well-established homogeneous and heterogeneous catalysts, 

such as g-C3N4, mpg-C3N4, K-PHI, Ir(ppy)2(dtbbpy)PF6, and 

Ru(bpy)3(PF6)2 (entries 5-9). The superior performance of 

CNNs-3 over other carbon nitride forms could be attributed to 

its distinct advantages, including an outstanding specific 

surface area (178.9 m2/g) and pore volume (1.97 m3/g), 

ultrathin nanosheets with a porous architecture, and enhanced 

charge separation at the reactive sites (bandgap, 2.82 eV). 

Further evaluation of various bases identified LiOH as the 

optimal choice (Table S3). Intriguingly, the absence of LiOH led 

to the detection of only 5% of the product, underscoring the 

indispensable role of the base (Table 1, entry 10). The choice 

of solvent also proved to be crucial, with dioxane yielding a 

modest 38% yield (entry 11). Notably, control experiments 

conducted in the absence of light exhibited no transformation, 

confirming its photoinduced nature (entry 12). 

Scope for the arylsulfonylation reaction 

Under the optimal reaction conditions (Table 1, entry 4), we 

embarked on investigation of the substrate scope for the 

arylsulfonylation reaction, encompassing a diverse array of 

electron-rich alkenes and arylsulfonyl chlorides (Table 2a). A 

wide range of alkenes, including vinyl ethers (2a, 2b, 2c, 2d), 

2,3-dihydrofuran (2e), ethyl(vinyl)sulfane (2f), N-vinyl amides 

(2g, 2h, 2i), and 9-vinyl-9H-carbazole (2j), were suitable 

substrates in this protocol, yielding products 3a-3j in 49-93%  

Table 1. Optimization of arylsulfonylation of electron-

rich alkenesa 

 

Entry Catalyst (mg) Base Solvent 
Yield 
(%)b 

1 Bulk-CN (5) LiOH MeCN 39 

2 CNNs-1 (5) LiOH MeCN 58 

3 CNNs-2 (5) LiOH MeCN 68 

4 CNNs-3 (5) LiOH MeCN 
94 

(93)c 

5 g-C3N4 (5) LiOH MeCN 44 

6 mpg-C3N4 (5) LiOH MeCN 68 

7 K-PHI (5) LiOH MeCN 61 

8 
Ir(ppy)2(dtbbpy)PF6 

(1.8) 
LiOH MeCN 5 

9 
Ru(bpy)3(PF6)2 

(1.7) 
LiOH MeCN 30 

10 CNNs-3 (5) -- MeCN 5 

11 CNNs-3 (5) LiOH Dioxane 38 

12d CNNs-3 (5) LiOH MeCN 0 

Reaction conditions: a1a (0.1 mmol), 2a (0.25 mmol), catalyst 
and LiOH (1.5 equiv.) in 1.5 mL MeCN under 456 nm LED 
light (40 W) at room temperatre under argon for 12 h. bYields 
were determined by 1H NMR spectroscopy with CH2Br2 as an 
internal standard. cIsolated yield. dThe reaction was conducted 
in dark. 
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Table 2. Scope for the arylsulfonylation reaction. a1 (0.1 mmol), 2 (0.25 mmol), CNNs-3 (5 mg) and LiOH (1.5 equiv.) in 1.5 mL 

MeCN, irradiated by 456 nm LED light at room temperature under Ar for 12 h. b1 (0.1 mmol), 2 (0.25 mmol), CNNs-3 (5 mg) and 

K3PO4 (1.5 equiv.) in 1.5 mL MeCN, irradiated by 456 nm LED light at room temperature under argon for 12 h. Scope for the 

aminodifluoroalkylation reaction. 2 (0.1 mmol), 4 (0.2 mmol), CNNs-3 (5 mg) and LiOtBu (1.5 equiv.) in 1.5 mL MeCN, irradiated 

by 456 nm LED light at room temperature under Ar for 12 h. Scope for the oxytrifluoromethylation reaction. 2 (0.1 mmol), 6 (0.15 

mmol), CNNs-3 (5 mg) in 1.5 mL dioxane, irradiated by 456 nm LED light at room temperature under argon for 12 h.

yield. Specially, minor adjustment of base in reaction 

conditions for the N-vinyl substrates (2g-2j) was performed, 

changing to K3PO4 from LiOH. Aside from tosyl chloride, a 

range of aryl and heteroarylsulfonyl chlorides were viable 

substrates in this protocol. Notably, benzenesulfonyl chloride 

afforded product 3k with an exceptional yield of 95%. Bulkier 

substrate like naphthalene-1-sulfonyl chloride also led to 

product 3l in a commendable 78% yield. Diverse electron 

withdrawing group, such as ortho-fluoro (3m), meta-chloro 

(3n), meta-bromo (3o), para-trifluoromethyl (3p), and 

perfluorophenyl (3q), could be introduced on the phenyl 

moiety of arylsulfonyl chlorides without a substantial impact 

on the reaction efficiency, affording the corresponding 

products in generally high yields (85-97%). Additionally,  
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Figure 3. a. Recyclability experiments. b. Reaction scale-up with a circulated-flow reactor. 

Figure 4. Mechanistic studies. a. Mechanistic investigations. b. Proposed mechanisms.
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various heteroaryl sulfonyl chlorides, such as ortho-thienyl (3r), 

meta-thienyl (3s), and meta-pyridyl (3t), participated smoothly 

in the reaction, delivering the corresponding products with good 

to excellent yields (80-95%). 

Scope for the aminodifluoroalkylation reaction 

In a continued effort to showcase the versatile utility of 

CNNs-3 as a photocatalyst for electron rich alkene 

functionalization, we extended our investigation to the 

aminodifluoroalkylation reaction by using 2-bromo-2,2-difluoro-

N-arylacetamide (4) as the partner and LiOtBu as the base 

(Table S6). Our exploration of the substrate scope for the 

aminodifluoroalkylation reaction is outlined in Table 2b. A series 

of vinyl ethers were proved amenable, providing corresponding 

products (5a-i) in the range of 42-95% with 2-bromo-2,2-

difluoro-N-phenylacetamide substrate. Notably, this method 

could furnish bicyclic lactam (5j) by using 2,3-dihydrofuran as 

the alkene substrate, albeit with a modest yield (36%). Next, 

thescope of 2-bromo-2,2-difluoro-N-arylacetamide partner was 

also examined with ethyl vinyl ether (2a) under standard 

conditions. The methodology facilitated the synthesis of diverse 

α,α-difluoro-γ-lactam products with N-aryl 

bromodifluoroacetamides 4 bearing diverse substitution 

patterns and functional groups on the aryl scaffolds, such as 

meta-methyl (5k), meta-methoxy (5l), para-phenyl (5m), para-

trifluoromethoxy (5r), and meta-methylthio (5s), affording in 

good to excellent yields (78-92%). Notably, this method could 

lead to the incorporation of halogens, resulting in the synthesis 

of α,α-difluoro-γ-lactams bearing ortho-fluoro (5n), para-fluoro 

(5o), para-chloro (5p), and para-bromo (5q) substituents, with 

yields ranging from 70% to 92%. Corresponding products 

bearing chloro- and bromo- substituents are valuable, due to 

their great potential downstream functionalization via 

subsequent cross-coupling transformations. Furthermore, the 

method accommodated more intricate structures, resulting in 

the para-pyridyl products in good yield (5t). 

Scope for the oxytrifluoromethylation reaction 

We further ventured into the trifluoromethylation reaction – a 

prominent area in organic chemistry – to enable efficient 

addition of trifluoromethyl groups to electron-rich alkenes. 

Despite the progress made with copper-based catalysts and 

photocatalysis, the heterogeneous catalysis is rarely studied.[33] 

Leveraging the efficiency of CNNs-3, we successfully 

accomplished the oxytrifluoromethylation of electron-rich 

alkenes using Togni reagent with high chemical selectivity 

(Table S7). The scope of various alkene substrates for 

oxytrifluoromethylation was examined (Table 2c). Specifically, 

various vinyl ethers were feasible in this protocol, yielding 

products (7a-7g) with 55-93% yields. Encouraged by these 

outcomes, we extended the evaluation to other alkene types 

with N-vinyl amides moiety. Notably, this oxytrifluoromethylation 

protocol led to the corresponding products 7h and 7i in good 

yields, suggesting that the methodology holds promise for the 

preparation of trifluoromethyl amides. 

To demonstrate the practicality of our protocol with CNNs-3 

as photocatalyst, we evaluated the scalability of the amino 

difluoroalkylation reaction under standard conditions (Figure 3a). 

First, the reaction was readily scaled-up to 2 mmol of 2a without 

compromising its efficiency. Moreover, CNNs-3 catalyst was 

recovered and reused for another reaction to investigate its 

recyclability. Remarkably, after ten reaction cycles, the catalytic 

activity remained consistently high (up to 83% yield of 5a), 

highlighting the robust stability and recyclability of CNNs-3. The 

enduring catalytic performance was corroborated by XRD and 

FTIR analysis, revealing negligible structural changes in CNNs-

3 before and after ten runs, affirming its stability throughout the 

reaction process. Additionally, a gram-scale reaction with 110 

mmol of 4a (27.5 g) and 55 mmol of 2a (3.96 g) was conducted 

to reinforce its practicality (Figure 3b). To ensure uniform light 

penetration over the reaction mixture and prevent blockages 

caused by heterogeneous catalysis, a high-speed circulated-

flow synthesis using tubular reactor was conducted at a flow 

rate of 190 mL/min.[34] Notably, the reaction yield reached 68% 

in just 2 hours and eventually up to 96% (12.7 g) in 10 hours. 

The high efficiency of circulated-flow reactions not only 

confirms practicality of our protocol but also emphasizes its 

potential for future industrial application. 

Mechanistic Investigations and Proposed Mechanism 

To investigate the reaction mechanism, a series of control 

experiments were conducted for the aminodifluoroalkylation 

reaction (Figure 4a). Firstly, adding the commonly used radical 

inhibitors, such as 2,2,6,6-tetramethylpiperidinyloxy (TEMPO), 

1,4-dinitrobenzene, and butylated hydroxytoluene (BHT), 

resulted in no detection of the corresponding product 5a under 

standard conditions, suggesting involvement of radical 

intermediates. Next, when NaOAc was used in the place of the 

bulky base LiOtBu, an 82% yield of product 5u was isolated 

from the reaction mixture, supporting for the formation of 

carbocation at the α-position to the oxygen atom. Furthermore, 

this cation-trapping experiment also indicates that a strong 

base is required to deprotonate the amide proton for the 

lactamization. The necessities of light were further supported by 

the light on/off experiment with the arylsulfonylation reaction, 

where no reaction occurred in the absence of light. Additionally, 

Stern-Volmer quenching experiments between CNNs-3 and 4a 

indicated that 4a could act as a quencher within a reductive 

quenching cycle (see SI for similar studies with 1a and Togni 

reagent 6). The quantum yields were determined to be 0.32, 

0.31, and 0.20 for the arylsulfonylation, aminodifluoroalkylation 

and oxytrifluoromethylation reactions, respectively. These 

results provided compelling evidence for the photocatalyzed 

radical pathway with the CNNs-3, including arylsulfonylation, 

aminodifluoroalkylation, and oxytrifluoromethylation reactions. 

Based on the mechanistic investigations and previous studies, 

plausible reaction mechanisms are outlined in Figure 4b. 

Photoexcited electron-hole pairs on the surface of CNNs-3 act 

as redox centers and initiate the reaction by generation of 

radicals (R'•) from the corresponding sulfonyl chlorides 1a (Ered 

= −1.36 V vs. SCE), 2-bromo-2,2-difluoro-N-arylacetamides 4a 

(Ered = −1.09 V vs. SCE) or Togni reagent 6 (Ered = −1.25 V vs. 

SCE) at the conduction band (CB). The generated radicals (R'•) 

subsequently added to the alkene substrates to form the radical 

intermediate I. Subsequent single-electron oxidation of the 

radical intermediate I at the valence band (VB) of CNNs-3 leads 

to the formation of carbocation intermediate II. Depending on 

the reaction conditions, the carbocation intermediate II could 

undergo either deprotonation in the presence of a base to form 

the arylsulfonylation products, or nucleophilic attack in the 

10.1002/anie.202417099

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.

 15213773, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202417099 by N

ational U
niversity O

f Singapo, W
iley O

nline L
ibrary on [25/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



RESEARCH ARTICLE          

 

 

 

 

presence of nucleophiles to afford the aminodifluoroalkylation 

products (with the amide nitrogen as the nucleophile), or the 

oxytrifluoromethylation with the carboxylate counterpart of 

Togni reagent as the nucleophile. 

Conclusions 

In summary, we developed an engineered polymeric carbon 

nitride nanosheet (CNNs-3) as a promising class of metal-free 

semiconductor photocatalysts, easily prepared from cheap and 

readily available starting materials via several rounds of 

calcination under air. The excellent catalytic efficiency of CNNs-

3 can be attributed to its augmented specific surface area, 

enlarged band gap, and the enrichment of vacancies. 
Specifically, the vacancies in CNNs-3 effectively capture 

electrons and prevent their recombination with holes, thereby 

significantly enhancing the electron-hole separation efficiency, 

which is a critical factor determining their catalytic performance. 

Our protocol, operating under mild conditions, demonstrates 

good functional group tolerance and high practicality in diverse 

functionalization of electron-rich alkenes, including 

arylsulfonylation, aminodifluoroalkylation and 

oxytrifluoromethylation. The observed recyclability of CNNs-3 

and its exceptional performance in large-scale flow synthesis 

suggest promising avenues for its utilization in an industrial 

setting and inspire further advances in the development of 

green and sustainable heterogeneous photocatalysis. 
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