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Metal-Free Visible Light-Promoted Synthesis of Isothiazoles: a 
Catalytic Approach for N−S Bond Formation from Iminyl Radicals 
under Batch and Flow Conditions
María Jesús Cabrera,†a Sara Cembellín,†*a Adnane Halima-Salem,b Mateo Berton,a Leyre Marzo,a 
Abdellah Miloudi,b,c M. Carmen Maestro,*a and José Alemán *a,d 

A sustainable synthesis of isothiazoles has been developed 
using an α-amino-oxy acid auxiliary and applying photoredox 
catalysis. This simple strategy features mild conditions, broad scope 
and wide functional group tolerance representing a new 
enviromentally friendly option to prepare these highly valuable 
heterocycles. Furthermore, the synthetic value of the method is 
highlighted by the preparation of a natural product derivative and 
the implementation of the reaction in a continuous flow setup.

Isothiazoles, which contain two electronegative heteroatoms 
(nitrogen and sulfur) in a 1,2-relationship, are important 
scaffolds in medicinal chemistry and agriculture industry.1 This 
prominent moiety occurs in various antipsychotic drugs such as 
ziprasidone2 and lurasidone,3 commonly used in the treatment 
of schizophrenia. Moreover, the isothiazole moiety is present in 
some inhibitors of biological targets such as compound I, a 
potent GAK (Cyclin G Associated Kinase) inhibitor,4 and in 
different pesticides such as the 3-subsituted 
benzo[d]isothiazole II (Scheme 1a).5 Traditional methods for the 
preparation of these heterocycles often require high 
temperatures, harsh conditions or the use of transitions 
metals.6,7 Therefore, a simple, direct and more sustainable 
approach towards the synthesis of isothiazoles would be of 
significant interest in synthetic chemistry.

Photoredox catalysis mediated by visible light has received 
much attention in the past decade.8 Its mild and green 
conditions have made it a suitable option to develop new 
efficient, economical and environmentally friendly 
transformations. In particular, iminyl radicals are versatile 
synthetic intermediates in the construction of more complex 
molecules.9 They have been successfully generated from oxime 

derivatives through a visible-light photoredox approach,10 
avoiding the use of the UV irradiation or high temperatures, 
which had been previously required (Scheme 1b).11

In 2017, the Studer12 and Leonori13 groups simultaneously 
described for the first time the generation of these nitrogen 
radicals by single-electron oxidation of α-imino-oxy acids 
(Scheme 1c). Despite great progress in the area, the generation 
of iminyl radicals by oxidative single–electron transfer (SET) 
from oxime derivatives12-14 has been considerably overlooked 
when compared to its analogous reductive process.15 Indeed, all 
these  strategies  (Scheme  1b-c)  involve  the  formation  of  C−N 
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Scheme 1. Importance of isothiazoles and iminyl radicals in photocatalysis.
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bonds, but the formation of other attractive bonds such as N−S 
has never been explored under these photocatalytic conditions.

On this basis, and taking advantage of our previous 
experience in photocatalyzed sulfur chemistry,16 we envisioned 
that iminyl radicals generated by oxidative SET could be 
appropriate for the formation of N−S bonds, although to the 
best of our knowledge it has not been reported to date. Herein, 
we describe the efficient realization of this approach and we 
apply it to the development of a new synthesis of isothiazoles 
from α-imino-oxy acids under mild conditions and promoted by 
visible light (Scheme 1d). The green conditions of the protocol 
are highlighted not only by the reaction setup, at room 
temperature and without the necessity of transition metals or 
stoichiometric oxidants, but also by the formation of benign 
secondary products such as CO2 gas, acetone and 
benzaldehyde. 

To  probe the  feasibility of our assumption,  we selected the 

Table 1. Reaction discovery and variation of standard conditions.
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N

acetone, air, rt, 16 h
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N
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Me ClO4
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PC1
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N
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N

F

F
F3C

PF6
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PC4

N
CN

N

N

N

NC

PC5N

O N
Cy

O Ph

RClO4
-

PC2

PC3
R = Me

R = Ph

Ir(dFCF3ppy)2(dtbbpy)PF6
4CzIPN

PC1, NaOAc, blue LEDs

SMe

N
O

CO2H

2a

tBu

tBu

F3C
F

F

Entry Variation from standard conditions[a] Yield [%][b]

1 None 56

2 CsF instead of NaOAc 20

3 PC2 instead of PC1 35

4 PC3 instead of PC1 31

5 PC4 instead of PC1 32

6 PC5 instead of PC1 44

7 O2 instead of air 54

8 Ar instead of air 4

9 No base 0

10 No light 0

11 No photocatalyst 0

[a] Conditions: 1a (0.05 mmol), photocatalyst PC (5 mol%) and NaOAc (0.05 
mmol) in acetone (0.67 mL) under air and 450 nm single LED (380 mW). [b] 
Yields determined by 1H-NMR spectroscopy using 1,3,5-trimethoxybenzene 
as internal standard.
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Scheme 2. Evaluation of the activating reagent and the leaving group (LG). 
Yields determined by 1H-NMR spectroscopy using 1,3,5-trimethoxybenzene 
as internal standard

α-imino-oxy acid 1a as model substrate, easily prepared from 
the corresponding ketone in one step (see ESI for details) and 
we studied its reactivity in the presence of various 
photocatalysts and bases. After extensive screening (see Table 
S1  in  ESI  for  details),  the  desired  benzo[d]isothiazole  2a  was 
obtained in 56% yield as a single product using the commercially 
available acridinium salt PC1 as photocatalyst and NaOAc as a 
base in acetone under air and blue LED light irradiation (Table 
1, Entry 1). The use of other bases frequently employed in the 
generation of iminyl radicals by oxidative SET of oximes, such as 
CsF (Table 1, Entry 2), or different solvents, provided worse 
results. A significant decrease in the yield was observed when 
other photoredox catalysts such as acridinium species PC2 and 
PC3, Ir(dFCF3ppy)2(dtbbpy)PF6 (PC4) and 4CzIPN dye (PC5) were 
used (Table 1, Entries 3–6). Moreover, when the reaction was 
carried out under oxygen atmosphere, the same result was 
obtained (Entry 7), while an argon atmosphere was found to 
have a detrimental effect on the transformation (Entry 8). These 
results show the necessity of the presence of oxygen in the 
reaction. Finally, control experiments verified that no product 
was formed in the absence of light, base or photocatalyst (Table 
1, Entries 9–11).

Next, the nature of both the activating reagent for the 
carbonyl substrate and the leaving group (LG) were studied 
(Scheme 2). Under the previous optimized conditions, 2-imino-
oxy propionic acid 1a´ afforded the desired benzoisothiazole 2a 
in lower yield (33%), while the corresponding phenyl-
substituted compound 1a´´ displayed similar efficiency than our 
model substrate. Based on these results, we continued with the 
use of 2-(aminooxy)-2-methylpropanoic acid as the auxiliary of 
the reaction, due to the formation of acetone as secondary 
product which coincides with the solvent of our method. 

Regarding the LG study, compounds 1b and 1c containing 
isopropyl and tert-butyl groups as LG gave the compound 2a in 
44% and 68% yield, respectively. In contrast, oxime 1e, with a 
SPh moiety, was almost inactive in the reaction. Fortunately, α-
imino-oxy  acid 1d  led to the  formation  of  the  desired  product
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Scheme 3. Substrate scope of the synthesis of isothiazoles from α-imino-oxy acids.

in a very good yield (85%), which confirmed the benzyl group as 
the best LG for our transformation.

With the optimized reaction conditions in hand, we 
examined the scope of the reaction by first varying the moieties 
present in the aromatic ring of the substrate (Scheme 3). To our 
delight, a range of substituted aromatic oximes containing 
either electron-donating or electron-withdrawing groups such 
as MeO, Br, F and CF3 could all be used to form the 
corresponding benzoisothiazoles 2a-h in generally good to 
excellent yields. Halogen moieties, which could also enable the 
diversification of these scaffolds and may not be tolerated in 
other metal-catalyzed syntheses, remained unaltered after the 
reaction. Notably, not only distal positions of the aromatic ring, 
such as 4 and 5, but also the proximal one, 3, could be 
substituted in the starting materials affording the 
corresponding product 2h in 88% yield. In addition, dioxolane 
and benzyloxy substituents, potentially sensitive groups under 
harsh conditions, were successfully preserved in the final 
benzoisothiazoles 2g and 2h respectively, which illustrates the 
mild conditions of our protocol.  The synthetic value of this 
transformation was further demonstrated with its efficient 
application to oximes containing a naphthalene core and a 
variety of heterocycles present in biologically active molecules, 
such as furans, thiophenes, pyridines and quinolines.17 The 
desired isothiazoles 2j-k, with two 5-membered rings in their 
structure, were successfully obtained in moderate yields (32% 
and 36% respectively), while the α-imino-oxy acids containing 
pyridine and quinoline scaffolds afforded the corresponding 
compounds 2l and 2m in 86% and 69% yield.

Encouraged by these results, we next examined the 
influence of the substitution on the oxime carbon. Pleasingly, 
aldoximes and diphenyloximes derivatives were also tested in 
this method, isolating products 2n and 2o in 27% and 85% yield, 
respectively. The low yield obtained in the formation of 1,2-
benzoisothiazole 2n was caused presumably due to its lower 
stability in comparison with the same heterocycles substituted 
in the 3-position of the ring and the formation of a secondary 
product, the 2-(benzylthio)-benzonitrile. Finally, having 
demonstrated the effectiveness of this approach, we sought to 
challenge this process for its application in the preparation of 
benzoselenazoles. Thus, the desired compounds 2p and 2q 
were successfully delivered when selenide derivatives were 
applied, delivering the corresponding products in excellent 
fashion (82% and 60% respectively).

To evaluate the applicability of this synthetic method, 
representative experiments were further conducted. First, the 
developed transformation was highly efficient in the synthesis 
of a derivative of the natural product brassilexin, a potent 
antifungal produced by several Brassica species.18 This valuable

S
N

N

3,8-dimethyl brassilexin

acetone, air,
rt, 16 h

3, 75%

PC1, NaOAc,
blue LEDs

N
O

CO2H

N SBn

4, 71%

O

N Cl

1) BnSH, NaH,
DMF, 75 ºC

NaOAc, EtOH,
reflux

HO2C O
NH2.HCl

2)

Total yield = 53%

Scheme 4. Synthesis of Brassilexin derivative 4.
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Scheme 5. Flow setup of the synthesis of the isothiazoles from α-imino-oxy acids. 

molecule, the 3,8-dimethyl brassilexin, was obtained using our 
methodology in only three steps from 3-acetyl-2-chloro-1-
methyl-1H-indole in 53% total yield (Scheme 4). In addition, and 
taking into account the limitation associated to the scale-up of 
photochemical transformations using conventional batch 
equipment,19 we implemented a continuous flow setup for the 
preparation of the isothiazoles. The main limitation arises from 
photon attenuation due to the fact that, as the Beer-Lambert 
law states, light intensity is distance dependent, which thwarts 
any classical dimension enlarging strategy. To overcome non-
uniform light penetration, Booker-Milburn’s approach was 
employed providing higher light flux and enhancing efficiency 
and reaction rates.20 The reaction was performed in a coil (V = 
18 mL) made of perfluoroalkoxy (PFA) tubing (i.d. = 1.6 mm) 
irradiated with a blue LED spot (40 W). 

After screening of different conditions, standard compound 
2a was obtained in 47% yield, using PC1 (5 mol%); oxygen gas 
at 1 bar of pressure and a residence time of 60 minutes (see 
Table S3 in ESI for details). To optimize the flow system, we 
decided to use O2 gas in a segmented flow fashion, which 
provides efficient gas-liquid mixing due to the Taylor flow 
generated by gas slugs. Furthermore, we deprotonated the 
substrate by passing the starting material solution through a 
packed bed reactor filled with sodium acetate.

Finally, the optimized flow setup for 2a, was utilized for the 
preparation of products 2b, 2c and 2g in sequential manner. 
Gas/liquid segmented flow was generated by mixing both 
streams in a T-union and gas slugs (2 mm) were controlled using 
a micrometric valve. The three substrates were injected 
consecutively through the system separated by acetone (4 mL) 
to avoid product contamination from previous runs. In a total of 
2 h, isothiazoles 2b, 2c and 2g were obtained in respectively 
55%, 58% and 44% yield. Even if the obtained values are lower 
than in batch, in all the transformations the throughput of the 
reaction is ≈140 times higher than in conventional conditions 
and around 15% of starting material is recovered in all the cases. 
Therefore, these results demonstrate the potential of the 

developed chemistry in further large-scale preparation of 
benzo[d]isothiazole derivatives.

To gain insight into the reaction mechanism, we performed 
several experiments. Electrochemical analysis was realized in 
oximes 1 containing different activating reagents and leaving 
groups (Scheme 2). Oximes 1a, 1a´and 1a´´, with distinct 
moieties in the α position of the carboxylic acid, showed the 
same oxidation potential, while compounds 1a-e, containing 
different leaving groups, displayed a relevant difference 
between their potential values. In both cases, the obtained data 
are not in accordance with the reactivity profile observed, 
revealing that the diverse reactivity of these oximes is 
dependent of the nature of each activating reagent or leaving 
group and not of the electrochemical properties of the 
substrates (see ESI for details). Furthermore, we carried out 
steady state and time resolved luminescence quenching studies 
of photocatalyst PC1. An efficient interaction of 1d with the 
excited state of PC1 was detected in the presence or absence of 
NaOAc, thus indicating that the oxidation of either the α-imino-
oxy acid or the corresponding carboxylate is feasible. However 
more efficient quenching is observed with the carboxylate of 
oxime 1d (Scheme 6, bottom, see ESI for details). 

Based on the aforementioned results and previous 
reports,12-14 a plausible mechanism was proposed (Scheme 6, 
top). The reaction starts with the photoexcitation of Mes-Acr+ 

(PC1) by visible light to form the excited Mes-Acr+* complex. 
This species (Ered=2.06 V vs. SCE)21 oxidizes by single electron 
transfer the carboxylate A (Eox[for 1d]=1.62 V vs. SCE), formed 
by reaction of α-imino-oxy acid 1d and base. Subsequently, 
fragmentation of the obtained intermediate B generates the 
iminiyl radical C, with loss of CO2 and acetone, which is followed 
by a cyclization to deliver isothiazole 2. The photoredox 
catalytic cycle is closed with SET reduction of oxygen by the 
reduced photocatalyst Mes-Acr• and the benzyl radical, which is 
transformed to benzaldehyde.22
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Scheme 6. Proposed mechanism based on time resolved fluorescence 
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In summary, we have developed an efficient and scalable 
method to synthesize isothiazoles using readily accessible 
oximes derivatives and visible light. The described protocol 
involves an organo-photoredox generation of iminyl radicals by 
oxidative SET followed by a cyclization, which represents an 
effective approach to create N−S bonds under mild conditions. 
Moreover, the preparation of a valuable molecule and the 
implementation of the reaction in a flow setup highlighted the 
broad applicability of the strategy.
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