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Light-induced autoxidation of aldehydes to peracids and 
carboxylic acids 

Mohamed S. H. Salem,a,b Carla Dubois,a,c Yuya Takamura,d Atsuhito Kitajima,d Takuma Kawai,d 
Shinobu Takizawa*a and Masayuki Kirihara*d 

Autoxidation of aldehydes to peracids and carboxylic acids holds a significant impact in both academia and industry due to 

their wide applications in organic synthesis and environmental remediation. However, the multiple pathways involved in 

this reaction have hindered the development of sustainable methods for peracid synthesis. Herein, we conduct a 

comprehensive kinetic and mechanistic investigation to elucidate the interplay between these pathways. Subsequently, we 

introduce an efficient eco-friendly method to oxidize aldehydes to their corresponding peracids under sunlight or UV 

irradiation using oxygen as the sole oxidant without any additives or photocatalysts. Additionally, we demonstrate a simple 

method for the autoxidation of aldehydes to carboxylic acids via controlling key parameters such as the wavelength and 

solvent. These methods exhibit broad applicability to aromatic and aliphatic aldehydes, successful scaling up to the gram 

scale, and utilizing renewable solar energy making them good alternatives for traditional methods.

Introduction 

Organic peracids are a widely recognized class of organic 

compounds with diverse applications in organic synthesis, 

materials science, and the environmental and medicinal fields.1 

Owing to their distinctive peroxy groups (-O-O-) that readily 

donate oxygen atoms and compatibility with diverse organic 

solvents,2 some organic peracids such as meta-

chloroperoxybenzoic acid (mCPBA) have been considered 

privileged oxidizing agents for several established reactions 

(Scheme 1A).1d Organic peracids are commonly synthesized by 

the perhydrolysis of carboxylic acids, acid chlorides, or 

anhydrides with hydrogen peroxide (H2O2).3 Other approaches, 

such as the photoinduced peroxidation of alkyl arenes (e.g., 

toluene), have recently been introduced to afford aromatic 

peracids.4 Autoxidation of aldehydes to carboxylic acids and 

peracids is one of the most appealing methods, primarily 

because of the readily available and cost-effective nature of 

aldehydes (Scheme 1B).5 Early reports used superstoichiometric 

amounts of hazardous oxidants with low atom efficiency, such 

as permanganate, chromate, perborate, percarbonate, and 

oxone.6 To address this problem, various strategies have been 

implemented using molecular oxygen as a greener alternative 

for the oxidation of aldehydes via organo-[N-

hydroxyphthalimide (NHPI)]7 or metal-catalyzed (Cu, Ag, Ni, Mn, 

Fe, and Pt) approaches.8 Recently, Wang et al. disclosed an 

aerobic pH-adjusted method,9 and He et al. introduced a 

thermo-induced approach for the oxidation of aldehydes.10 

The concept of the photoexcitation of aldehydes to form a 

triplet radical pair, which initiates a radical-mediated pathway 

towards the corresponding peracids and carboxylic acids, has a 

long history.11 Apart from a few early reports that studied the 

photoinduced ozone-initiated oxidation of benzaldehyde to 

perbenzoic acid,12 most recent efforts have been dedicated to 

investigating the photoinduced oxidation of aldehydes to 

carboxylic acids.13 In the pursuit of aldehyde autoxidation, 

Safari et al. used porphyrin as a photocatalyst under visible light 

conditions,13b Cho et al. applied Ru/Ir-based photocatalysts 

under blue light,13c and Favre-Réguillon et al. used 

camphorquinone under white light in a flow photochemical 

system.13d Despite recent significant advancements, most of 

these approaches cannot avoid the use of organo- and metal 

catalysts, other additives, hazardous solvents, buffers, or strong 

bases, and many of them require complex setups, high 

pressures of molecular oxygen, or elevated temperatures, 

which hinder their classification as green and environmentally 

friendly processes. 

In 2022, three groups independently reported highly atom-

efficient and green photoinduced protocols for the aerobic 

oxidation of aldehydes to their corresponding carboxylic acids 

(Scheme 1C).13e-g Li et al. used molecular oxygen and water as 

the main solvent to afford carboxylic acids without catalysts or 

additives.13e Hashmi et al. demonstrated a sunlight-induced 

protocol using air, rather than pure oxygen, and acetone as the 

solvent.13f Kokotos et al. applied two conditions, sunlight, and  
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Scheme 1 Applications and synthetic approaches for peracids: 

previous methods and this work. 

370 nm irradiation, to afford carboxylic acids (Scheme 1C).13g 

However, the photoinduced oxidation of aldehydes to their 

corresponding organic peracids has been underexplored, and 

the few explored protocols have either required high 

concentrations of organocatalysts (NHPI)14 or encountered 

challenges such as generalizing their findings or effectively 

separating the peracids.13f These limitations arose mainly from 

the multiple reaction pathways for the liquid-phase aerobic 

oxidation of aldehydes and how these pathways interfere with 

the conversion of peracids to the corresponding carboxylic 

acids.15 Herein, we further explore the competition between 

these interfering reaction pathways through mechanistic and 

kinetic studies. Building on our understanding and fine-tuning 

of all the reaction parameters, we established efficient, 

scalable, and eco-friendly conditions for the oxidation of 

aldehydes to their corresponding peracids under sunlight and 

UV irradiation. Varying key parameters (wavelength and 

solvent) provided alternative efficient conditions for 

synthesizing the corresponding carboxylic acids using sunlight 

or UV light (Scheme 1D). 

Results and discussion 

Exploring the reaction and condition optimizations 

To investigate the photoinduced autoxidation of aldehydes to 

the corresponding peracids, meta-chlorobenzaldehyde 1a was 

chosen as the model starting material because of the favorable 

properties of mCPBA 2a, ensuring high safety and ease of 

handling.1d With iso-propyl acetate (i-PrOAc) as the solvent and 

395 nm irradiation under an oxygen atmosphere for 4 h (see ESI 

for details), 2a was obtained in a 79% yield (Table 1, entry 1). 

Light played a critical role in this reaction, because no product 

was observed under dark conditions (Table 1, entry 2). Shorter 

wavelengths (340–365 nm) afforded higher 3a/2a ratios, 

whereas longer wavelengths (521–631 nm) resulted in lower 

conversions (Table 1, entries 3 and 4, and Fig. 1A). 

Advantageously, sunlight irradiation gave a comparable 72% 

yield (Table 1, entry 5), which did not occur with indoor light 

because of its different power and wavelength spectra (Table 1, 

entry 6). In pursuit of a simpler setup, we replaced pure oxygen 

with air; however, the yield was reduced because of the 

activation of the side pathways at the expense of the main 

pathway (Table 1, entry 7). Under a nitrogen atmosphere, the 

reaction was suppressed, highlighting the crucial role of oxygen 

(Table 1, entry 8). Owing to the vulnerability of peracids to 

mechanical and thermal decomposition,16 we optimized our 

conditions at a low stirring rate (< 200 rpm) to avoid any 

negative physical effects caused by vigorous stirring (see ESI for 

details), which agrees with the observed lower yields at higher 

stirring rates (Table 1, entry 9).  

Considering the critical role of the solvent,17 we conducted a 

comprehensive screening of approximately 24 solvents under 

405 nm (see ESI for details), 395 nm, and sunlight irradiation 

(Fig. 1B and 1C). With alcoholic solvents, lower conversions 

were observed owing to the suppressed reaction rates, which 
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could be attributed to the strong intermolecular forces (H-

bonding) between these solvents and the aldehydes.17b 

Ethereal solvents such as tetrahydrofuran (THF) and 1,4-

dioxane afforded only carboxylic acid 3a in modest yields (< 

20%), whereas methyl tert-butyl ether (MTBE) provided 42% of 

3a and 4.5% of 2a, respectively. In contrast, chlorinated solvents 

afforded significantly higher yields of carboxylic acid 3a (>95%) 

than those achieved with other solvents, primarily because of 

their higher rates. However, dichloroethane (DCE) yielded a 

mixture of 3a and 2a in a 2:1 ratio. Some nonpolar solvents 

(toluene and cyclohexane) and polar aprotic solvents 

[dimethylsulfoxide (DMSO) and dimethylformamide (DMF)] 

displayed low conversion rates, yielding only carboxylic acid 3a 

as the over-oxidation product. The use of water or neat 

conditions led to high yields of carboxylic acid 3a with no 

observation of peracid 2a. Some solvents showed promising 

results for the formation of 2a, such as acetone (31%) and 

acetonitrile (51%), while the best results were achieved with 

ester solvents [ethyl acetate (EtOAc), 62% and i-PrOAc, 72%]. In 

recent years, i-PrOAc has demonstrated significant value across 

numerous industrial and academic applications as a green and 

cost-efficient solvent,18 with some early studies highlighting its 

advantage in decreasing the decomposition rate of benzoyl 

peroxide.19 

Table 1 Screening of reaction conditions 

 

Entry Variation from standard conditions 2a (%) 3a (%) 

1 None 79 20 

2 No light - trace 

3 365 nm LED 28 68 

4 521 nm LED - 27 

5 Outdoor sunlight 72 21 

6 Indoor artificial light - 44 

7 Open air 54 45 

8 Under nitrogen - trace 

9 Stirring rate = 400 rpm 68 30 

10 Ethanol (0.2 M) - 21 

Reaction conditions: 1a (0.25 mmol), i-PrOAc (1.25 mL), under oxygen atmosphere 

at room temperature. Yields were determined by 1H-NMR.

Mechanistic and kinetic investigations  

To gain deeper insight into the critical role of solvents in 

suppressing or encouraging interfering reaction pathways, we 

conducted a detailed kinetic analysis under various conditions 

(see ESI for details). Autoxidation of aldehydes begins with 

photoexcitation and reaction with oxygen through a radical-

mediated pathway, generating the corresponding peracid 2a at 

rate ka (Fig. 2A). Following a mechanism similar to Baeyer-

Villiger oxidation,20 the corresponding carboxylic acid 3a can be 

formed via a Criegee intermediate at rate kb. Another pathway 

for the rearrangement of the Criegee intermediate has been 

reported,17, 21 which can afford a mixture of formate 4a and 

Fig. 1 Effect of different wavelengths and solvents on the reaction progress and peracid 2a/carboxylic acid 3a ratio. Reaction conditions: 1a 

(0.25 mmol), solvent (1.25 mL), under an oxygen atmosphere at room temperature (stirring rate = 150 rpm) for 4 h. 
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carboxylic acid 3a. Luckily, formate byproduct 4a was not 

observed under our conditions for substrate 1a.17a Additionally, 

carboxylic acid 3a was formed by the direct decomposition of 

2a at rate kc.14 Favre-Réguillon et al. investigated these 

pathways and the key factors that favored one pathway over 

another.14, 21-22 Lehtinen et al. and Jin, Peng, Zhao et al. have 

demonstrated the effect of the solvent on the rearrangement 

of peracid-aldehyde adducts during the aerobic autoxidation of 

aldehydes via experimental and computational efforts.17 

However, most of these mechanistic investigations have 

focused on the competition between the two pathways 

governing the rearrangement of the Criegee intermediate (kb 

vs. kd) and used an aliphatic aldehyde (2-ethylhexanal) to 

conduct their investigation. Herein, our primary focus is to 

analyze the interplay between the pathways involved in the 

production of the peracid and its subsequent degradation (ka vs. 

kb and kc) to determine the optimal conditions for peracid 

synthesis and to ascertain the most suitable point to terminate 

the reaction. Our system can be defined using three ordinary 

differential equations (ODEs) as follows: 

𝑑[𝟏𝒂]

𝑑𝑡
= −𝑘𝑎[𝟏𝒂] − 𝑘𝑏[𝟏𝒂][𝟐𝒂]                        (1) 

𝑑[𝟐𝒂]

𝑑𝑡
= 𝑘𝑎[𝟏𝒂] − 𝑘𝑐[𝟐𝒂] − 𝑘𝑏[𝟏𝒂][𝟐𝒂]         (2) 

𝑑[𝟑𝒂]

𝑑𝑡
= 𝑘𝑐[𝟐𝒂] + 2 𝑘𝑏[𝟏𝒂][𝟐𝒂]                        (3) 

Tracking the changes in the concentrations of 1a, 2a, and 3a 
as a function of time under different initial conditions (Fig. 2B) 
enabled the calculation of ka, kb, and kc values through nonlinear 
regression analysis (via Python's SciPy library) and fitting our 
experimental data to the ODEs (Eq. 1-3) (see ESI for details). By 
solving these equations, we modeled the concentration profiles 
of each species over time to visualize their generation and 
consumption under different conditions (Fig. 2C). Kinetic 
analysis revealed that the direct decomposition of 2a into 3a 
occurred at an extremely low rate compared to the other 
pathways, suggesting a negligible effect, especially with shorter 
reaction times. The primary competing pathways involved the 
generation of 2a from 1a and the subsequent reaction of 1a and 
2a producing 3a. Under sunlight irradiation with i-PrOAc as the 
solvent, the rate constant (kb = 0.05215 min-1) for the reaction 
between 1a and 2a was 1.67 times faster than the rate constant 
(ka = 0.03119 min-1) for the generation of 2a; however, the 
significance of this side reaction (kb) depends on the 
concentrations of both 1a and 2a. Owing to the fast conversion 
of 1a to 2a under these conditions, the time frame when both 
concentrations of 1a and 2a are relatively high is very short, 
minimizing the effect of this side pathway (Fig. 2C-I). In contrast, 
other solvents such as methanol-d4 showed a kb rate 
approximately 400 times faster than ka, which explains why 
peracid 2a was not observed during the time-course study. The 
reason for the low conversion of 1a to 3a in methanol-d4 (Fig. 
1C), despite the smooth progression of the reaction between 1a 
and 2a to form 3a, can be attributed to the slow rate-limiting 
step of 1a to 2a conversion (Fig. 2C-II). The kinetic study was 
extended to other light sources and wavelengths (see ESI for 
details). 

 

Fig. 2 Kinetic study. A) Multiple pathways for the autoxidation of meta-chlorobenzaldehyde (1a). B) Kinetic analysis: (I) calculation of the 

rate of peracid decomposition kc; (II) and (III) calculation of the rates ka and kb. C) Modeling the autoxidation of aldehyde 1a under different 

conditions: (I) using i-PrOAc as a solvent under sunlight and (II) using MeOH-d4 as a solvent under sunlight.
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Scheme 2 Substrate scope and scalability for the photoinduced oxidation of aldehydes to peracids. A) Reaction conditions 1 (0.25 mmol), i-

PrOAc (1.25 mL), under an oxygen atmosphere (stirring rate = 150 rpm) at 25–33 °C. The yields were determined by 1H-NMR. Bold conditions 

are recommended for a good balance between high yield and safety (keeping the purity ～70-75%, with ～10% carboxylic acid impurities, is 

favourable in terms of stability and safety). B) Gram scale synthesis of mCPBA under sunlight and 405 nm LED irradiation: reaction conditions 

1a (12.5–15 mmol), i-PrOAc (0.2 M), under an oxygen atmosphere (stirring rate = 300 rpm) at 25–34 °C. The isolated yields are reported.

Exploring the scope of peracids 

With the three high-yielding conditions in hand (see ESI for details), 

the substrate scope of peracid 2 was investigated (Scheme 2A). 

Generally, unsubstituted (2f) and para-substituted aromatic 

aldehydes bearing electron-donating (EDGs; 2h, 2i, and 2l) or 

halogens (2c and 2e) afforded higher yields than their ortho- and 

meta-substituted analogs (2a, 2b, 2d, 2g, 2j, and 2k). This result 

highlights how both electronic and steric effects play key roles in the 

reactivities of different substrates in the multiple pathways. 

Accordingly, some substrates required either shorter or longer 

reaction times to obtain the maximum possible peracid yield. 

Dimethoxy-substituted benzaldehyde afforded good yields under 

LED irradiation (395 and 405 nm), whereas lower yields were 

observed under sunlight owing to the slower reaction rate (2m).
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Scheme 3 Substrate scope for the photoinduced oxidation of aldehydes to carboxylic acids. Reaction conditions (under sunlight): 1 (0.0625 

mmol), IPA/water 50% v/v (1.25 mL), under open air (stirring rate = 500 rpm) at 25–32 °C. The yields were determined by 1H-NMR (isolated 

yields in parentheses). # (conc. = 0.025 M). * (solvent = i-PrOAc). $ (0.25 mmol scale). Reaction conditions (under 365 nm LED): 1 (0.25 mmol), 

i-PrOAc (1.25 mL), open air (stirring rate = 500 rpm) at room temperature. The yields were determined by 1H-NMR (isolated yields in 

parentheses).

Stable ortho-substituted hydroxybenzaldehydes were resistant to 

photoinduced oxidation under additive-free conditions (2n and 

2o),23 while their meta-substituted analogs (2p) afforded high yields 

of 91% and 84% under 395 nm and 405 nm irradiation, respectively. 

Aliphatic aldehydes were highly compatible with our conditions, 

giving the corresponding peracids in good yields (2r–2t). 

Benzaldehydes bearing electron-withdrawing groups (EWGs) 

showed very slow reaction rates, which terminated the possibility of 

peracid accumulation, as all generated peracids were directly 

converted to their corresponding carboxylic acids at a faster rate 

(3u–2w). Then, a gram scale synthesis was performed to give 

approximately 1.74 g (90% peracid) and 1.24 g (88% peracid) of 2a 

under sunlight and 405 nm irradiation, respectively (Scheme 2B). 

 

Exploring the scope of carboxylic acids 

After the details of the reaction mechanism were clarified through 

our kinetic studies, further green and efficient methods for 

converting the peracids produced in situ into carboxylic acids were 

also explored. Based on our understanding of the role of different 

wavelengths and solvents in activating and suppressing competing 

pathways, we further optimized alternative conditions using a 

different wavelength (365 nm LED) or solvent system [iso-propyl 

alcohol (IPA)/water, 50% v/v] for the production of carboxylic acids 

3 from aldehydes 1 using air as a safer and cheaper alternative to 

pure oxygen. We employed a mixed solvent system under sunlight 

irradiation to effectively address the most controversial aspects 

encountered in prior works13e-g concerning solubility and volatility.24 

A broad spectrum of aliphatic and aromatic aldehydes with various 
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EWGs and EDGs at different positions afforded carboxylic acids in 

high yields under the optimized conditions (Scheme 3). Some 

aldehydes displayed slower reaction rates (ka) in water-containing 

mixed solvent systems under sunlight. Hence, we utilized i-PrOAc as 

an alternative solvent, taking advantage of their slower (ka) rates, 

which would prevent the unwanted accumulation of peracids during 

the reaction (3l, 3m, 3p–3u, 3w, 3x, 3aa, and 3ad–3ag). Multi-

methoxy-substituted benzaldehydes (3m and 3x), heterocyclic 

aldehydes (3ab and 3ac), and naphthaldehydes (3q, 3ad, and 3ae) 

gave good yields, especially under 365 nm irradiation. Although para-

fluoro- (3ah) and para-chlorobenzaldehydes (3c) exhibited excellent 

yields under sunlight, their bromo- (3e) and iodo- (3ag) counterparts 

were less efficient under these conditions. Even with high dilution 

and scaling down, the yield of 3e could not be enhanced beyond 71%; 

however, all these substrates showed excellent yields when 

irradiated at 365 nm for longer times. Similar to peracids, ortho-

substituted hydroxybenzaldehydes (3n and 3o) and vanillin (3ai) 

resisted photoinduced oxidation under additive-free conditions.  

 

Control experiments 

To further support the aldehyde autoxidation mechanism, some 

control experiments were performed. Light on/off experiments 

revealed the indispensability of continuous irradiation for the 

generation of peracid 2a from aldehyde 1a (Fig. 3). In the absence of 

light, the primary pathway leading from 1a to 2a was entirely 

suppressed, whereas the secondary pathway involving the Baeyer-

Villiger rearrangement remained partially active, demonstrating the 

partial consumption of 2a and the concurrent generation of 3a.  

Figure 3 Light-irradiation on/off experiments 

In the presence of the radical scavenger tetramethylpiperidine-1-

oxyl (TEMPO), both carboxylic acid 3a and peracid 2a were not 

observed, which is consistent with the accepted radical-mediated 

pathway (Scheme 4A). When 18O-isotope labeled water was used in 

place of water under the optimized conditions for carboxylic acids, 

no 18O-labeled carboxylic acid 3a’ was observed, confirming that the 

origin of the oxygen atom in the product was the oxygen atmosphere 

rather than water (Scheme 4B). A plausible mechanism (Scheme 4C) 

can be proposed based on our control experiments (Fig. 3 and 

Scheme 4), kinetic analysis (Fig. 2), and related reports.11e, 13e-g, 21, 22b 

Under light irradiation, aldehyde 1 is excited to form a highly reactive 

triplet radical pair (I and II), which undergoes a radical-mediated 

pathway with molecular oxygen to generate the corresponding 

peroxy radicals (III and IV). Peroxy radical III subsequently engages in 

a hydrogen atom transfer (HAT) reaction to form peracid 2 and 

benzoyl radical I. Through a pathway similar to Baeyer-Villiger 

oxidation,20 the corresponding carboxylic acid 3 can be formed via a 

Criegee intermediate. This intermediate is produced by the 

nucleophilic addition of peracid 2 or radical IV to aldehyde 1. 

 
Scheme 4 Control experiments and plausible mechanism. 

Conclusions 

To explore the liquid-phase autoxidation of aldehydes, we 

conducted detailed kinetic and mechanistic studies to elucidate 

the key factors affecting the different rates of each step. We 

then developed an eco-friendly, practical, and simple 

photoinduction method to afford peracids in high-to-excellent 

yields using oxygen as the sole oxidant under sunlight or UV 

light irradiation. The substrate scope and limitations were 

carefully examined, and the scalability of this protocol was 

validated. An alternative green and efficient method for the 

production of various carboxylic acids in open air was 

introduced after adjusting the wavelength and solvent system. 

Further investigations for the nature of interactions between 

the solvents and reaction intermediates is currently under 

progress. 
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Experimental section 

Gram-scale synthesis of mCPBA 2a 

To a dry 100 mL two-neck round-bottom flask, meta-

chlorobenzaldehyde (1a, 15 mmol) and i-PrOAc (60 mL) were 

added under an oxygen atmosphere (using the Schlenk line). 

The mixture was stirred (using a 20 mm magnet at 300 rpm) 

under sunlight at 30–34 °C. The progress of the reaction was 

monitored by No-D 1H-NMR spectroscopy. After 7 h, the 

reaction was stopped after reaching a plateau, and the solution 

was directly concentrated in vacuo (avoiding heating or high-

speed rotation during concentration). The obtained compounds 

were washed with phosphate buffer (pH = 7.2 × 25 mL), 

extracted with ethyl acetate, dried over anhydrous sodium 

sulfate, and evaporated to obtain the final mCPBA 2a (1.74 g) 

containing approximately 10% acid impurities. Further 

purification was avoided, primarily because of safety concerns. 

Pure peracids are highly shock-sensitive and may explode or 

decompose under thermal or mechanical stress. Maintaining 

approximately 10% acid impurities in the sample is advisable, 

which aligns with commercially available mCPBA, ensuring both 

a reasonable level of purity and high yields. 

Additional reaction information: place: (Osaka, Japan); date 

(04/07/2023); weather (sunny); outdoor temperature (30–34 

°C); time (11:00 am–18:00 pm); humidity (41–48%); wind (3.2–

14.5 km/h). 
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