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free singlet oxygen generation via
a charge transfer transition involving molecular O2

toward highly efficient oxidative coupling of
arylamines to azoaromatics†

Shivendra Singh and Tushar Kanti Mukherjee *

Photosensitizer (PS)-mediated generation of singlet oxygen, O2 (a1Dg) is a well-explored phenomenon in

chemistry and biology. However, the requirement of appropriate PSs with optimum excited state

properties is a prerequisite for this approach which limits its widespread application. Herein, we report

the generation of O2 (a1Dg) via direct charge-transfer (CT) excitation of the solvent–O2 (X3Sg
−) collision

complex without any PS and utilize it for the catalyst-free oxidative coupling of arylamines to

azoaromatics under ambient conditions in aqueous medium. Electron paramagnetic resonance (EPR)

spectroscopy revealed the formation of O2 (a1Dg) upon direct excitation with 370 nm light. The present

approach shows broad substrate scope, remarkably fast reaction kinetics (90 and 40 min under an open

and O2 atm, respectively), high selectivity (100%), and excellent yields (up to 100%), and works well for

both homo- and hetero-coupling of arylamines. The oxidative coupling of arylamines was found to

proceed through the generation of amine radicals via electron transfer (ET) from amines to O2 (a1Dg).

Notably, electron-rich amines show higher yields of azo products compared to electron-deficient

amines. Detailed mechanistic investigations using various spectroscopic tools revealed the formation of

hydrazobenzene as an intermediate along with superoxide radicals which subsequently transform to

hydrogen peroxide. The present study is unique in the way that molecular O2 simultaneously acts as

a light-absorbing chromophore (solvent–O2 complex) as well as an efficient oxidant (O2 (a1Dg)) in the

same reaction. This is the first report on the efficient, selective, and sustainable synthesis of azo

compounds in aqueous medium under an ambient atmosphere without any PCs/PSs and paves the way

for further in-depth understanding of the chemical reactivity of O2 (a1Dg) generated directly via CT

excitation of the solvent–O2 complex toward various photochemical and photobiological transformations.
Introduction

Molecular oxygen (O2) plays key roles in many organic trans-
formations due to the generation of various reactive oxygen
species (ROS) including singlet O2 (a1Dg) and superoxide ions
(O2c

−).1–8 Among these, O2 (a1Dg) is an efficient and the most
utilized ROS and nds applications in other elds such as water
disinfection9 and photodynamic therapy (PDT).10 As a conse-
quence of its widespread applications, various sensitive O2

(a1Dg) detection techniques have been developed over the
years.11–13 Earlier, Mulliken rst predicted three energetically
closely lying electronic states of O2 on the basis of electronic
conguration and later assigned them as the triplet ground
state (X3Sg

−) and two excited singlet states, a1Dg and b1Sg
+.14
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Deactivation of O2 (a
1Dg) mainly happens either via radiative or

non-radiative pathways and these include the radiative transi-
tion from the singlet to triplet ground state via phosphores-
cence at ∼1270 nm and non-radiative quenching by organic
molecules, solvents, or photosensitizers.15

Conventionally, O2 (a1Dg) is generated using a photosensi-
tizer (PS) upon appropriate light irradiation.15–17 The dominant
pathway involves initial excitation of the PS to the singlet state
ðS*1Þ followed by intersystem crossing (ISC) to the triplet excited
state ðT*

1Þ and nally O2 (a1Dg) is produced via energy transfer
from the T*

1 state of the PS to ground state O2 (X
3Su

−) (Scheme
1A). While energy exchange between PS and O2 (X

3Su
−) results

in the formation of both O2 (a
1Dg) and O2 (b

1Sg
+), due to rapid

spin-allowed deactivation of b1Sg
+ to a1Dg, only O2 (a1Dg)

persists in the reaction mixture.15 The requisition of an ideal PS
imposes several criteria such as high molar absorption coeffi-
cient at the excitation wavelength, triplet state energy greater
than 95 kJ mol−1 to allow efficient energy transfer to ground
state O2 (X3Su

−), appreciable triplet state quantum yield, long
Chem. Sci., 2024, 15, 13949–13957 | 13949
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Scheme 1 Generation of O2 (a1Dg) via (A) traditional PS-based approach and (B) direct excitation to the CT state.
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View Article Online
triplet state lifetime, and high photostability.17 Previously,
a wide range of PSs such as porphyrins and their derivatives,18–21

nanoparticles,22–24 organic molecules,25,26 metal–organic frame-
works (MOFs),27 and metal complexes28,29 have been utilized to
produce O2 (a1Dg) for various applications. In recent years,
heavy-atom-free non-porphyrinoid PSs have emerged as an
alternative class of PSs for PDT applications.30 While signicant
efforts have been made to understand and improve the effi-
ciency of O2 (a1Dg) generation via PS-based systems, the
requirement of suitable PSs oen raises several challenges.
These include unwanted photobleaching of PSs, nite excited
state lifetimes of PSs, optimum singlet–triplet energy gap, the
presence of other quenchers, competing chemical reactions,
and environmental uctuations. All these limiting factors may
inuence the efficiency and quantum yield of O2 (a1Dg)
generation.

An alternative route for O2 (a1Dg) generation was proposed
previously via direct charge-transfer (CT) excitation involving
molecular O2 and organic solvents without any PS (Scheme
1B).31–36 Initially, Tsubomura and Mulliken observed signicant
changes in the absorption bands of different solvents in the
presence of dissolved O2 upon irradiation.37 The structureless
absorption tail observed at longer wavelengths in different
oxygen-saturated solvents was attributed to the CT interaction
between solvent molecules as electron donors and O2 (X

3Su
−) as

an electron acceptor. Later, seminal studies of Ogilby and
coworkers demonstrated the formation of O2 (a

1Dg) upon irra-
diation of solvent–O2 collision complexes.31–36 It has been
shown that common solvents such as water, methanol,
benzene, mesitylene, cyclohexane, acetonitrile, etc. under open
atmosphere conditions exhibit a structureless long absorption
tail due to transition from the solvent–O2 collision complex to
a solvent–O2 charge transfer (CT) state. Subsequent decay of this
CT state results in the production of O2 (a

1Dg). The long wave-
length absorption tail appears in a broad wavelength range
between 300 and 400 nm, which is solvent-dependent.37 The
quantum yield of O2 (a1Dg) produced upon direct CT band
excitation was reported to be ∼0.2 in organic solvents.33 In
recent work, Bregnhøj and Ogilby utilized a nonlinear two--
photon excitation process using visible light (600–730 nm) to
13950 | Chem. Sci., 2024, 15, 13949–13957
produce an appreciable amount of O2 (a
1Dg).35 Two competing

decay channels of the CT state were proposed previously in
water.34,35 In the rst channel, the CT state relaxes to yield
solvated O2 (a

1Dg), while the second channel produces O2 (a
1Dg)

via photosensitization of ground state O2 (X
3Su

−) by triplet state
water produced upon relaxation. Notably, it has been shown
that the nature of the solvent inuences the partitioning
between these two decay channels.34,35 Although these previous
studies thoroughly investigated the fundamental photophysical
processes involving direct CT excitation and subsequent quan-
tication of O2 (a

1Dg) in various solvents with appreciable yield,
the photogenerated O2 (a

1Dg) has not been utilized yet for any
chemical transformation. We seek to address whether the O2

(a1Dg) generated through direct CT excitation in a neat solvent
can be utilized for a multistep oxidative coupling reaction. In
the present study, we have utilized the O2 (a1Dg) generated
through direct CT excitation in water as an oxidant to drive the
oxidative coupling of arylamines to azoaromatics without any
PSs/photocatalysts (PCs).

Azo compounds are an important class of functional organic
molecules that have enormous potential in molecular mate-
rials38 and industrial applications.39 Over the past few decades,
several synthetic strategies have been formulated for the
synthesis of azoaromatics.40 In recent times, efforts were made
to convert nitroarenes and aromatic amines to azoaromatics
using various metal nanoparticles (NPs) as catalysts;41–50

however, most of these methodologies suffer from poor selec-
tivity, slow reaction kinetics, requirement of high temperature,
low to moderate yields, and/or inert atmosphere. Similarly,
photocatalytic reductive coupling of nitroarenes to azoar-
omatics with simultaneous production of nitrosobenzene or
azoxyaromatics has been demonstrated using various PCs such
as supported Au NPs,51 Cu NPs,52 and Au NP functionalized
organic cages.53 On the other hand, photocatalytic oxidative
coupling (POC) using molecular O2 as an oxidant has been
utilized recently for the synthesis of azo compounds using
Ir-based photocatalysts.54 Very recently, using a common
organic photocatalyst, eosin Y, we formulated a highly efficient
and selective POC of arylamines at the charged aqueous inter-
faces via utilizing a non-diffusive ultrafast electron transfer
© 2024 The Author(s). Published by the Royal Society of Chemistry
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process at the micellar surface.55 Motivated by our previous
study, we seek to explore this oxidative coupling reaction under
mild reaction conditions without any external PCs/PSs. Notably,
most of the earlier studies utilized costly metal-based PCs for
the synthesis of azo compounds (Table S1†). To the best of our
knowledge, the present study is the rst of its kind to demon-
strate the utilization of O2 (a1Dg) generated directly via CT
excitation toward an industrially important oxidative coupling
reaction without any external PCs/PSs.
Results and discussion
PS-free generation and detection of singlet oxygen

First, we recorded the absorption spectra of different solvents
such as water, methanol, benzene, mesitylene, and acetonitrile
saturated with either N2 or O2 to monitor the CT features in the
UV-visible region. Notably, a long absorption tail (>350 nm) was
clearly evident in all O2-saturated solvents compared to those in
N2-saturated solvents (Fig. 1A–C and S1†). The differences in the
spectral signature between N2 and O2 saturated solvents suggest
the active role of O2 in the appearance of this long absorption
tail. Earlier, Tsubomura and Mulliken assigned this O2-
-dependent absorption feature to a transition from a ground
state solvent–O2 (X3Su

−) contact complex to a solvent–O2

(X3Su
−) CT state (solc+O2c

−).37 Moreover, it has also been shown
that this long structureless absorption tail can be reversibly
removed by purging the solvents with N2 gas. The molar
absorption coefficient (3) of this CT transition in the benzene–
O2 complex is reported to be ∼100 M−1 cm−1.37

Previously, it has been shown that these excited CT states
subsequently undergo decay or back electron transfer to
generate O2 (a1Dg) via mixing of various solvent–O2 states.31–36
Fig. 1 UV-vis spectra of (A) water, (B) methanol, and (C) benzene under N
benzene under the irradiation of a 370 nm LED under an open atmospher
epidioxyanthracene under the irradiation of a 370 nm LED in benzene un
mM) under dark and 370 nm LED irradiation for 30 min in aqueous med

© 2024 The Author(s). Published by the Royal Society of Chemistry
To authenticate the O2 (a
1Dg) formation in our present system,

we utilized 9,10-diphenylanthracene (DPA) as a model probe for
the detection of singlet oxygen under the irradiation of a 370 nm
LED. It has been well-documented in the literature that
anthracene and its derivatives are efficient probes for the
detection of singlet oxygen.56,57 The experiment was carried out
in benzene with 200 mMDPA under open air conditions. DPA in
benzene exhibits characteristic multiple absorption peaks due
to different vibronic transitions (Fig. 1D). Upon irradiation at
370 nm, the absorbance of DPA decreased gradually over time.
This decrease in the absorbance indicates the possible trans-
formation of DPA to its endoperoxide form (9,10-diphenyl-9,10-
epidioxyanthracene).56,57 The formation of 9,10-diphenyl-9,10-
epidioxyanthracene was further conrmed using HR-MS
measurement (Fig. 1E). A characteristic HR-MS peak for
sodium salt of 9,10-diphenyl-9,10-epidioxyanthracene was
observed at 385.1188 g mol−1, indicating the formation of O2

(a1Dg) under the irradiation of 370 nm light (Fig. S2†). To
further authenticate the formation of O2 (a1Dg), we performed
EPR measurement using 2,2,6,6-tetramethylpiperidine (TEMP)
as a singlet oxygen probe in an aqueous medium.2 EPR spectra
were recorded under dark and 370 nm irradiation. While under
dark conditions, no noticeable peaks for O2 (a1Dg) were
observed, three characteristic peaks appeared in the EPR spec-
trum of the sample kept under 370 nm light irradiation for
30 min, suggesting the formation of TEMP-trapped O2 (a1Dg)
(Fig. 1F).58 Taken together, these observations authenticate the
formation of O2 (a

1Dg) upon CT band excitation of the solvent–
O2 complex under open air conditions without any external PSs.
Next, we seek to address whether this O2 (a

1Dg) can be utilized
directly as an efficient oxidant to drive the oxidative coupling of
arylamines.
2 and O2 atmosphere. (D) Changes in the absorption spectra of DPA in
e. (E) Schematic showing the conversion of DPA to 9,10-diphenyl-9,10-
der an open atmosphere. (F) Changes in the EPR spectra of TEMP (50
ium.

Chem. Sci., 2024, 15, 13949–13957 | 13951
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Oxidative coupling of arylamines to azoaromatics

We envisaged that the O2 (a1Dg) generated via direct CT band
excitation of the solvent–O2 complex might act as an efficient
oxidant to oxidize arylamine to facilitate the oxidative coupling
under ambient conditions without any PCs/PSs. Previously, it
has been shown that the presence of a base is essential for the
conversion of arylamines to azoaromatics as proton abstraction
is a critical step in the reaction pathway.54,55 Herein, we utilized
p-toluidine as a model amine substrate and K3PO4 as base to
check the feasibility of the coupling reaction in aqueous
medium under 370 nm light irradiation without any PCs. The
optimized reaction conditions for the conversion of p-toluidine
to 1,2-bis(4-methylphenyl)diazene in the presence of 2 equiv. of
K3PO4 under 370 nm light irradiation are tabulated in Table 1.
Remarkably, a 100% conversion of p-toluidine to 1,2-bis(4-
methylphenyl)diazene was observed within 90 min of reaction
under 370 nm irradiation and open air conditions (Table 1,
entry 1). Here it should be noted that a much slower reaction
kinetics with reaction time of 24 and 4 h have been reported
previously using Ir-based and eosin Y (EY) PCs, respectively.54,55

The absence of any desired azo product under dark conditions
suggests the essential role of light in the conversion (Table 1,
entry 2).

To know the role of atmospheric O2, we performed the
reaction under a N2 atmosphere upon 370 nm irradiation.
Importantly, no azo product was formed under a N2 atmo-
sphere, authenticating the direct role of O2 in the reaction
mechanism (Table 1, entry 3). Furthermore, the conversion
yield was found to depend strongly on the concentrations of
K3PO4 used, suggesting that the proton abstraction is also an
essential step for the present reaction (Table 1, entries 4 and 5).
Interestingly, organic bases such as DABCO and piperidine were
also found to be equally effective for the coupling reaction and
Table 1 Optimization of reaction conditions

Entry Deviation from standard conditions Conversiona [%]

1 Standardb 100
2 No light 0
3 N2 atmosphere 0
4 No K3PO4 0
5 1 equiv. of K3PO4 86
6 2 equiv. of K2CO3 100
7 2 equiv. of DABCO 100
8 2 equiv. of piperidine 100
9 Methanol as solvent 90
10 Acetonitrile as solvent 38
11 60 °C 0

a Determined from GC-MS measurements. b Standard conditions:
0.05 mmol p-toluidine, 2 equiv. of K3PO4, 5 mL of H2O, under an
ambient air atmosphere with 370 nm (44 W) illumination for 90 min.

13952 | Chem. Sci., 2024, 15, 13949–13957
show 100% conversion within 90 min of reaction (Table 1,
entries 6–8). Replacement of water with methanol as solvent
showed 90% conversion efficiency within 90 min of reaction
(Table 1, entry 9 and Fig. S3A†). On the other hand, acetonitrile
as solvent yielded very slow kinetics and low conversion yield
compared to that in water and methanol under standard reac-
tion conditions (Table 1, entry 10 and Fig. S3B†). To check the
inuence of temperature, we performed the reaction at 60 °C
under dark conditions. Notably, no azo product was formed at
higher temperature in the absence of 370 nm light (Table 1,
entry 11), indicating the negligible role of temperature in the
reaction mechanism. Moreover, the conversion yield was found
to depend on the wavelength of light used. While 370 nm
excitation light resulted in 100% conversion yield, 440 and
525 nm light sources showed 13 and 0% conversions upon
90 min of irradiation (Fig. 2A). It should be noted that p-tolui-
dine in water does not absorb 370 nm light (Fig. S4†). In addi-
tion, the coupling reaction was found to be more efficient under
an O2 atmosphere and showed 100% conversion within 40 min
of irradiation (Fig. 2B). Therefore, we propose that the essential
role of 370 nm light irradiation is to provide sufficient energy for
the CT band excitation of the water–O2 complex in the reaction
mixture to generate O2 (a

1Dg).
Our present PC-free approach shows a broad substrate scope

with excellent conversion yields for a wide range of substituted
amines including electron-rich and -decient amine moieties
(Scheme 2). Azo compounds were rst isolated and puried
using solvent extraction and column chromatography and
subsequently characterized using GC-MS and NMR measure-
ments. Arylamines with electron-donating groups (rxns (1)–(6)
in Scheme 2A) showed over 90% conversion yield in just 90 min,
which is signicantly better than the earlier reported
studies.54,55 Unsubstituted aniline exhibited a conversion yield
of 97% under standard reaction conditions (rxn (7) in Scheme
2A). However, p-chloroaniline showed a conversion yield of 73%
(rxn (8) in Scheme 2A), possibly due to the electron-withdrawing
nature of chlorine.54,55 Excellent yields were also obtained with
arylamines having both electron-donating and -withdrawing
substituents (rxns (9)–(11) in Scheme 2A). In addition, 5,6,7,8-
tetrahydronaphthalen-1-amine, a fused ring amine substrate
also showed an excellent yield of the azo product with
a conversion yield of 78% (rxn (12) in Scheme 2A). In contrast,
no azo product was obtained for p-nitroaniline possibly due to
Fig. 2 Time-dependent conversions of p-toluidine under standard
reaction conditions as a function of (A) wavelength of light and (B)
atmospheric conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Substrate scope for (A) homo-coupling and (B) hetero-coupling reactions under standard conditions. Values in parentheses are
isolated yields obtained after column chromatography.
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the high electron-withdrawing nature of the nitro group (rxn
(13) in Scheme 2A), which is similar to that observed
previously.55

Our present approach can also be extended for the hetero-
coupling of different amines to their corresponding azo
compounds with the formation of all three possible products as
revealed from the GC-MS measurements (Scheme 2B and
Fig. S5–S25†). The hetero-coupling of amines was carried out for
an extended period (4 h) under the standard conditions mainly
to have 100% conversion of reactants to products for all the
© 2024 The Author(s). Published by the Royal Society of Chemistry
cases. No hetero-coupled product was obtained for the hetero-
coupling of p-nitroaniline with p-toluidine possibly due to the
highly electron-decient amine group of p-nitroaniline (Scheme
2B and Fig. S26†). This reactivity trend of arylamines correlates
well with the previous reports and suggests the possible role of
the electron transfer process.54,55 Importantly, except for the
desired azo product, no unwanted side products such as nitro,
nitroso, or azoxy compounds were observed during the course
of the reaction (Fig. S27†).
Chem. Sci., 2024, 15, 13949–13957 | 13953
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To know whether any oxygenated intermediates such as
nitroso or nitro compounds are involved in the reaction
mechanism, we performed control experiments with an equal
mixture of aniline and nitrosobenzene as starting substrates
under standard reaction conditions. The product distributions
were monitored using GC-MS measurements. Notably, the
reaction with an equal mixture of aniline and nitrosobenzene
under standard reaction conditions yielded both azobenzene
and azoxybenzene with a 2 : 1 conversion ratio (Scheme 3A). On
the other hand, the reaction with nitrosobenzene alone yielded
nitrobenzene and azoxybenzene with a 11 : 1 conversion ratio
(Scheme 3A). These product distributions are quite different
than that observed with aniline alone as the substrate under
standard reaction conditions (rxn (7) in Scheme 2A). Therefore,
these ndings rule out the possible involvement of oxygenated
intermediates in the reactionmechanism. Furthermore, the PC-
and PS-free approach of our present methodology makes it
highly facile to scale it up to the gram scale (Scheme 3B), which
is highly promising for the large-scale industrial production of
azo compounds.
Mechanistic pathway

We performed several control experiments to understand the
mechanism behind this PC- and PS-free synthesis of azo
compounds. To rule out the possibility of direct excitation of
amine substrates, we recorded the absorption spectra of
different arylamines (Fig. S28†). However, none of the amines
were found to absorb light ∼370 nm except 5,6,7,8-
tetrahydronaphthalen-1-amine and p-nitroaniline, which
showed conversion yields of 78 and 0%, respectively.

Our ndings indicate that most of these amine substrates do
not absorb the excitation light during the reaction. Further-
more, no appreciable changes in the long wavelength region
Scheme 3 (A) Control reactions with 0.05 mmol nitrosobenzene in
the presence and absence of 0.05 mmol aniline under standard
reaction conditions. (B) Scalability experiments for the conversion of
p-toluidine to its corresponding azo compound.

13954 | Chem. Sci., 2024, 15, 13949–13957
were observed in the absorption spectrum of p-toluidine in the
presence of K3PO4, which ruled out the possibility of any light-
absorbing complex formation between amine substrates and
base (Fig. S29†). Therefore, the only light-absorbing species in
the reaction mixture is the water–O2 complex which absorbs
370 nm light to undergo CT excitation.31–37 Our ndings
revealed that this CT state subsequently produced O2 (a1Dg)
upon relaxation. Previously, it has been reported that amines
are good quenchers of O2 (a1Dg).15 Generally, amines with low
ionization potential readily transfer their electrons to O2 (a

1Dg)
and get converted into a radical cation. To check this possibility,
we monitored the formation of amine radicals using 2,6-di-tert-
butyl-4-methylphenol (BHT) as a radical scavenger.55 The reac-
tion was set up with 0.05 mmol p-toluidine and 2 equiv. K3PO4

in 5 mL 1 : 1 MeOH–H2O mixture due to the low solubility of
BHT in aqueous medium. Subsequently, aer the addition of 1
equiv. BHT, the reaction mixture was irradiated with 370 nm
light for 90 min (Fig. 3A). The product was isolated and char-
acterized using HR-MS and GC-MS measurements. A charac-
teristic HR-MS peak for the p-toluidine–BHT adduct was
observed at 326.2441 g mol−1 (Fig. S30†).

Moreover, the presence of BHT resulted in only a trace
amount of the azo product even aer 90 min of irradiation.
These observations clearly validate the electron transfer mech-
anism from amines to O2 (a1Dg) and authenticates the forma-
tion of amine radicals. On the other hand, to conrm the
formation of superoxide radicals aer the electron transfer to
O2 (a1Dg), we performed EPR measurements using DMPO as
a probe under standard reaction conditions (Fig. 3B).59 The EPR
spectrum of pure DMPO under 370 nm irradiation showed no
noticeable EPR peaks. In contrast, a characteristic EPR spec-
trum of superoxide radicals with six well-resolved peaks was
observed upon addition of DMPO into the reaction mixture
under 370 nm irradiation (Fig. 3B), which matches well with the
earlier literature.59 This observation authenticates the
Fig. 3 (A) Schematic of the radical trap experiment during the
oxidative coupling of 0.05 mmol p-toluidine. (B) Changes in the EPR
spectra of DMPO (50mM) in the absence and presence of the reaction
mixture under the irradiation of a 370 nm LED in the presence of
0.05 mmol p-toluidine and 2 equiv. K3PO4. (C) Daylight photographs
of peroxide test strips under different conditions (i) control blank strip,
(ii) before the reaction, and (iii) after 90min of reaction with 0.05mmol
p-toluidine under standard reaction conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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generation of superoxide radicals through single electron
transfer from amines to O2 (a1Dg) during the reaction. Alto-
gether, these results conrm the formation of amine radicals
and superoxide ions via single electron transfer.

The oxidative coupling of arylamines involves the radical
coupling of amines to generate hydrazobenzene as an active
intermediate.54,55 To check the formation of hydrazobenzene
under standard reaction conditions, we performed LC-MS
measurement aer 10 min of irradiation under a 370 nm
LED. Notably, a characteristic LC-MS peak for 1,2-bis(4-
methylphenyl)hydrazine was observed at an m/z value of
213.2037 g mol−1 (Fig. S31†). Finally, to know whether H2O2 is
generated in the reaction mixture from superoxide radicals,54,55

we utilized H2O2 sensing strips. These colorless strips were
dipped into the reaction mixtures before and aer the reaction
(Fig. 3C(i)). No color change of the strip was observed upon
dipping it inside the reaction mixture before light irradiation
(Fig. 3C(ii)). However, a distinct color change of the sensing
strip from colorless to blue was noticed aer the irradiation of
the reaction mixture with 370 nm light (Fig. 3C(iii)). This clearly
indicates the formation of H2O2 in the reaction mixture.

In accordance with our ndings, we propose a plausible
reaction mechanism for the oxidative coupling of arylamines to
azoaromatics under 370 nm light irradiation (Scheme 4). The
solvent (S)–O2 (X3Su

−) ground state complex absorbs 370 nm
light to undergo excitation at the CT state (Sc+O2c

−).31–37 This CT
state subsequently relaxed to yield O2 (a

1Dg). Owing to its strong
oxidizing nature, the photogenerated O2 (a1Dg) readily accepts
a single electron from the amine substrates to form superoxide
radicals and amine radicals. These amine radicals form the
hydrazobenzene intermediate via a coupling reaction aer
proton abstraction by a base. Aer another cycle of electron
transfer in the presence of O2 (a1Dg) and subsequent proton
abstraction, these hydrazobenzene intermediates ultimately
Scheme 4 Plausible reaction mechanism for the oxidative coupling of a

© 2024 The Author(s). Published by the Royal Society of Chemistry
converted to the desired azo products with the generation of 2
equiv. of H2O2 as the byproduct. Therefore, the overall reaction
proceeds via the production of 4 electrons and 4 protons as
reported previously in bulk acetonitrile and micellar medium in
the presence of PCs.54,55 The estimated quantum yield for the
photooxidative conversion of p-toluidine to its corresponding
azo compound under our standard reaction conditions is esti-
mated to be ∼0.15, which substantiates that the present reac-
tion does not follow the radical chain mechanism as proposed
previously for photocatalytic Diels–Alder cycloaddition reac-
tions.60 To the best of our knowledge, this is the rst report
where the PS-free generation of O2 (a1Dg) has been utilized to
develop a catalyst-free approach for the selective synthesis of
azo compounds in the aqueous medium (Table S1†). The
present study paves the way for the development of other
sustainable chemical transformations via utilizing a direct CT
transition involving molecular O2 in a diverse range of solvents.
Conclusions

In the present study, we have developed an efficient, sustain-
able, and viable synthetic approach for the oxidative coupling of
arylamines to azoaromatics under ambient conditions in
aqueous medium without any PCs/PSs. The present approach is
based on the efficient generation of O2 (a

1Dg) via CT excitation
of the water–O2 complex at 370 nm. The formation of O2 (a

1Dg)
has been authenticated using various spectroscopic measure-
ments including the EPR technique. The photogenerated O2

(a1Dg) has been utilized as a sustainable oxidant for the oxida-
tive coupling of arylamines in the presence of a base under an
ambient atmosphere. The reaction proceeds via the formation
of amine radicals which undergo a coupling reaction to yield
hydrazobenzene as an intermediate. These hydrazobenzene
intermediates nally transform into azo products aer another
rylamines via PS-free singlet oxygen.

Chem. Sci., 2024, 15, 13949–13957 | 13955
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cycle of electron transfer and proton abstraction steps with the
formation of H2O2 as the only byproduct. Our methodology
shows broad substrate scope with fast kinetics (90 min) excel-
lent yields (up to 100%), and 100% selectivity under an ambient
atmosphere in aqueous medium, and can be easily scaled up to
the gram scale without any unwanted toxic byproducts. The
present study lays the foundations for further in-depth under-
standing of the hidden role of O2 (a1Dg) generated directly via
CT excitation of the solvent–O2 complex toward a diverse range
of chemical and biochemical transformations.
Data availability

The additional data supporting this article have been included
as part of the ESI.†
Author contributions

T. K. M. and S. S. conceptualized the research problem and
designed the experiments. S. S. performed the experiments. S. S.
and T. K. M. analyzed the data. All authors contributed to the
nal version of the manuscript (writing – review & editing).
Conflicts of interest

There are no conicts to declare.
Acknowledgements

The authors acknowledge the Indian Institute of Technology
(IIT) Indore for providing nancial support and infrastructure.
T. K. M. is grateful to the Science and Engineering Research
Board (SERB) for a generous research grant (CRG/2023/003004).
The authors acknowledge SIC, IIT Indore, and SAIF, IIT Bombay
for instrumental facilities. S. S. acknowledges the Prime
Minister's Research Fellowship (PMRF), India for research
fellowship.
Notes and references

1 D. S. Ovoshchnikov, B. G. Donoeva and V. B. Golovko, ACS
Catal., 2015, 5, 34–38.

2 S. Suleman, Y. Zhang, Y. Qian, J. Zhang, Z. Lin, Ö. Metin,
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