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ABSTRACT 

The increasing interest in efficient organic synthesis by applying solar radiation has propelled 

a surge in the demand for introducing new types of photocatalysts in synthetic toolboxes. 

During the last few decades, tremendous efforts have been invested in developing low-cost, 

non-toxic, stable, and potent photocatalysts. In this perspective, Cesium Lead Halide 

perovskite (CsPbX3) nanocrystal has emerged as a brand new photocatalyst, creating a 
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renaissance in pioneering organic photochemistry with its enchanting optoelectronic features. 

Due to their unique band structure, tunable bandgap, and near unity quantum yield, these highly 

fluorescent nanocrystals are exceptional candidates to catalyze numerous fundamental organic 

transformations by absorbing energy from ultraviolet to visible regions. Also, anion metathesis, 

long average excited state lifetime, tunable morphology, and photo-generated charge carriers, 

make them capable of a broader range of organic substrate activation in bench-stable 

conditions. These nanocrystals are well known for their superb power conversion efficiency 

(PCE) of solar radiation which reached up to 26.3% in the last few years, and its potential has 

already surpassed everyone’s expectations in multiple fields like photovoltaics, 

photoelectronics, lasers, scintillators, etc. But, its use in photo organic chemistry just started 

and we believe this typical promising material is going to fetch a new era in the field of organic 

photocatalysis. This comprehensive review systematically summarizes the development made 

over CsPbX3 perovskite catalysis in the last few years by assembling pieces of literature on 

perovskite-based organic reactions. And also, explores the intricacies of the underlying 

mechanistic cycles and discusses limitations with future scope of exploration.  

 

KEYWORDS: CsPbX₃ Perovskite Nanocrystals; Visible-Light Photocatalysis; Organic 

Transformations; Tunable Bandgap; Photogenerated Charge Carriers  

 

INTRODUCTION 

A. Photocatalysis – The beginning  

Life was initiated on this planet when Mother Nature started storing solar energy in the form 

of glucose by using chlorophyll as the catalyst through a process called ‘Photosynthesis’. And, 

by mimicking natural photosynthesis1, when a chemical compound catalyzes an organic 
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reaction by absorbing light as a form of energy is termed as ‘Photocatalysis’2-4. In the early 19th 

century, idea of the photocatalysis was invented and people started to photolyze organic 

compounds by using sunlight or mercury lamps5. At the end of the 20th century, significant 

advances were achieved in this field with the use of versatile compounds as photocatalysts 

including ketones6, nitriles7, organic dyes8, metal salts, etc. Eventually, photocatalysis emerged 

as a separate discipline in synthetic organic chemistry to serve the natural tendency of storing 

solar radiation in chemical bonds. After that, the discovery of transition metal complexes’ 

ability to absorb light and catalyze photo organic reactions marked a major turning point, when 

the concept of a photocatalyst was modified with a completely new idea9-12. And, this discovery 

resulted in the search for a much superior photocatalyst in different fields of science including 

semi-conductor, inorganic salts, MOFs, COFs, etc. The search for a photocatalyst never ended 

after that, and demand increased for a much more efficient photocatalyst day by day. In this 

contest, Cesium Lead Halide perovskite (CsPbX3) nanocrystal emerged as a brand new 

photocatalyst13-14, creating a renaissance in pioneering organic photochemistry with its 

enchanting features15-17.  

B. Perovskite Era 

Any material with a formula ABX3 is termed Perovskite where ‘A’ and ‘B’ are typically cations 

with a large size difference and ‘X’ is an anion like halide or oxide. Perovskites like calcium 

titanate (CaTiO3) existed in nature since ancient times, but their potential was unknown and 

disclosed only after the arrival of its Lead (Pb) version18. Among all, Cesium lead halide 

perovskites (CsPbX3) are well known for their superb power conversion efficiency (PCE) of 

solar radiation which reached up to 26.3%19-21 in the last few years. So, employing lead halide 

perovskite (LHP) NCs to accomplish photocatalytic organic transformation practically means 

capturing the sun directly in chemical bonds22. The morphology of these materials can be 
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controlled using various reaction parameters like reaction duration, temperature, additives, 

precursor source, etc. and every differently shaped nanoparticle leads to a different excited state 

lifetime, fluorescence maxima, and a different extent of reactivity23-27. Also, low cost, unique 

band structure, near unity quantum yield, tunable-shape28, strong sunlight absorption29, long 

average excited state lifetime, high reaction turnover number30, anion metathesis31, and large 

separation of photogenerated charge carriers32-33 make them dominant over any other 

conventional photocatalysts with a broader range of organic substrate activation.  

C. Cesium Lead Halide Perovskite – A blessing or curse 

The halide atom in Cesium lead halide perovskite can be tuned like chloride, bromide, or iodide 

leading to the generation of CsPbCl3, CsPbBr3, or CsPbI3 perovskite nanocrystals34. Among 

them, Cesium lead chloride perovskite NCs have the highest band gap (~ 3.0 eV) between the 

valance band (VB) and the conduction band (CB) which shifted its absorption in higher energy 

ultra-violet (UV) region (Figure 1). Also, these nanocrystals are much more robust toward 

stability than the other two opponents, can stay alive for several months in low temperatures 

without agglomeration, and perform their catalytic activity as a dispersed phase in a non-polar 

solvent. Whereas, Cesium lead iodide (CsPbI3) perovskite nanocrystals absorb in the red end 

of the visible light spectra illustrated by their lowest band gap energy among all (~ 1.8 eV) 

between two electronic bands. Also, it is the least stable among all three types, surviving only 

a few minutes to a few hours at room temperature, arresting its broader use in organic 

photochemistry. Cesium lead bromide perovskite NCs (CsPbBr3) are the most suitable ones for 

practical sustainable use, their stability is in between the other two, and also the energy gap 

between the two electronic bands (~ 2.34 eV) permits them to absorb energy from the visible 

spectrum.  
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Figure 1. Cesium lead halide perovskites under UV irradiation. 

 

D. The challenges in its way  

The potential of LHP NCs has already been proven in multiple sustainable fields like 

photovoltaics, photoelectronics, lasers, scintillators35, etc. However, its activity in organic 

photochemistry is still scarce due to its instability in moisture, oxygen, heat, and polar solvents. 

In a highly polar solvent like DMSO, DMF, or H2O with a large dielectric constant, the three-

dimensional ionic framework of perovskite gets ruptured indicating diminishment in the 

intense fluorescence, and lead (Pb) is leached out from the system as simple lead salts like 

PbX2, PbO, etc. In the presence of heat, or oxygen, the nanocrystals of CsPbX3 get assembled 

which eventually leads to agglomeration with destruction in its activity towards photocatalysis.  

Also, lack of intellectuality about its tunable band gap, ion-exchange nature, morphology-based 

activity, and a bunch of hidden features, concise its practical use in organic photochemistry36. 
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E. Why do we need this article?  

The C-H, C-C, C-N, C-O, C-P, C-S, S-S, etc. bond formations that are of fundamental 

significance in organic synthesis, efficiently achievable by using CsPbX3 catalysis with visible 

light irradiation in certain conditional environments. Various reaction parameters and the 

reactants are designed in a way to enhance the stability of the CsPbX3 photocatalyst during the 

reaction in the dispersed phase. For that reason, reactants with high capping capability like 

mercaptans, zwitter ions, carboxylates, etc. always remained the best choice for perovskite 

catalysis where the reactant is utilized to gear up the stability of the catalyst by surface-capping. 

On the other hand, anion-metathesis with halogenated compounds leads to the utilization of 

various organohalogen solvents like DCM, DBM, etc. for perovskite-based photo-solvolysis 

reactions and this strategy is used to activate previously inaccessible synthetic goals with very 

high reaction yield. So, very high expertise and experience are required in this field to design 

any new fruitful synthetic protocol. Perovskite-based organic photocatalysis is a completely 

new field, just began only a few years ago and there is no adequate information about it which 

restricts its use in photo organic synthesis. On the way to its potential use, a series of challenges 

have been overcome already, while some still remain. This comprehensive review article strives 

to provide the history of the advancement of visible-light-induced organic photocatalysis by 

utilizing CsPbX3 NCs as photocatalysts, demonstrating their capability to accomplish multiple 

challenging organic syntheses. And, we strongly believe this article will enable beginners in 

this field to design new synthetic routes with a significant stride toward a sustainable 

environment.  

 

Here, in this article, we have illustrated the development made over perovskite catalysis in the 

last few years since its beginning in 2017 (Figure 2). And, we have succinctly described every 

reaction by maintaining the corresponding year and their simplified reaction procedure through 
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oxidative, reductive, or energy transfer mechanistic cycle. As photocatalysis is concerned with 

a chemical reaction that is initiated by light while cyclic voltammetry (CV) plays a very crucial 

role in determining the redox potentials of the photocatalyst and the reactants. So, we have also 

included one data table (Figure 3) which contains redox potentials for all the reactants that were 

employed in any of the perovskite-based reactions for future reference and easy comparison of 

the designed organic substrates with the existing one. 

 

 

Figure 2. Development made over CsPbX3 catalysis in the last few years.   
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Figure 3. (a) Oxidation and (b) Reduction potentials for various organic substrates employed 

in different reaction schemes  (c) Redox potentials of cesium lead halide perovskite (CsPbX3). 

 

For simplicity of the mechanisms in all the cases, a radical cation or a radical anion of the 

photocatalyst (CsPbX3) has been considered which is originally generated by transferring an 

excited electron from the conduction band (CB) to an acceptor or shifting a photogenerated 

hole (formed by electronic excitation) from the valance band (VB) to the substrate respectively 

(Figure 4a). When a photocatalyst serves the role of an excited state reductant, it reduces any 

substrate molecule to its radical anion and itself oxidizes to a radical cation (Figure 4b) whereas 
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the vice-versa scenario observed for photocatalyst with an excited state oxidant nature (Figure 

4c). 

 

Figure 4. a) Electron and hole transfer in mechanistic cycle b) oxidative quenching cycle c) 

reductive quenching cycle.   

 

1.1 CsPbI3 Perovskite QDs catalyzed polymerization of TerEDOT  

The utilization of lead halide perovskite quantum dots in the organic field started nearly in 2017 

for a polymerization reaction to furnish a conducting polymer material by the Tüysüz group37 

(Scheme 1). Cesium lead iodide perovskite quantum dots (CsPbI3 QDs) was used to promote 

the polymerization of 2,2′,5′,2″-ter-3,4-ethylenedioxythiophene (TerEDOT) under solar 

stimulator irradiation to form poly(3,4- ethylenedioxythiophene) (PEDOT). And, the newly 

generated conducting polymer stabilizes the morphology of the CsPbI3 QDs by encapsulating 

them in a dispersed phase inside dry octane solvent. This photocatalytic polymerization process 

depends on the concentration of the catalyst where molecular oxygen and 1,4-benzoquinone 

served as the terminal oxidant during the polymerization process. The morphology of these 

perovskite nanocrystals can easily modified using various reaction parameters like reaction 

time, reaction temperature, impurity, precursor, etc. Also, in some cases, the morphology of the 
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nanocrystal gets converted into a different form in the course of the reaction. In this case, when 

molecular oxygen served the role of terminal oxidant, the morphology of the CsPbI3 QDs 

changed from cubic to orthorhombic in situ reaction while usage of 1,4-benzoquinone 

preserves the cubic phase of CsPbI3 QDs after the reaction. Mechanistic investigation depicted 

that CsPbI3 QDs irradiated with solar stimulation (LCS-100) behaved as an excited state 

oxidant. By transferring a photogenerated hole from the valence band (VB), excited perovskite 

nanocrystals oxidize TerEDOT monomers to form a cationic intermediate (1.1) which initiates 

a chain reaction and finally polymerize to form the PEDOT polymer. Molecular oxygen or 

para-benzoquinone both can play the role of terminal oxidant but para-benzoquinone is 

preferred over molecular oxygen as it keeps the morphology of CsPbI3 QDs intact during the 

catalytic cycle. PbI2 was used as the source of both Lead (Pb) and Iodide (I) during the 

preparation of perovskite QDs, and dry octane was used in the last step to make the dark red 

ink solution.  

 

Scheme 1. Photocatalyzed polymerization of TerEDOT by Tüysüz’s group.  
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1.2 Dimerization of mercaptans to form symmetric and unsymmetric disulfides 

After this polymerization report, people worldwide started searching for perovskite’s activity 

in different photocatalytic organic reactions. In the next year, Wu’s group disclosed the 

dimerization of thiols or mercaptanes (2a, 2b) to form symmetric and unsymmetric di-sulfides 

(2c) with the utilization of CsPbBr3 catalysis in white LED irradiation in DCM solvent (Scheme 

2).38 The reaction was typically completed within 12 hours with an average reaction yield of 

around 80%. This synthetic protocol successfully delivered symmetric disulfides from aromatic 

thiols with electron donor and acceptor substitution on the ring (2aa-2ad), cyclic aliphatic thiol 

(2ae), benzylic thiol (2af), and also one unsymmetrical disulfide (2ag) with a 68% reaction 

yield. Also, simple aliphatic thiol (2ah), and a heteronuclear substitution (2ai) responded with 

an excellent yield. Upon exposure to white LEDs, CsPbBr3 nanocrystals become excited and 

undergo an electronic transition from the valence band (VB) to the conduction band (CB). 

Afterward, the excited electron in the conduction band reduces molecular oxygen to a 

superoxide radical anion. And, the photogenerated hole in the valance band (VB) oxidizes thiol 

molecules to an ‘S’-centered thiyl radical. Eventually, the thiyl radical dimerizes to furnish di-

sulfides by forming stable S-S bonds. Dichloromethane (DCM) here found to be the best 

solvent, which is due to the anion metathesis of chlorine atoms from the solvent with bromide 

vacancy in the perovskite nanocrystal leading to the formation of a much stable mixed halide 

perovskite NCs (CsPbClxBry) with different ratios of halide ions. Also, this particular protocol 

can be executed with CsPbCl3 perovskite nanocrystals with higher energy UV irradiation (λ < 

400 nm). Also, another mechanistic possibility of hydrogen formation is claimed in this work 

by capping the thiol groups as surface passivating ligands on the outer layer of perovskite 

nanocrystals.  
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Scheme 2. CsPbBr3 perovskite NCs catalyzed dimerization of thiols by Wu’s group. 

 

1.3 Photocatalytic phosphonylation in cyclic tertiary amines using perovskite NCs 

Like carbon-carbon, carbon-chalcogen bond formation is also one of the prime interests in 

organic chemistry39-40. Usually, carbon-oxygen bond generation is much easier compared to 

carbon-phosphorous due to the lack of overlap of the atomic orbitals for bigger-size 

phosphorous atoms. So, furnishing C-P bonds in an efficient way at bench-stable conditions is 

of great importance41-42. Wu’s group reported another C-H functionalization on aromatic cyclic 

tertiary amine (3a) to form numerous phosphonylated compounds with just 1 mol % of 

CsPbBr3 perovskite catalyst loading in visible light irradiation (Scheme 3)38. Lead halide 

perovskite nanocrystals are very prone to degradation in high-polar solvents like DMF, DMSO, 

and H2O. At the same time, this becomes another major advantage of the utilization of CsPbBr3 

perovskites, easily washable from the reaction system in the form of lead salts by simple work-
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up with water unlike most of the transition metal salts. So utilization of non-polar solvents like 

toluene, hexane, octane, dimethyl carbonate (DMC), etc. is always preferable. In this 

dehydrogenative cross-coupling strategy, molecular oxygen plays the role of terminal oxidant, 

whereas cyclic tert-amine itself oxidizes to an N-centred radical cation (3.1) by accepting one 

photo-generated hole from the valance band of the perovskite NCs. After that, the oxygen 

radical anion helps to form a radical species (3.2) which is highly stable due to its benzylic 

nature, and being adjacent to a heteroatom. This stable radical again reduces molecular oxygen 

to generate an N-centered cationic species (3.3) which reacts with phosphite ether (3b) to 

furnish the phosphorylated product (3c). This synthetic protocol tolerated well for a library of 

substrates with an average reaction yield of 65-70 % in almost all cases regardless of the 

number and type of substitution. Initially, the phosphite ether part was fixed, and the yields of 

the reaction were investigated by changing substitutions on the aromatic part of the cyclic 

tertiary amine (3aa-3ac). In all the cases, the synthetic strategy delivered a good reaction yield 

within just 4 h. The protocol was also successful in the modification of the phosphite ether part 

(3ad). Then, substitution on the nitrogen part of cyclic tertiary amine was varied from simple 

bromo-substituted aromatic ring (3ae) to polyaromatic ring (3af), and the strategy was found 

to perform smoothly with a good reaction yield. To make the CsPbX3 NCs, a ‘two-precursor 

method’ has been utilized developed by Protesescu et. al18, where lead salt (PbX2) was used as 

the precursor for both lead (Pb) and halide (X) ions.  
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Scheme 3. Photocatalytic dehydrogenative phosphonylation on tertiary amine by Wu’s group.   

 

1.4 The CsPbBr3 NCs catalyzed C-C and C-H bond formation  

Up to 2018, perovskite material couldn’t manage to enter the core of basic organic chemistry 

and hasn’t found its potential to furnish very fundamental bonds like C-C, C-H, etc., in 

synthetic chemistry. In 2019, Yan’s group first disclosed a CsPbBr3 perovskite NCs catalyzed 

photochemical C-C and C-H bond formation in visible light illumination (Scheme 4)30. The 

synthetic protocol delivered a variety of products controlling different reaction parameters and 

the turnover number (TON) for this specific conversion was found to be near 50000 under 455 

nm Blue LED irradiation. Three different products (4c-4e) were observed by installing different 
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optimized reaction conditions and nitrogen-based bases like DIPEA, NEt3, or enamine offered 

the role of terminal oxidant to bring back the excited perovskite nanocrystals in their ground 

state. Cesium metal in CsPbX3 may be replaced with an organic cationic species of a similar 

size like methyl ammonium (MA), or formamidinium (FA), leading to the formation of 

MAPbBr3, or FAPbBr3 respectively. MAPbBr3 i.e. methyl ammonium lead bromide 

perovskite25 also capable of catalyzing this conversion with declined reaction yield but due to 

the poor stability of those perovskites in organic solvents, they are very prone to degradation 

to normal lead salts like PbBr2, hence not utilizable as compared to which CsPbBr3 can be 

reused up to four times indicating a TON over 52000. The α-alkylation product with aliphatic 

aldehyde (4ca-4cc) formed with a very high reaction yield for all aromatic phenacyl bromide 

derivatives and also performed very well in combination with aliphatic acyl bromide (4cd). 

The C-H coupled product (4ea-4ec) is furnished with a very high reaction yield of over 85-

90% in almost all cases. The mechanism for α-alkylation (4e) product formation is slightly 

different compared to the C-C coupling. Upon blue LED irradiation, CsPbBr3 NCs get excited, 

reducing acyl bromide to a radical intermediate (4.1) by eliminating a bromide ion. On the 

other side, the Schiff-base reaction between amine and aldehyde forms enamine which plays 

the role of terminal reductant and transforms into radical cation (4.2) on an electron donation 

to excited state perovskite radical cation. Then, (4.1) and (4.2) species react to form a cationic 

species (4.3) which eventually hydrolyzed to form the anticipated α-alkylated C-C coupled 

product (4c).  In the catalytic cycle, when DIPEA is replaced with (5S)--2,2,3-trimethyl 5-

benzyl-4-imidazolidinone, an expensive cocatalyst commonly used in photo redox catalysis43, 

the freshly formed acyl radical being stabilized somehow and lead to the production of 

dimerized product (4d). When a nitrogen-centered base is present in the reaction system, this 

acyl radical abstracts one proton from the adjacent position to nitrogen in the base to form the 

reduced ketone or C-H coupled product (4e). So, the outline of this work delivers a very crucial 
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fact about perovskite catalysis that a nitrogen-containing base and α-halo substrates in the 

halogenated solvent are a nice combination for designing a perovskite-based synthetic protocol.  

 

 

Scheme 4. Photochemical α-alkylation and C-H bond formation by Yan’s group.   
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1.5 Michael-type C-C coupling reaction in visible light irradiation   

Following this work, Yan’s group extended their strategy to another blue LED-assisted 

Michael-type conjugated C-C coupling reaction adjacent to the nitrogen center on cyclic 

tertiary amines using α,β-unsaturated ketone as the precursor and trifluoro acetic acid (TFA) as 

the protonating source (Scheme 5)44. With the blue LED irradiation, an electronic excitation 

from the valance band (VB) to the conduction band (CB), leads to the generation of a hole in 

the valance band, and the excited electron in the conduction band reduces cyclic tert-amine 

(5a) to a radical-anion (5.1). This radical anion further eliminates one proton (H+) to make a 

stable benzylic-radical intermediate (5.2), which reacts with α,β-unsaturated ketone to generate 

another stable radical intermediate (5.3). Finally, this radical species serves the role of terminal 

reductant for excited perovskite nanocrystals to come back into the ground state, accepting one 

photogenerated hole from the valance band of nanocrystals. When methyl vinyl ketone (MVK) 

was utilized as the source of α,β-unsaturated ketone, an isolated reaction yield of 85% was 

observed with just 1 mg of catalyst loading in dichloromethane solvent with 455 nm blue LED 

irradiation.  
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Scheme 5. Conjugated C-C coupling in α,β-unsaturated ketones by Yan’s group  

 

1.6 LHP Perovskite NCs catalyzed cascade cyclization of cyclic tertiary amine  

After the conjugated C-C coupling in α,β-unsaturated ketones, they extended the protocol to a 

1,1-dicyano styrene system like benzylidene malononitrile (6b), where the initially formed 

radical is stable enough to make a six-membered cascade cyclization in the parent aromatic 

ring (Scheme 6)44. In that way, they successfully created a very stable radical intermediate (6.3) 

The mechanistic investigation depicts that excited state perovskite NCs oxidize tertiary amine 

(6a) to a radical cation intermediate (6.1) by donating one photogenerated hole from its valance 

band. Then the cation loses one proton (H+) to make a stable radical species (6.2), which attacks 

1,1-dicyano fragments to generate a highly stable radical intermediate (6.3) which has enough 

potential to attack the existing aromatic system to furnish another (6.4) radical intermediate. 
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Eventually, the loss of a proton to generate stable H2O2 furnishes the final cyclized product (6c) 

where the molecular oxygen serves the role of terminal oxidant and trifluoroacetic acid (TFA) 

was employed as an additive. Perovskites are sensitive to both inorganic cations and anions, 

very prone towards ion exchange with any suitable external source, and the photoluminescence 

(PL) emission enhancement is often observed with organic carboxylic acids like benzoic acid, 

propionic acid, or TFA. This may be because of the strong hydrogen bonding of acid groups 

with the halides present in the corners of perovskite’s three-dimensional framework45 or 

because of the interaction of carboxylate and lead (Pb) ion as reported by Tan et al46. Also, 

there is a high binding probability of carboxylate anions on the halide vacancy of the perovskite 

skeleton47. This  PL enhancement is workable up to a certain optimum concentration e.g. 6.5-

13 mM of TFA, after that optimal concentration is reached, excess acidic proton initiates the 

deactivation process and eventually ruptures the perovskite framework by leaching halide ions 

from the system.  

 

Scheme 6. Cascade cyclization on cyclic tertiary amine by Yan’s group. 
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1.7 Perovskite-catalyzed pyrazole synthesis from acyl halide and hydrazone 

Pyrazoles are a very important structural motif to synthesize numerous drugs and bio-active 

medicinal compounds48. Yan’s group elongated their work over CsPbBr3 catalysis and 

extended their strategy toward the synthesis of such an important heterocyclic nucleus. In the 

same literature, they reported another CsPbBr3 catalyzed visible light-mediated five-membered 

cyclization leads to the formation of various pyrazole derivatives from the reaction between 

acyl bromides and  hydrazone derivatives in ethyl acetate solvent (Scheme 7)44. This strategy 

outlined a very nice combination where a polar solvent and an inorganic base like cesium 

carbonate (Cs2CO3) in stoichiometric amounts are utilized to deliver optimum reaction yield in 

an aerial atmosphere. This high-yielding protocol was successful in furnishing a library of 

substrates with various substitutions on the aromatic ring in hydrazone derivative (7aa-7ad) 

employing Cs2CO3 as a proton-scavenger. And, the mechanistic investigation depicted a similar 

kind of trend as of previous mechanistic cycles proposed by this research group. First, an acyl 

radical (7.1) formed on an electron acceptance from the conduction band of the blue LED 

irradiated-CsPbBr3 NCs, which reacts with another radical intermediate (7.3) to form an acyl 

hydrazone derivative (7.4). Then, this acyl hydrazone species (7.4) isomerizes to its enol form 

via ‘keto-enol tautomerization’ and subsequently goes through a five-membered cyclization to 

furnish the anticipated pyrazole derivative. The catalytic cycle is completed with the donation 

of a photogenerated hole to the hydrazone substrate (7b), leading to the formation of radical 

species (7.2) which further eliminate one proton (H+) to furnish (7.3) radical intermediate. 

Here, the reactant acyl bromide itself plays a very crucial role behind the stabilization of 

perovskite nanocrystals by acting as a surface-capping or surface-passivating agent as 

illustrated by Prieto and coworkers in 202049.  
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Scheme 7. Photocatalyzed pyrazole synthesis by Yan’s group.  

 

1.8 Photochemical pyrrole synthesis utilizing an enamine and acyl halide  

Like pyrazole, pyrroles are also considered to be the heart of several important bioactive 

compounds50-52. In the same work, Yan’s group reported another strategy to synthesize several 

pyrrole derivatives by replacing hydrazone derivatives with a suitable enamine source. This 

synthetic protocol was executed in dichloromethane (DCM) solvent with 12 W blue LED 

irradiation in an aerial atmosphere using an organic base like triethyl amine (TEA) as a proton 

abstractor. Numerous pyrrole derivatives were successfully synthesized in this protocol with 

an average reaction yield of 60 to 70%. The mechanism proposed is slightly different from that 
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of previous pyrazole synthesis, first CsPbBr3 NC absorbs visible light and one electron gets 

excited from its valence band to the conduction band. Upon release of that electron from the 

conduction band to the acyl bromide (8a), an acyl radical formed (8.1) which gets coupled with 

an enamine (8b) to form another radical intermediate (8.2). This radical intermediate offered 

the role of the terminal reductant, accepting one photogenerated hole from the valance band of 

the excited CsPbBr3 nanocrystal and transforming itself to an imine (8.3). This imine substrate 

rearranges itself to furnish the anticipated pyrrole derivative (8c).  

 

 

Scheme 8. Photochemical pyrrole synthesis utilizing LHP NCs by Yan’s group.   
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1.9 CsPbBr3 Perovskite sensitized Aryl C-O Cross-Coupling   

Like Carbon-Nitrogen, Carbon-Oxygen bond formation is also one of the prime interests in 

organic chemistry53-55. On being exposed to light, a photocatalyst deals with electron donation 

or acceptance with the substrate, whereas a photosensitizer is related with the transfer of its 

energy to the substrate after being irradiated56. Not only CsPbBr3 perovskite NCs are good 

photocatalysts to catalyze numerous fundamental organic transformations, but they are also an 

exceptional candidate to sensitize a transition metal complex in visible light57-59. In the same 

article, Yan and coworkers extended their work to a nickel-catalyzed aryl C-O cross-coupling 

using LHP NCs as the photosensitizer in CFL illumination at 40 ⁰C (Scheme 9)44. This visible 

light-induced synthetic protocol typically requires one Ni(0) co-catalyst like [dtbbpyNiCl2] 

with 5 mol % loading, which is involved in anion-metathesis with CsPbBr3 NCs and forms a 

much more effective mixed halide perovskite nanocrystals with different bromine and chlorine 

ratios (CsPbBrxCly). This anion metathesis propelled the reaction forward, and the use of 

[dtbbpyNiBr2] instead of [dtbbpyNiCl2] couldn’t deliver the expected aryl C-O cross-coupled 

product. Here, diisopropyl ethylamine (DIPEA) offered the role of acid quencher during the 

mechanistic cycle in THF solvent.  This developed protocol successfully tolerates a broad range 

of substitutions (9aa-9ad) and was also operative for highly strained three or four-membered 

rings (9ae-9af). The mechanistic investigation suggested an energy transfer between the 

excited state perovskite NCs and organometallic Ni(0) co-catalyst. Initially, the Ni(0) based co-

catalyst goes through oxidative addition with aryl bromide to form a Ni(II) species (9.1) which 

interacts with carboxylic acid to form another Ni(II) intermediate (9.2) by elimination of HBr. 

Now, the CFL-irradiated perovskite nanocrystals transfer energy from its triplet energy state 

(T1) to this Ni(II) species. After energy transfer, this (9.2) intermediate is excited to another 

much higher energy species (9.3), which makes effective reductive elimination to produce the 

anticipated C-O cross-coupled product and transform Ni(II)  to its ground state.  
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Scheme 9. CsPbBr3 sensitized aryl C-O cross-coupling by Yan’s group.  

 

1.10 Photocatalytic dimerization using C-C coupling in aryl halides 

There are some vacant places in the three-dimensional framework of lead halide perovskite 

nanocrystals, which may arise from the deficiency of a halide-ion in the corner, leading to the 

formation of ‘anion-deficient perovskite’ or it may arise due to the absence of a Pb(II) ion 

which is termed as ‘cation-deficient perovskite’60-62. These deficiencies of ions offered a very 

crucial parameter behind CsPbX3 perovskite's enormous potential. And, this enchanting feature 
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helps LHP NCs to abstract halide ions from any nearby external source to fill their vacancy, 

leading to the generation of a unique way of catalytic activity. So, the PL emission spectra of 

LHP NCs are often largely blue- or red-shifted in any halide-based solvent like DCM, DBM, 

DCE, etc., or in the presence of any halide-based reagents26, 31, 63-64.   

 

In 2020, Pardo et. al. revealed a photochemical homo- or hetero-coupling of aryl bromides at 

room temperature using colloidal CsPbBr3 perovskite NCs as the photocatalyst in the presence 

of an organic nitrogen-based base like DIPEA (Scheme 10)49. The turnover number (TON) for 

this specific conversion reached up to 15000 with 447 nm blue LED irradiation in toluene 

solvent and undoubtedly anion-metathesis played a significant role behind this conversion. The 

synergy between the ligand and the NC surface plays a crucial role in this synthetic protocol, 

where dodecylamine (DDA) was employed as the capping agent to form the colloidal LHP 

NCs with a concentration of 1.44 µM. Several C-C coupled products were furnished using 

DIPEA with a stoichiometric ratio ranging between 10 and 20 equivalents, where DIPEA 

served the role of the terminal reductant, bringing back excited perovskite NCs to its ground 

state by accepting a photogenerated hole from its valance band (VB). Several homo-coupled 

products (10aa-10ad) were delivered with a very good reaction yield and also, a few 

unsymmetrical C-C coupled products (10ae-10ag) were successfully synthesized with 

moderate reaction yield. On the interpretation of mechanistic investigation, it was found that 

CsPbBr3 perovskite NCs worked as an excited state reductant here, reducing benzyl bromides 

to a stable benzylic radical cation (10.1) by donating one excited electron from its conduction 

band. This highly stable benzylic radical dimerizes with itself or another benzylic system to 

produce symmetric and unsymmetric C-C coupled products.  

https://doi.org/10.26434/chemrxiv-2025-vdjb1 ORCID: https://orcid.org/0000-0002-7830-9812 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-vdjb1
https://orcid.org/0000-0002-7830-9812
https://creativecommons.org/licenses/by-nc-nd/4.0/


26 
 

 

Scheme 10. Dimerization of benzylic bromides by Pardo et al.  

 

1.11 Photochemical amino-methylation in imidazole-fused heterocycles  

Like thiols, amines, or carboxylic acids, zwitterions are also outstanding capping agents for 

lead halide perovskite nanocrystals65-68. And, in this perspective, using an amino acid as a 

reactant in perovskite catalysis receives additional benefits over any other substrate due to 

surface-passivation of the nanocrystals by working as a ligand69-71.   

 

In 2020, Shi et. al. reported an aminomethylation reaction in an imidazole-fused heterocyclic 

system by using a modified amino acid as a coupling partner and a highly recyclable CsPbBr3 

perovskite nanocrystal as the heterogeneous photocatalyst in visible light irradiation (Scheme 
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11)72. After optimizing with several solvents, it was found that dichloroethane (DCE) was the 

optimum choice for their developed protocol and achieved up to 90% isolated reaction yield in 

white LED irradiation. Not only external LED, this specific protocol was also possible to carry 

out in the sunlight, producing almost the same reaction yield as a white LED with just 1 mol 

% of the catalyst loading in 12 h reaction duration. This strategy is capable of performing both 

in air and in an inert nitrogen atmosphere, but the yield in the N2 atmosphere is somehow less 

compared to the oxygen-mediated pathway. Here, N-phenyl glycine, a modified amino acid, 

was used as the coupling partner and after a decarboxylation process, it became the precursor 

of aminomethyl functionality. Numerous heterocyclic products successfully delivered with a 

broad range of substitutions on the imidazole fused heterocyclic part (11aa-11af) with very 

good to average reaction yield and was also operative for a heterocycle containing multiple 

heteroatoms (11ah). Changing substitution on the coupling partner, also furnished the expected 

product (11ag) with a 68% reaction yield. The mechanistic cycle for the N2-mediated pathway 

is slightly different compared to the O2-based pathway. Excited perovskite NCs donate one 

photogenerated hole to the N-phenyl glycine (11b), leading to the formation of a carboxylate 

radical (11.1) which goes via decarboxylation to generate an aryl radical intermediate (11.2).  

Next, this aryl radical (11.2) couples with imidazole fused heterocyclic substrate (11a) to 

furnish a highly stable radical intermediate (11.3), which is oxidized to a carbocation (11.4) 

with molecular oxygen and finally delivers the coupled product by eliminating one proton (H+).  

Here, also molecular oxygen serves the role of terminal oxidant for returning excited-state 

perovskite nanocrystals to their ground state by accepting an excited electron from the 

conduction band of the nanocrystals.  

https://doi.org/10.26434/chemrxiv-2025-vdjb1 ORCID: https://orcid.org/0000-0002-7830-9812 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-vdjb1
https://orcid.org/0000-0002-7830-9812
https://creativecommons.org/licenses/by-nc-nd/4.0/


28 
 

 

Scheme 11. Aminomethylation in imidazole-fused heterocycles by Shi et. al.  

 

1.12 Cascade cyclization on Quinoxalines with N-alkyl glycines  

Quinoxalinones are very essential structural motifs to synthesize numerous drugs and bio-

active compounds73. Numerous methods have been developed in organic chemistry to 

synthesize or modify such organic frameworks in bench-stable conditions74-77.    

https://doi.org/10.26434/chemrxiv-2025-vdjb1 ORCID: https://orcid.org/0000-0002-7830-9812 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-vdjb1
https://orcid.org/0000-0002-7830-9812
https://creativecommons.org/licenses/by-nc-nd/4.0/


29 
 

In 2020, Yu’s group reported another LHP NCs catalyzed radical cyclization on quinoxalinone 

using N-phenyl glycine as the coupling partner with visible light irradiation (Scheme 12)78. 

This cascade cyclization successfully operated to furnish numerous quinoxalin-2(1H)-one 

derivative (12aa-12af) using dimethyl carbonate (DMC) as a non-polar media in white LED 

irradiation. Simple quinoxalinone (12aa) or N-alkyl quinoxalinone (12ab-12ac) both 

performed with satisfactory reaction yield and substitution of the nitrogen center with ethynyl 

(12ad) or a much larger group (12ae-12af) also delivered satisfactory reaction yield in this 

synthetic protocol. Multiple substitutions on the benzenoid part of the quinoxaline framework 

(12ag) also furnished the expected product with more than 75% of the reaction yield. The 

mechanistic cycle follows a similar trend as of previous one, excited perovskite NCs donate a 

photogenerated hole to the N-phenyl glycine (12b), leading to the formation of a carboxylate 

radical (12.1), which generates a stable aryl radical intermediate (12.2) on spontaneous 

decarboxylation. This radical intermediate couples with quinonoxalione (12a) and furnished 

(12.3) radical species. Again, (12.3) radical couples with another aryl radical intermediate 

(12.2)  to form (12.4) intermediate. After that, protonation followed by an elimination produces 

a cationic species (12.6), which goes through a nucleophilic attack from the existing nitrogen 

center inside its framework to furnish the ultimate cascade cyclized product (12c).  

 

The N-phenyl glycine is a derivatized amino acid, that exists in the form of a zwitter ion and is 

a typical radical initiator for numerous photocatalyzed organic transformations79. It also has a 

very high affinity for surface capping of perovskite nanocrystals and plays some unrevealed 

role in the stabilization of perovskite NCs80. So designing such a reactant is very important for 

perovskite catalysis, which will have a stable radical species masked inside and on the other 

hand it will gear up the perovskite’s stability by capping them in the colloidal dispersed phase. 
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The outline of this work depicts that a zwitterion may be a reagent of choice for designing 

organic reaction schemes on perovskite catalysis in the future.   

 

Scheme 12. Photochemical cascade cyclization on Quinoxalinone by Yu’s group 
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1.13 Perovskite-catalyzed stereoselective C-C coupling on α-aryl keto nitriles 

Zwitterion-capped perovskite NC is known not only for its higher stability in the colloidal 

phase but also for its outstanding selectivity toward a photochemical reaction81.  

 

In 2020, Chen’s group reported a highly efficient stereoselective C-C oxidative homo-coupling 

of α-aryl keto nitriles using a zwitterionic ligand capped CsPbBr3 perovskite QDs in visible 

light illumination (Scheme 13)81. This protocol was generalized to different starting materials 

with various substituents on the aromatic framework (13aa-13ag), producing stereoselective 

dl-isomers with more than 99 % selectivity. This specific strategy was performed using various 

non-expensive quantum dot photocatalysts like CdSe, CdS, and various ligand-capped LHP 

NCs. And, it was found that 3-(N,N-dimethyloctadecylammonio)propanesulfonate (DMOA-

PS), a zwitterion, capped colloidal CsPbBr3 NC QDs are the best candidate among all, which 

were synthesized using a method developed by the Kovalenko group82. Through the surface 

modification of CsPbBr3 perovskite QDs with DMOA-PS, the stability of QDs and 

homocoupling reaction rate were dramatically increased, and the stereoselectivity also 

improved significantly. The CsPbBr3 QDs capped with DMOA-PS, which are called Zwitter-

ion capped QDs (ZW-CsPbBr3 QDs) were recycled up to three catalytic cycles and the reaction 

duration was also dramatically decreased with a very high product selectivity. This protocol 

performed at its best on a mixture of THF and toluene media with an average optical density 

of the photocatalyst 7.7 at 470 nm wavelength. A reaction scope investigation depicted that 

electron-donating groups (EDGs) or large conjugated ℿ-systems are necessary for efficient 

dimerization. After a bunch of control experiments, a radical-mediated pathway was proposed 

where colloidal ZW-CsPbBr3 perovskite QDs act as an excited state oxidant, oxidize (13a) to 

a radical cationic species (13.1) which further loses one proton to furnish a very stable α-cyano 

benzylic radical (13.2). This stable radical species dimerizes to form the expected homocoupled 
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product (13b). Here, molecular oxygen serves the role of terminal oxidant for stabilizing 

excited ZW-CsPbBr3 perovskite QDs to their ground state by reducing itself into a super-oxide 

radical anion.  

 

Scheme 13. Stereoselective C-C homocoupling in α-aryl keto nitriles by Chen’s group. 

 

1.14 Perovskite catalyzed photochemical thioether synthesis  

Organosulfur derivatives are essential because of their omnipresence in biochemistry. 

Selectively, thioether-based heterocyclic frameworks are a class of compounds with very high 
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anti-cancer activity83. So, numerous synthetic protocols have been developed to synthesize 

such important structural motifs by employing metal-free84-86, or metal-based pathway87-89.  

Thioethers or organic sulfides can be prepared from thiols, which are a very good candidate for 

surface passivation of LHP NCs by acting as a capping ligand90.  

 

 In 2021, Xing’s group reported a photochemical thioether synthesis from thiol and olefins 

using 1 mol % loading of CsPbBr3 perovskite NCs as the photocatalyst in the presence of 32 

W blue LED irradiation (Scheme 14)91. This protocol was operated in an inert atmosphere using 

acetonitrile as the optimized solvent to synthesize several organic sulfides within a 3 h reaction 

duration. The strategy effectively worked for various aromatic olefins (14aa-14ad) with 

outstanding yield, and also, some acyclic olefins (14ag-14ah) responded to this strategy with 

an average reaction yield. A few aliphatic cyclic olefins (14ae-14af) also obeyed the protocol 

with moderate reaction yield. Mechanistic investigation elucidates that the conduction band 

and the valance band of CsPbBr3 NCs are located at - 1.49 V (vs. SCE) and +0.93 V (vs. SCE) 

respectively38. So, the oxidation potential of CsPbBr3 perovskite nanocrystal is much more 

positive than the majority of the thiols like benzyl mercaptan (+0.45 V vs. SCE)92, indicating 

LHP NCs are capable of oxidizing thiol systems (14b) into thiyl radical (14.1). This thiyl 

radical is added to the terminal alkenes to form a highly stable benzylic radical (14.2). This 

radical intermediate can be quenched in two ways, it may take one hydrogen radical from the 

existing thiol molecule and start a chain reaction, or it may accept one excited electron from 

the conduction band of the nanocrystals to form the anticipated thioether derivative.  

Previously in 2018, Wu’s group explored a CsPbBr3 perovskite NCs catalyzed disulfide 

formation from thiols (Scheme 2), and here, in this protocol, thiols have been used in different 

stoichiometry to make a radical addition in terminal olefins by suppressing the disulfide 

generation. At least, 2.5 equiv of thiols are needed for effective addition in alkenes, and to stop 
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the dimerization of thiols in the presence of perovskite photocatalyst in visible light. This is 

one of the beautiful examples of how stoichiometry play a significant role on the selectivity of 

the reaction.   

 

Scheme 14. Photochemical thioether synthesis from terminal alkenes by Xing’s group. 

 

1.15 Photochemical aromatization of  Hantzsch esters using colloidal CsPbBr3  

Radical-mediated catalytic dehydrogenative aromatization has emerged as a beautiful route to 

furnish several highly substituted aromatic architectures from cyclic aliphatic skeleton93-96. In 

this perspective, Hantzsch esters, which were previously used as reductants in thermal 

transformations, have evolved as a versatile class of reagents in photo-organic chemistry with 

extraordinary demands97-100. However, photocatalytic dehydrogenative aromatizations of 
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nitrogen-based heterocycles like 1,2-dihydropyridines (1,2-DHP), or 1,4-dihydropyridines (1,4 

DHP) are kinetically slow reactions, often requiring a potent oxidant.   

 

In 2021, Tamang’s group reported the dehydrogenative aromatization of various 1,4-

Dihydropyridines (1,4-DHPs) or Hantzsch esters (15a) using halide passivated colloidal 

CsPbBr3 perovskite-quantum dots (CQD CsPbBr3) in visible light (Scheme 15)101. A library of 

pyridine derivatives (15aa-15ad) was synthesized with just 1 mg of bromide-rich CQD 

CsPbBr3 perovskite NCs loading using DCE solvent in an aerial atmosphere. Here, molecular 

oxygen from the air acts as a benign source of oxidant by surpassing the degradative nature of 

conventional CsPbBr3 perovskite NCs in an oxygen and moisture environment102. And, 

somehow, these newly formed colloidal CsPbBr3 perovskite QDs are not that sensitive to 

moisture or oxygen.  Blue LED irradiated CQD CsPbBr3 perovskite NCs worked as an excited 

state reductant, reducing molecular oxygen to a superoxide radical anion by donating an excited 

electron from its conduction band. The excited perovskite oxidizes the dihydropyridine system 

(15a) to an N-centered radical cationic system (15.1) by donating one photogenerated hole, 

which further interacts with superoxide radical anion to make another N-centred radical species 

(15.2). This radical species again reacts with hydroperoxide radical to form another diradical 

(15.3) which rearranges to furnish the final aromatized pyridine product.  
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Scheme 15. Oxidative aromatization of Hantzsch esters by Tamang’s group.  

 

1.16 CQD CsPbBr3 catalyzed aromatization of Hexahydro-acridine systems 

Following this report, Tamang’s group extended their protocol for oxidative aromatization of 

a much more complicated 3,4,6,7,9,10-hexahydroacridine-1,8(2H,5H)-dione systems (Scheme 

16) with the utilization of a bromide rich CsPbBr3 CQDs in DCE solvent in 40 W Blue LED101. 

This monodispersed, air-stable, and halide-rich CsPbBr3 CQDs were prepared using a ‘three 

precursors method’ where a halide source was added externally in Oleyl amine unlike most of 

the ‘two precursors method’18 where the halide source is lead salt itself like PbX2. Due to the 

utilization of individual Cs, Pb, and Br sources, desired halide-rich CsPbBr3 CQDs have a very 

small amount of vacant sites where moisture or oxygen can penetrate and the resulting NCs 

become very resistant to conventional destabilizing factors. And, this bromide-rich perovskite 

NCs is used for oxidative aromatization of several 3,4,6,7,9,10-hexahydroacridine-

1,8(2H,5H)-diones (16a) by following the previous mechanistic cycle. And, the strategy 

performed well for a broad range of substrates (16aa-16ac) with satisfactory reaction yield.  
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Scheme 16. Aromatization of cyclohexanone-fused 1,4-DHPs by Tamang’s group. 

 

1.17 CQD CsPbBr3 catalyzed oxidative aromatization of 1,2-DHPs  

The investigation on dihydropyridines was first started by Hantzsch in 1882 in the course of 

developing various pyridine derivatives103. The interest in these molecules outbreak with the 

discovery of NADH, a natural reducing agent, containing a dihydropyridine framework 

attached to the sugar ring. Like 1,4-DHPs, 1,2- Dihydropyridines are also significant structural 

motifs to synthesize various pharmaceutically active pyridine and piperidine derivatives by 

working as reactive synthons104. 1,2-DHPs and 1,4-DHPs may look structurally similar but 

differ very much in reactivity105.  

 

Tamang’s group extended their oxidative aromatization technique to the 1,2-Dihydropyridines 

(1,2-DHPs) using the same colloidal CsPbBr3 perovskite quantum dots as the non-expensive 

photocatalyst in the presence of 40 W blue LED irradiation (Scheme 17)101. Various 

azaheterocycles (17aa-17ad) were synthesized within a few hours with an excellent reaction 

yield in an aerial atmosphere using DCE as the optimized solvent in visible light irradiation. 

Several control experiments indicated a SET reaction mechanism as previously for 1,4-DHPs. 
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Blue LED irradiated CQD CsPbBr3 perovskite nanocrystals behave as excited state reductants, 

reducing molecular oxygen to a superoxide radical anion. The excited state perovskite radical 

cation oxidizes the substrate (17a) to an N-centered radical cationic system (17.1) by 

photogenerated hole transfer, which further interacts with superoxide radical anion to make 

another N-centred radical intermediate (17.2). This radical intermediate again reacts with 

hydroperoxide radical to form a diradical species (17.3), which eventually furnishes the final 

pyridine product, and a stable molecule of hydrogen peroxide is eliminated from the system as 

a byproduct.  

 

Scheme 17. Dehydrogenative aromatization of 1,2-DHPs by Tamang’s group 

 

1.18 CQD CsPbBr3 catalyzed oxidative aromatization of 4,5-dihydro pyrazoles  

Pyrazoles are one of the most important structural motifs to synthesize several bioactive drug 

molecules and natural products106. And, the most benign source to aromatize the 
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dihydropyrazole to aromatic pyrazole is singlet oxygen. Oxygen-sensitive colloidal perovskite 

QDs are capable of reducing molecular oxygen to a superoxide radical anion which plays the 

vital oxygenation source for this oxidative aromatization. Tamang and coworkers developed a 

protocol to oxidize several 1,2-DHPs and 1,4-DHPs which also worked for 4,5-dihydro 

pyrazole systems (Scheme 18) and synthesized several pyrazole derivatives with excellent 

reaction yields (18aa-18ad)101. This aromatization procedure is also mechanistically similar to 

the previous one, where molecular oxygen dominates over the catalytic cycle.  

 

Scheme 18. Oxidative aromatization of 4,5-Dihydro pyrazoles by Tamang’s group 

 

1.19 CsPbBr3 catalyzed oxidative aromatization of 1,2-dihydro benzothiazoles  

After that, Tamang’s group extended their strategy to dihydro-benzothiazole systems (19a) and 

synthesized several benzothiazole derivatives with an excellent reaction yield within a few 

hours in the presence of 40 W blue LED irradiation (Scheme 19)101. This synthesizing strategy 

also follows the same mechanistic way, where aerial molecular oxygen dominates over the 

catalytic cycle. Both para- and ortho-substituted phenyl rings obeyed the protocol and 

furnished the benzothiazole derivatives using bromide-rich colloidal CsPbBr3 perovskite QDs.  
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Scheme 19. Oxidative aromatization of dihydro benzothiazoles by Tamang’s group. 

 

1.20 CsPbBr3 catalyzed photochemical oxidation of sulfide to sulfoxide 

Organosulfur compounds are immensely important in organic as well as medicinal chemistry 

due to their omnipresence. So, numerous methodologies have been developed to synthesize 

such important structural motifs in both metal-free86 and metal-based pathways89. Among all, 

organo-sulfur compounds, sulfur(IV) center-containing motifs are very prominent, and have 

been a subject of research for several decades107. Organic sulfoxide contains a sulfinyl 

functionality (S=O) which makes it chiral by separation of charges between two atoms, and is 

used broadly to serve numerous medicinal purposes108. 

 

In 2021, Ding and coworkers reported a facile protocol for the photocatalytic oxidation of a 

series of sulfides to their corresponding sulfoxides with excellent yields and selectivity using 

10 mg of solid CsPbBr3 perovskite nanocrystal as a visible-light photocatalyst in DCM solvent 

with 100 W blue LED irradiation (Scheme 20)109. The strategy successfully furnishes several 

sulfoxide derivatives (20aa-20ad) within 8 h at room temperature in an aerial atmosphere. 

Checking the reaction with different quenchers, the mechanistic investigation revealed that 

molecular oxygen plays a pivotal role in the catalytic cycle. Initially, perovskite nanocrystals 

are excited with 100 W blue LED irradiation and reduce molecular oxygen to a superoxide 
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radical anion by liberating an excited electron from its conduction band. Then, the excited 

perovskite nanocrystals came back to the ground state by oxidation of thiols to thiyl radical 

cation (20.1), donating a photogenerated hole, which reacts with superoxide radical anion to 

form another intermediate (20.2). This intermediate species reacts with the original thiol 

substrate (20a) to make the final sulfoxide product (20b). Here, it's suspected that an energy 

transfer mechanism may also be operated with an equal probability as electron transfer. The 

CsPbBr3 perovskite nanocrystals, which were used as the visible-light photocatalyst, were 

synthesized from PbBr2 and CsBr by using a ‘two-precursor method’ developed by Zhu30.  

 

Scheme 20. Photochemical oxidation of sulfides to sulfoxides by Ding’s group. 

 

1.21 Photochemical imine and aldehyde synthesis from primary amine  

Ding and coworkers developed another facile protocol to synthesize various imines and 

aldehydes from primary amines with excellent yields using CsPbBr3 perovskite NCs in visible 

light irradiation (Scheme 21)109. It was observed that amines bearing electron-donating groups 
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(EDGs) furnished aldehydes as the final products, while amines with electron-withdrawing 

groups (EWGs) afforded imines as the major products. This synthetic protocol was executed 

in DCE solvent with very good selectivity of aldehydes for strong EDGs (21aa-21ad) and 

imines with strong EWGs (21ae-21ag) in 100 W blue LED irradiation. Mechanistic 

investigation revealed that blue LED irradiated perovskite NCs worked as an excited state 

oxidant, oxidizing benzyl amines (21a) to a benzylic cationic species (21.1) which reacts with 

superoxide radical anion to form another intermediate (21.2). Then the intermediate (21.2) 

releases hydrogen peroxide as a stable molecule to form an imine intermediate (21.3) which 

readily hydrolyses in the presence of water to produce aldehydes (21a). Now, this aldehyde 

may go further to attack electron-deficient amine systems to produce imines (21b) as the 

selective product.  

 

Scheme 21. Photochemical imine and aldehyde synthesis by Ding’s group. 
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1.22 Cu-doped CsPbBr3 catalyzed N-N hetero cyclization by MET pathway 

The major difficulty in the use of CsPbBr3 perovskite NCs in photocatalysis is its instability 

towards moisture, heat, oxygen, polar solvent, etc. The destabilizing factor may be altered by 

doping of appropriate impurity inside its framework. In this perspective, metal doping has 

emerged as a brand-new strategy to overcome the instability factors of LHP NCs,  high charge 

carrier recombination rate, and fill the vacant sites in the ionic lattice110-112. Also, metal doping 

in perovskite’s three-dimensional framework provides an avenue to boost their potential in 

terms of various features like enhancement in light emission, nano-scale magnetism, 

polarization control, or enhanced photocatalytic activity113-116.  

 

In 2021, Yan’s group first reported that a copper-doped CsPbBr3 has the potential for 

multielectron transfer (MET) and unlocked an attractive N-N hetero-cyclization using surface 

copper-doped CsPbBr3 perovskite nanocrystals under 450 nm blue LED irradiation with TON 

over 44600 in four reusable catalytic cycles (Scheme 22)117. The photocatalytic CsPbBr3 

perovskite  NCs were prepared by exposing as-prepared CsPbBr3 NCs to a very dilute solution 

of CuBr in toluene at room temperature, resulting in lightly doped (Cu:CsPbBr3) NCs where 

the concentration of the Cu(I) ions are considered to be less than 1% so its atomic ratio is 

depicted as (Cu0.01:CsPbBr3). The CsPbBr3 perovskite nanocrystal (NC) was used to capture 

photons first and direct photogenerated holes to a surface-bound transition metal Cu-site, 

resulting in a N−N heterocyclization reaction. Mechanistic investigation revealed that the 

reaction starts from Cu-doped CsPbBr3 surface-coordinated diamine substrates (22.1) and with 

blue LED irradiation holes are generated inside NCs which funneled to the Cu(I)-surface. This 

photogenerated hole in the perovskite NCs helps to oxidize surface-anchored Cu(I) to a Cu(II) 

species (22.2), which is further reduced by co-ordinated diamine substrate to another Cu(I) 

species (22.3). Again, the process repeated to form Cu(II) intermediate (22.4), and finally 
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another co-ordinated amine group reduces the Cu(II) and regenerates the catalyst by forming 

an N-centered diradical species (22.5) which dimerizes to form the final anticipated N-N 

heterocyclized compound. And, the excited perovskite nanocrystal came back to the ground 

state by reducing molecular oxygen to a superoxide radical anion which eventually transformed 

into stable hydrogen peroxide in the presence of acidic protons. Here Cu-site serves two 

important functions, coordinates the diamine substrate and attracts photogenerated holes from 

the valence band (VB) of the perovskite NCs leading to the multi-electron transfer (MET) to 

the bound substrate.  

 

The DFT simulations suggested that Cu(I) is the substitute for the Cs-metal center and Cu(II) 

would substitute for Pb(II). From the EPR experiment, no Cu(II) was detected which eliminates 

the idea of photocatalytic Cu(I) to Cu(II) oxidation in the presence of light. They have proved 

also that only Cu cations residing near or at the NC surface are active for this photochemical 

oxidation while cations diffuse to the center of the NCs or external Cu(I) ions are not 

catalytically active. Most photocatalysts are capable of only a photoexcited single electron 

transfer (SET) but this is a rare example of challenging photoexcited multiple electron transfer 

(MET). And, for that reason, a photocatalytic diradical intermediate (22.5) was possible to form 

using this specific Cu-doped CsPbBr3 NCs. Another interesting fact about these Cu-doped 

perovskite NCs is that only ∼1% Cu(I) doped perovskite performed as the optimized catalyst 

confirmed by ICP-OES. A higher Cu-loading does not necessarily correspond to a higher 

reactivity whereas greater than 5% Cu-incorporation resulted in less catalytic activity. Also, 

>1% Cu-loading corresponds to a lower number of Cu-catalytic sites and the reaction yield was 

declined. The strategy was successfully performed for a library of substrates leading to the 

formation of various hexahydro pyridazines (22aa-22ad) with various substitutions and also 

worked for various pyrazolidines (22ae-22ah) with an excellent yield.  
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Scheme 22. Cu-doped CsPbBr3 catalyzed N-N hetero cyclization by Yan’s group. 
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1.23 Perovskite catalyzed stereo-specific photocatalytic [2+2] cycloaddition   

Oleic acid or Oleylphosphonic is used as the capping agent during the hot-injection synthesis 

of CsPbBr3 NCs because the carboxylate or phosphate group has a very high anchoring affinity 

towards these nanocrystals118. And, by capping on the surface of the nanocrystals, these ions 

play a pivotal role in the nucleation stage during the perovskite’s bottom-up synthesis119. So, a 

substrate containing an acid group gave extra stability to the perovskite photocatalyst120.  

 

In 2022, Yan’s group revealed a highly stereospecific [2+2] photocatalytic cycloaddition in 

surface-capped α,β-unsaturated aryl carboxylic acid derivatives by utilizing CsPbBr3 NCs with 

14 W household blue LED bulb (Scheme 23)121. This is a beautiful example of an energy 

transfer from the triplet state (TET) of CsPbBr3 NCs to the substrate directly. This reaction 

proceeds by anchoring the carboxylate anion on the surface of the nanocrystal photocatalyst. 

This anchoring phenomenon was probably the major reason for the stereospecificity in this 

cycloaddition reaction. Only the syn-addition product was observed with moderate to high 

reaction yield, and the protocol performed very well for almost all types of substitution on α,β-

unsaturated aryl carboxylic acid (23aa-23ac). This reaction perfectly demonstrates 

stereospecific photocatalytic [2+2] cyclo-added syn-product formation with energy transfer 

from the triplet state of the nanocrystal. Mechanistic investigation illustrates that carboxylate 

anion gets anchored on the surface of CsPbBr3 perovskite NPs and provides a perfect geometry 

to the substrate for cycloaddition maintaining ‘syn’ formate. The  CsPbBr3 NCs irradiated with 

blue LED emission and made an electronic transition from the singlet ground state (S0) to its 

first singlet excited state (S1). And, after perfect intersystem crossing (ISC) the electron jumps 

from the first singlet excited state (S1) to the first triplet excited state (T1). Triplet to singlet 

transition is symmetrically forbidden so in practice a triplet state contains a higher lifetime than 

that of a singlet state, so energy transition becomes more physible from the long-lasted triplet 
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excited state (T1) to the anchored substrate. This triplet state energy transfer (ET) supplies 

energy for activation to the substrate for achieving a higher excited state (23a*), where it 

couples with itself or with another ‘ene’ analog to furnish the anticipated cyclobutane derivative 

(23b). Large LHP nanocrystals (size > 10 nm) or quantum-confined smaller nanocrystals both 

are capable of performing this triplet-state energy transfer. 

 

Scheme 23. CsPbBr3 NCs catalyzed stereospecific [2+2] cycloaddition by Yan’s group. 
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1.24 Perovskite catalyzed cascade cyclization on N-sulfonyl ketimines 

Zwitterions are a class of compounds with extraordinary features, its extensive use covers every 

pioneer field of research due to presence of two different charges on it122-126. Natural amino 

acids, monomers of peptide or protine in animals, exist as zwitterionic formx. So, these ions 

find an enormous application in multiple organic synthesis.   

 

In 2023, Yu’s group reported a CsPbBr3 NCs catalyzed cascade cyclization on N-sulfonyl 

ketimines using a zwitterionic radical precursor in acetonitrile (Scheme 24)127. The protocol 

was executed with 10 mol % of the catalyst loading in the presence of white LED or sunlight 

and within 10 hours of reaction duration, cascade cyclized product was furnished with an 

outstanding yield in acetonitrile solvent. Although acetonitrile is a polar solvent, very prone 

towards lead leaching from perovskite framework, still LHP NCs can hold their fluorescence 

in this solvent for a very long time. From simple mononuclear systems to polynuclear systems 

or allyl-substituted aromatic systems (24aa-24ad), this strategy performs nicely with a 

satisfactory reaction yield. Like previously, here also, N-phenyl glycine plays the role of a 

capping ligand, which may have an unexplored role behind the stabilization of these perovskite 

nanocrystals. The mechanistic investigation shows a similar kind of trend as of the previous 

(Scheme 11). Initially, the perovskite NCs irradiated with sunlight and work as an excited state 

oxidant, oxidize N-phenyl glycine (24b) to form a carboxylate radical which further goes 

through decarboxylation to form another stable radical intermediate (24.2). This radical attacks 

N-sulfonyl ketimines (24a) twice to form an intermediate (24.4), which goes through 

protonation and is followed by elimination to form a cationic species (24.6). Then nucleophilic 

attack from the existing nitrogen center inside the organic framework furnished the ultimate 

cascade cyclized product (24c). 
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Scheme 24. CsPbBr3 catalyzed cascade cyclization on N-sulfonyl ketimines by Yu’s group 

 

1.25 Perovskite catalyzed intramolecular cyclization of protected diamines  

More than 70% of FDA approved drugs and bio-active natural products contains atleast one 

heterocyclic framework in its core128. So, carbon-heteroatom bond generation is very much 

crusial in organic chemistry, and a plentiful pathways have been designed to synthesize such 

highly demanded structural motifs129-131. Nitrogen-based skeletons are very common in bio-

based heterocyclic chemistry, illustrating the importance of C-N bond generation in synthetic 

tool box132-136.  
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In 2022, Tamang’s group reported another fascinating intramolecular cyclization of N-

protected diamines by generating C-N bond to furnish several enantiopure bioactive 

imidazolidines using DBI-generated CsPbBr3 perovskite nanocrystal in the presence of 40 W 

blue LED irradiation (Scheme 25)137. Here, Gurung et al. revealed the synthesis of much more 

stable CsPbBr3 perovskite quantum dots compared to the conventional CsPbBr3 perovskite 

NCs using dibromoisocyanuric acid (DBI) as a benign and effective bromide source. This 

specific scalable protocol was simply executed in the open air at room temperature using 40 W 

Kessil blue LED irradiation source. But, surprisingly a very low turnover number of around 

177 was achieved compared to previous perovskite-based reactions. The intramolecular 

cyclization performed with excellent yields for various substitutions on the aromatic part 

irrespective of their electronic nature (25aa-25ad). The most plausible mechanism states that 

blue LED irradiated bromide-rich CsPbBr3 perovskite NCs behave as an excited state reductant, 

reducing molecular oxygen to a superoxide radical anion. And, the diamine substrate accepts 

(25a) one photogenerated hole from the valance band of the nanocrystals and itself oxidizes 

into a N-centered radical cation (25.1). The superoxide radical anion reduces this species and 

also abstracts one proton from the diamine substrate leading to the formation of an N-centered 

cationic intermediate (25.2). This cationic species loses again one acidic proton in the presence 

of a hydroperoxide anion to form another intermediate (25.3) and a stable molecule of hydrogen 

peroxide was produced. This intermediate (25.3) furnished the final product by intramolecular 

nucleophilic attack from the nitrogen centre to the electrophilic carbon center.  
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Scheme 25. Intramolecular cyclization of diamines by Tamang’s group 

 

1.26  CsPbBr3 catalyzed intramolecular cyclization to form fused imidazolidinies   

Tamang’s group extended their strategy to another familiar system to explore the structural 

diversity of their developed synthetic protocol (Scheme 26)137. The strategy smoothly worked 

for several tetrahydroisoquinoline derived 1,2-diamines (26a) and furnished several aliphatic 

six-membered fused imidazolidines (26b) with excellent yields within 3 h using 40 W blue 

LED irradiation. They have investigated their strategy with various substitutions on the 

aromatic ring (26aa-26ad) and reached up to 80% of the reaction yield with just 1 mg of 

CsPbBr3 perovskite loading.  
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Scheme 26. Six-membered ring fused imidazolidine synthesis by Tamang’s group 

 

1.27 Photochemical synthesis of 1, 3-oxazolidine by intramolecular cyclization  

Oxazolidine is a five-member heterocyclic system containing a nitrogen and oxygen atom 

inside the ring. It has three isomers among which 2-oxazolidinone is the most investigated one. 

These organic moities surprised people from ancient time with their potential applications in 

the field of anticancer, antibacterial, antituberculosis, anti-inflammatory, etc138-139.  

To further explore the substrate scope and structural diversity, Tamang’s group extended their 

optimal reaction conditions to 1,2-amino alcohols (27a) and achieved the anticipated 1,3-

oxazolidine derivatives (27b) with very good yield within 12 h using DBI-generated 

orthorhombic CsPbBr3 perovskite NCs in 40 W blue LED irradiation (Scheme 27)137. The 

developed strategy was followed by several 1,2-diamino alcohols and several 1,3-oxazolidine 

derivatives (27aa-27ad) were synthesized in the open air at room temperature with just 1 mg 

loading of bromide-rich CsPbBr3 perovskite NCs dust. These specific CsPbBr3 perovskite 

nanocrystal were developed using a ‘three-precursor method’ containing cesium oleate, Pb(II) 

salts like PbO or PbBr2, and dibromoisocyanuric acid (DBI) as brominating source. Any solvent 

containing halide like DCE, DCM, DBM, chloroform, etc. is an expert in doing ‘anion-

metathesis’ with the halide vacancy inside the perovskite NCs which is easily detectable by a 

blue or red shift in fluorescence emission spectra of the nanocrystal. Rao et al. revealed this 
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anion exchange rate is connected with the stability of the perovskite NCs as well as the surface 

passivating ligands what we provide externally during perovskite synthesis like OA/OAm, 

TOP, TOPO, etc.140.  

 

Scheme 27. Photochemical 1,3-oxazolidine synthesis by Tamang’s group 

 

1.28 Electrophilic solvolysis halogenation in an aromatic system   

A chemical reaction where solvent itself play a role of nucleophile or electrophile is termed as 

‘solvolysis reaction’141. Halogenated solvents posses several halth risk including its 

carcionogenecity and hematotoxicity142-143. But, these solvents are also very cheap and can be 

utilized efficiently to derive a plentiful environmentally benign structural frameworks144. In 

ancient times, people often used dihalogen for halogenation reaction, but due to extreme 

toxicity and hazardous nature of dihalogens (except iodine)145-146, several sustainable methods 

have been developed in the synthetic tool box to halogenate hydrocarbons in visible light using 

benign halogenation source147-148. And, enormous application of these compounds in several 

fields149, still employing researchers around the globe to find a much more safer way.  

In 2022, Xie’s group discovered an elegent technique to make electrophilic substitution in an 

electron-rich aromatic system by utilizing different electrophilic source including solvents and 

inorganic salts in the visible light irradiation (Scheme 28)150. Electrophilic bromination and 
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chlorination was executed using dibromomethane (DBM) and dichloromethane (DCM) solvent 

respectively, where anion metathesis plays a pivotal role in the catalytic cycle. The halide 

deficiency on vacant sites in CsPbBr3 perovskite’s three-dimensional framework helps to make 

anion-exchange with the solvent molecules, which is responsible for tunability in the energy 

gap between the valance band and the conduction band of the NCs. After several control 

experiments, it was observed that excited state CsPbBr3 NCs reduces dihalomethane solvent to 

its radical anion (28.1) by liberating an electron from its conduction band. This radical anion 

species further cleaved to form a radical (28.2) and a halide anion. This halide ion again being 

oxidized to a halide radical by acceping a photogenerated hole from the valace band of the 

perovskite NCs. Subsequently, halide radical dimerizes to form stable halogen molecule which 

act as electrophile towards electron rich aromatic system. By using electron shuttle in 

perovskite’s surface, they successfully synthesized numerous halogenated product (28aa-

28ad) with satisfactory yield in all the cases. They have also observed that their protocol has a 

very broad funtional group toleration including -Cl, -I, -Bpin, -COOCH3, -CN, -NO2, -NHAc, 

etc.  After halogenation, Xie’s group have extended their protocol to check the diversity of 

electrophiles for their protocol and successfully installed thiocyanate (-SCN), triflet (-CF3), 

iodide (-I), and nitro (-NO2) functionality in the aromatic system with excellent to average 

reaction yield using sodium thiocyanate, sodium triflet, sodium iodide and silver nitrate 

respectively.  
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Scheme 28. Electrophilic aromatic substitution in an electron-rich system by Xie’s group. 

 

1.29 Perovskite catalyzed simultaneous C-O and C-X bond formation 

Like the previous work, Mal’s group revealed another small molecule activation technique by 

utilizing DBI-generated CsPbBr3 perovskite NCs, previously made by Tamang’s group137. In 

2023, Mal’s group explored simultaneous C-O and C-X bond formation by activationg small 

saturated aliphatic molecule in visible light using perovskite catalysis (Scheme 29)151. This 

typical synthetic protocol was accomplished within 3 h in 3W blue LED irradiation with just 

0.6 mol % of catalyst loading in DCE solvent. And, more interestingly, the yield of the reaction 

depends very much on the morphology of the perovskite NCs. The morphology of the unit cell 

of CsPbBr3 was tuned from cubic to orthorhombic which leads to an enormous change in the 

yield of gem-dihaloenones (29b). The brominating source in the synthesis of CsPbBr3 

nanocrystal plays a vital role in the nucleation stage of those nanocrystal hence changing the 
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brominating source affects the morphology of the perovskite nanocrystals. By changing the 

brominating source from N-bromo succinimide (NBS), 1,3-Dibromo-5,5-dimethylhydantoin 

(DBDMH) to Dibromo-isocyanuric acid (DBIA), the morphology of CsPbBr3 perovskite also 

changes from cubic to orthorhombic. These orthorhombic nanocrystals have an average excited 

state lifetime of 12 nanoseconds and an elevated oxidation potential at +1.6 V, proved to be 

much more potent compared to normal cubic perovskite NCs. The strategy furnishes a broad 

spectrum of gem-dichloroenone substrates (29aa-29ad) and successfully performs for a library 

of gem-dibromoenone compounds (29ae-29af). On mechanistic elucidation, it has been 

observed that excited CsPbBr3 NCs act as the excited state reductant, reducing carbon 

tetrahalide to a radical anion species that loses one bromide anion to form a stable trihalo 

methane radical (29.1). This radical is enough stable to attack a carbon-carbon triple bond in 

arylacetylenes (29a) to make another stable benzylic radical (29.2) which plays the role of the 

terminal reductant, stabilizes perovskite NCs to its ground state and itself oxidizes to a 

carbocationic species (29.3) by accepting a photogenerated hole from the valance band of the 

nanocrystals. Moisture present in the solvent molecule attacks this carbocation and makes 

another organic molecule (29.4), which eliminates a stable HBr molecule to produce the 

anticipated gem-dibromoenones. Often moisture present in a solvent plays a very crucial role 

in the catalytic cycle and leads to the formation of oxidized products152. To accomplish this 

protocol also, moisture in the solvent was necessary so this reaction can’t furnish expected 

gem-dihaloenones in dry acetonitrile solvent. The outline of the work is perovskite may be 

unstable in water but a very small amount of water may be reactive for perovskite catalysis.  

 

https://doi.org/10.26434/chemrxiv-2025-vdjb1 ORCID: https://orcid.org/0000-0002-7830-9812 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-vdjb1
https://orcid.org/0000-0002-7830-9812
https://creativecommons.org/licenses/by-nc-nd/4.0/


57 
 

 

Scheme 29. CsPbBr3 NCs catalyzed photocatalytic C-X bond activation by Mal’s group. 

 

1.30 Perovskite-catalyzed chemo-divergent cascade cyclization using CBr4 

The assembling of high reactivity and high selectivity makes radical chemistry ideal for 

cascade reactions153. Cascade radical cyclization is a cutting-edge technique to furnish 

numerous large organic frameworks in a single step by diminishing the duration, cost, and 

wastage of the reaction154-155.  

 

Following this report, Mal’s group reported another CsPbBr3 perovskite catalyzed chemo-

divergent tandem cyclization in N-alkyl alkanamides using carbon tetrabromide as the aliphatic 

brominating precursor (Scheme 30)156. Cascade cyclizations have always been of prime interest 

in organic chemistry due to their fascinating features, which lead to the target molecule by 
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skipping several steps157. This reaction was performed nicely with orthorhombic CsPbBr3 

perovskite nanocrystals originating from the dibromoisocyanuric acid (DBIA). This chemo-

divergent protocol furnished three different types of cascade-cyclized products depending on 

the para-substitution on the N-alkyl substituted framework. When a very bulky tertiary group 

occupies the para position of the aromatic ring, a ‘6-endo-trig’ way of cyclization leads to the 

formation of a quinoline type of nucleus (30aa-30ad) with a satisfactory reaction yield. 

However, when a methoxy group (-OMe) occupies the para position, or for unsubstituted rings, 

a ‘5-exo-trig’ spiro cyclization was observed leading to the formation of various spiro-cyclized 

products (30ae-30ah). The reaction was performed at its best in acetonitrile solvent using 3 W 

blue LED irradiation. Initially, blue LED irradiated CsPbBr3 NCs excite one electron from its 

valance band to the conduction band, which reduces carbon tetrabromide (CBr4) to make a 

bromine free radical. This bromine radical attacks the substrate (30a) and a stable benzylic 

radical intermediate (30.1) forms. Now, depending on the substitution of the para-position, this 

radical intermediate goes through different types of ring closure leading to the formation of 

different intermediates (30.2-30.7) and leading to the generation of three different types of 

products. The Formation of a specific type of cyclized product was largely dependent on the 

para-substitution of the existing aromatic ring in the N-alkyl alkanamide.  
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Scheme 30. Chemo-divergent cascade cyclization in N-alkyl alkanamides by Mal’s group. 

 

1.31 Photocatalytic [3+2] cycloaddition using CsPbBr3 NCs 

Cycloaddition reactions remained the most investigated and widely used in synthetic organic 

chemistry for the construction of a plentiful organic framework in a single-step operation158-

159. In 2024, Yan and coworkers reported another CsPbBr3 perovskite-based photochemical 
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[3+2] cycloaddition between vinyl cyclopropanes and alkenes in the presence of 40 W blue 

LED irradiation using dibromo methane (DBM) solvent as the radical initiator (Scheme 31)160. 

Anion metathesis between halides vacant sites of perovskite and the organohalide solvent is 

the major driving force for this reaction. Here in this reaction, CsPbBr3 perovskite NCs in 

dibromo methane generate a ‘Br’ radical from the hole oxidation, which is the active key 

intermediate for photocatalytic [3+2] cyclo-addition leading to the synthesis of various 

vinylcyclopentanes (31c). The nanocrystal photocatalyst was highly recyclable due to its self-

healing in a bromine-rich environment by anion-exchange strategy, and the solvent was 

considered as the co-catalyst in this synthetic strategy. The protocol was smoothly obeyed by 

various substituted styrene systems (31aa-31ad) and also worked for various other olefinic 

systems (31ae-31ah) with moderate yield. Mechanistic investigation revealed that dibromo 

methane forms a bromide anion by accepting an excited electron from the conduction band of 

the nanocrystal photocatalyst. Then, the bromide anion again oxidized to bromine radical by a 

photogenerated hole transfer from the valance band of the NCs. This Br radical plays a key role 

in the whole catalytic cycle by acting as a radical initiator. Initially, it attacks the vinyl group 

in cyclopropane and cleaves the highly strained cyclopropane ring to form an intermediate 

(31.1), which again reacts with terminal alkenes to form another stable benzylic intermediate 

(31.2). Subsequently, this intermediate rearranges itself to form a stable five-membered ring 

system and eliminates a bromine radical from the framework.  
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Scheme 31. Photochemical [3+2] cycloaddition by Yan’s group. 

 

1.32 Perovskite-catalyzed oxidation of terminal olefins with aerial oxygen   

Another group from China, explored CsPbBr3 catalyzed oxidation of terminal olefin leading to 

the formation of numerous carbonyl moieties in visible light using the same DCE solvent 

(Scheme 32)161. Le et al. discovered that with just 6 mol % of the catalyst loading and 50 W 

blue LED irradiation in an oxygen environment, this strategy successfully furnished aldehyde 

for various substitutions in the aromatic ring (32aa-32ab). It is also capable of performing for 
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production of ketones with very high reaction yields from different substitutions and 

heteroaromatic frameworks (32ac-32af). Blue LED irradiates perovskite nanocrystals to an 

excited state where it works as an excited-state reductant, reducing molecular oxygen to a 

superoxide radical anion. This radical anion reacts with an unsaturated ‘ene’ framework (32a) 

to produce a dioxo radical anion (32.1) which serves the role of a terminal reductant, bringing 

perovskite nanocrystals to the ground state from the excited state and itself oxidizes to a 

dioxetane derivative (32.2). Dioxetanes are highly unstable species, that immediately eliminate 

a stable formaldehyde molecule to furnish the anticipated carbonyl compound. 

 

Scheme 32. Photochemical oxidation of terminal olefins by Le et al.  

 

1.33 Perovskite catalyzed oxidation of alcohols to carbonyls 

Oxidation of alcohols or olefins to carbonyl compounds is one of the prime interests in organic 

chemistry due to the large requirement of ketonic substrates to fulfill various synthetic 

demands162. All over the world, demand for such fundamental organic transformation using 
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much more ambient conditions is increasing day by day163. Cesium lead halide perovskite NCs 

are capable of catalyzing these conversions with very high efficiency in visible light. In 2023, 

Fan and coworkers activated the ‘O-H’ bond of primary and secondary alcohols and 

synthesized numerous aldehydes and ketones (Scheme 33)164. This CsPbBr3 perovskite 

nanocrystal catalyzed strategy performed at its best in dichloroethane (DCE) solvent with blue 

LED irradiation in an aerial atmosphere. This strategy was performed with outstanding yield 

for various substitutions on aromatic rings (33aa-33ac) and also worked very well for 

heteroaromatic (33ad) and multiple non-aromatic systems (33ae-33ag). Aerial oxygen plays a 

very crucial role in the catalytic cycle, initially perovskite molecule gets excited on visible light 

irradiation and acts as an excited state reductant which reduces molecular oxygen to a 

superoxide radical anion. This radical anion reacts with substrate (33a) to make radical species 

(33.1) which rearranges to produce carbonyl compounds. The oxygen radical anion also serves 

the role of terminal reductant to complete the catalytic cycle. And, here also this specific 

chlorinated solvent is found to be the best performer of the reaction, probably due to anion 

metathesis with bromide perovskite nanocrystal, leading to the formation of a much more 

potent mix-halide perovskite structure.  
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Scheme 33. CsPbBr3 catalyzed oxidation of alcohol by Fan et al.  

 

1.34 A gram-scale synthesis of 3,4-dihydropyrimidin-2-(1H)-ones in air atmosphere 

Multicomponent reactions (MCR) in organic chemistry have a unique identity with very high 

atom economy165, where three or more substrates react to generate a novel product in a single 

reaction vessel166-169. Strecker synthesis was the first example of that kind in the early nineteen 

decades. After that, Mannich170, Biginelli171, Passerini172, and Ugi reactions173 become 

extremely useful in the pharmaceutical industry as a cutting-edge technique. 

 

In 2023, F. Mohamadpour unlocked a scalable synthesis of 3,4-dihydropyrimidin-2-(1H)-

ones/thiones (34d) using CsPbBr3 perovskite catalysis in blue LED irradiation with a TON 
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around 90 (Scheme 34)174. Like the Biginelli reaction175, this multicomponent synthesis 

protocol contains β-ketoesters, aryl aldehydes, and urea/thiourea. The protocol was executed 

with just 1 mol % catalyst loading in ethanol solvent at room temperature with 7 W blue LED 

irradiation. The strategy was applied to generate a library of substrates, various 3,4-

dihydropyrimidin-2(1H)-one derivative (34aa-34ab) and 3,4-dihydropyrimidin-2(1H)-thiones 

(34ac-34ad) were synthesized with excellent reaction yield. The catalyst is found quite stable 

in this strategy and reusable up to six catalytic cycles with declined reaction yield and 

significant structural changes or activity loss. Also, the applicability of the protocol was 

extended to a larger scale to make it suitable for industrial use. The author proved a single 

electron transfer (SET) mechanism by several control experiments. The blue LED irradiated 

perovskite NCs donate a photogenerated hole from its valance band to the β-ketoesters and 

oxidize it to a radical cation (34.1). Then the excess one electron in the conduction band was 

taken by aldehyde to form a radical anion of aldehyde (34.2). This radical anion reacts with 

urea/thiourea to form another radical anionic species (34.3). Now, one radical anion and another 

radical cationic species added up to form a covalent neutral molecule (34.4), which rearranges 

to form the final product.  
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Scheme 34. Scalable synthesis of 3,4-dihydropyrimidin-2-(1H)-ones by F. Mohamadpour. 

 

1.35 Perovskite-catalyzed thio or seleno-etherification in electron-rich arenes 

Organosulfur compounds are immensely important in organic chemistry due to their 

omnipresence in nature. More specifically, thioether-based heterocyclic frameworks belong to 

a unique class of compounds with very high anti-cancer activity83. So, numerous synthetic 

protocols have been addressed to furnish such important structural motifs by employing metal-

free84-86, or metal-based routes87-89.   

 

Recently, in 2024, Mal’s group reported another CsPbBr3 perovskite catalyzed C-H 

functionalization on tri-methoxy benzenes using di-sulfide or di-selenide as the chalcogenating 

source (Scheme 35)176. This LHP NCs catalyzed reaction was performed at its best on 

https://doi.org/10.26434/chemrxiv-2025-vdjb1 ORCID: https://orcid.org/0000-0002-7830-9812 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2025-vdjb1
https://orcid.org/0000-0002-7830-9812
https://creativecommons.org/licenses/by-nc-nd/4.0/


67 
 

acetonitrile solvent using 3W blue LED irradiation in an aerial atmosphere. The C-H 

functionalization on tri-methoxy benzene (35a) by activating the ‘S-S’ or ‘Se-Se’ bond in di-

chalcogenides (35b), resulting in the formation of chalco-ether derivative (35c) in an oxygen 

environment. This reaction was investigated on a broad range of di-sulfide or di-selenide 

substrates considering tri-methoxy benzene as the constant nucleophilic aromatic site for 

anchoring of thiol or selenol group. The reaction performed with satisfactory yield regardless 

of the number or type of substitution in the aromatic part of the di-sulfides (35aa-35ae). Also, 

the protocol was able to furnish several selenol functionalized tri-methoxy benzene (35af-

35ah) with average reaction yield. Mechanistic investigation illustrates the necessity of oxygen 

to complete the catalytic cycle. Cesium lead bromide perovskite NCs excited in the presence 

of blue LED emission and this irradiation excites an electron from the valence band to the 

conduction band. After that, excited perovskite nanocrystals reduce molecular oxygen to 

superoxide radical anion by an electronic transition from its conduction band to the ℿ* 

molecular orbital of dioxygen. And, the electron deficiency in the perovskite NCs is 

compensated by the di-sulfide (35b) compound, accepting a photogenerated hole from the 

valance band of the nanocrystal.  This leads to the formation of a di-sulfide radical cation (35.1) 

which gets attached to tri-methoxy benzene to form another oxygen-centered radical cation 

(35.2) which gets reduced with superoxide radical anion and subsequently, removal of a stable 

molecule of hydrogen peroxide generates the anticipated thio or seleno-ether product (35c).  
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Scheme 35. Thio or seleno-etherification in electron-rich arenes by our group. 

 

1.36 Decarboxylative alkylation via Csp
3- H bond activation of unactivated ethers 

Photocatalytic C-H activation is an extremely powerful strategy to functionalize small aliphatic 

molecules like methane, ethane, butane, etc, derived from fossil fuels177. The C-H activation 

reaction in tetrahydrofuran has been known for the last few decades but not accessible 

effectively in a bench-stable photocatalytic condition178-180.  

 

In 2024, Ghosh et al. reported an elegant photocatalytic C-H activation in aliphatic cyclic ethers 

to synthesize various γ-keto cyclic aryl ethers using 1 mg of dodecahedral CsPbBr3 NCs as the 

photocatalyst in 456 nm blue LED irradiation using α,β-unsaturated acids as the keto-alkyl 

source (Scheme 36)181. They have explored this protocol by optimizing it in a bunch of 
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differently shaped CsPbBr3 perovskite polyhedral nanocrystals e.g. rhombicuboctahedron, 

hexapod, dodecahedron, cubic, Pd-CsPbBr3, Pt-CsPbBr3, Pb4S3Br2-CsPbBr3, etc. Among 

them, the dodecahedron was found to be efficient due to its higher capability of anchoring the 

carboxylate anion in the 40 W blue LED with a TON around 32200. The protocol initiated with 

the decarboxylative coupling of cinnamic acid at the α-position of tetrahydrofuran solvent and 

then extended to several α,β-unsaturated acid derivatives with excellent reaction yield (36aa-

36ah). The dodecahedral CsPbBr3 NCs have a reduction potential value of Ered (PC*/PC+ = 

−1.3 V vs SCE)121, whereas cinnamic acid has (Ered = −1.09 V vs SCE)182 and oxygen (Ered 

O2/O2 ̇
− = −0.35 V vs SCE) suggest that CsPbBr3 will reduce molecular oxygen to superoxide 

radical anion in the mechanistic cycle. Then, the superoxide radical anion helps to form a 

radical adjacent to the hetero-center in THF solvent (36.1), which was added to the α,β-

unsaturated system to form another radical intermediate (36.2). Blue LED irradiated 

photogenerated hole was transferred to this intermediate to form a cationic species (36.3) which 

was added to the existing hydroperoxide anion to form a hydroperoxide derivative (36.4). This 

intermediate again accepts one electron from excited LHP NCs and forms another intermediate 

(36.6)  by hydroxide anion. A photogenerated hole was transferred to this intermediate (36.6) 

again to form a radical intermediate (36.7) which furnished the final product by 

decarboxylation and a hydrogen atom transfer (HAT).  
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Scheme 36. The decarboxylative Cα - alkylation of aliphatic cyclic ethers by Ghosh et al. 

 

1.37 Anti-Markovnikov Sulfinylsulfonation of Terminal Alkynes  

Organo-sulfur compounds are very important because of their potent pharmaceutical 

application in medicinal chemistry183. Numerous drugs, natural products, and bio-molecules 

contain sulfur atoms in their core184-185. So, the C-S bond formation is also one of the prime 

interests in organic synthesis186. Recently, Mal’s group disclosed another report on C-S cross-
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coupling using cesium lead halide perovskite catalysis where sodium azide (NaN3) served the 

role of a stoichiometric additive. The protocol established E-selective anti-markonikov sulfinyl 

sulfonation (37c) of terminal alkynes (37a) using an ultra-small CsPbBr3 nanocrystal (~5.6 nm) 

as the photocatalyst and p-aryl sulfonyl cyanide (37b) as the source of sulfone functionality 

with a product conversion rate of 62,500 μmol g-1 h-1 (Scheme 37)187. A three-precursor method 

was utilized to synthesize ultra-small CsPbBr3 nanocrystals with an extended excited state 

lifetime and a very high surface area, where tri-bromo isocyanuric acid (TBIA) was employed 

as the bromide precursor. These newly reported perovskite nanocrystals have a near-unity 

quantum yield with an elevated oxidation potential of +1.80 V, which can be reused up to 

several mechanistic cycles. The protocol was well obeyed by various substitutions on the 

aromatic ring of the terminal alkyne part and delivered a very good reaction yield in all the 

cases (37aa-37ac). Polyaromatic (37ad), and heterocyclic systems (37ae) also responded to 

this strategy by surpassing the expectation. The result of several control experiments depicted 

that a single electron transfer (SET) pathway may be operated here and sodium azide possibly 

played a scavenger role in abstracting the cyanide functionality from the p-aryl sulfonyl 

cyanide (37b) by forming cyanogen azide (N3CN). TBIA-generated perovskite nanocrystals 

behaved as an excited state oxidant, oxidizing p-aryl sulfonyl cyanide (37b) to its radical 

cationic species. After the reaction with sodium azide, a sulfur-centered sulfonyl radical species 

formed (37.1), which directly reacts with terminal alkyne to make a benzylic type of radical 

(37.2), and also rearranges itself through several consecutive steps to make another sulfinyl 

radical species (37.6). Then, this sulfinyl radical was added with (37.2) species to furnish the 

E-selective and anti-markonikov sulfinyl sulfonyl-added product (37c).  
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Scheme 37. Anti-merkonikov sulfinyl sulfonation in terminal alkynes by Mal’s group 

 

Procedure to synthesize Cesium Lead halide (CsPbX3) perovskite nanocrystal  

There are various reported strategies available for synthesizing Lead Halide Perovskite 

nanocrystals including solvothermal188, ultrasonication189, ball-milling190, chemical vapor 

deposition (CVD)191, ligand-assisted reprecipitation (LARP)192, or microwave-mediated 

synthesis193. Among them, the most prevalent and easiest synthetic approach is the ‘Hot-

injection’ method developed by Protesescu et. al.18  
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Preparation of Cs-oleate. Initially, cesium carbonate (0.814g) was taken into a 100 mL 3-neck 

flask along with octadecene (ODE) (40 mL, TCI), and oleic acid (OA, 2.5 mL), dried for 30 

min at 120 ºC under high vacuum, and then heated 1h at 150 ºC under N2. Since freshly 

prepared cesium oleate precipitates out of ODE at room temperature, so every time it has to be 

pre-heated to 100 ºC before use in the hot-injection method.  

 

Synthesis of CsPbX3 NCs. In a 25 mL three-neck flask octadecene (ODE, 5 mL), lead halide 

(PbX2, 0.188 mmol) was taken and dried under a high vacuum for 1h at 120 ºC. Then, pre-

dried oleylamine (OAm, 0.5 mL) and oleic acid (OA, 0.5 mL) were injected at 120 ºC under a 

nitrogen atmosphere. Then, the temperature was raised to 140-200 ºC and kept for 1h under an 

inert atmosphere. After that, pre-heated cesium oleate solution (0.4 mL, 0.125 M in ODE) was 

quickly injected and the reaction mixture was frozen in an ice-water bath.  

 

Isolation and purification of CsPbX3 NCs. The crude solution was cooled down in a water 

bath and the aggregated NCs were separated by centrifuging. For smaller NCs synthesized 

below 160 ºC, centrifugation at 0 ºC or the addition of tert-butanol to the crude solution 

(ODE:tBuOH=1:1 by volume) were found to be helpful for a complete precipitation. After 

centrifugation, the supernatant was discarded and the particles were redispersed in toluene or 

hexane forming long-term colloidally stable solutions. Nowadays, methyl acetate is being used 

as an anti-solvent instead of tert-butanol to wash the impurities in the purification stage.  

 

Recent advances on the stability of metal halide perovskite NCs  

Cage shaped supramolecular framework may regulate the stability of smaller molecules 

trapped inside its cavity194-195. Utilizing this idea, a few pioneering steps have been taken to 

stabilize LHP NCs by covering them with polymer-like material or molecular assemblies.  
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Metal halide perovskite NCs combined with polymers may create nanocomposites that bestow 

an array of advantageous characteristics including higher stability, solution-based 

processability, and stretchability by maintaining the basic morphology of the nanocrystals 

intact196-204.  

 

CONCLUSION AND OUTLOOK 

In summary, this review illustrates the systematic development made over CsPbX3 perovskite 

catalysis in the last few years by assembling a bunch of recent literature that outlines various 

effective organic syntheses nicely performed utilizing CsPbX3 catalysis in visible-light 

irradiation. The astonishing array of reactivity of these highly fluorescent CsPbBr3 perovskite 

nanocrystal will offer practitioners of organic synthesis a new route to apply in numerous 

photo-redox catalysis. The mild nature of the reaction environment is capable of tolerating a 

wide and complex functionality, and it is expected this newly developed photocatalyst will 

surely leave a significant impact on the face of future photo-organic chemistry. Although some 

developments have been made in perovskite-based photocatalysts in the last few years, we 

strongly believe there are still many unexplored hidden reactivity of these materials that remain 

untouched. These promising nanocrystal will play the role of a bridge to connect photo redox 

chemistry with material science. This compilation of literature, highlighting methodologies of 

perovskite-mediated photo-organic synthesis is anticipated to contribute uniquely and 

significantly to the domain of photochemistry. The adoption of perovskite photocatalysis can 

lead beginners toward much more complicated organic synthesis revealing new opportunities 

for constructing a variety of organic frameworks with potential applications. Furthermore, 

hybrid catalysts with improved performance might be produced by combining perovskite 

nanocrystals with other nanostructured materials like CNTs, graphene, MOFs, COFs. We 
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expect that this comprehensive review will enable beginners in this field to design new routes 

to synthesize numerous unknown organic compounds.  
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