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-free oxidation reactions of
aromatic amines using water radical cations†

Xiaoping Zhang, *a Pinghua Hu,a Minmin Duan,a Konstantin Chingin, b

Roman Balabin, b Xinglei Zhang*a and Huanwen Chen*b

Water radical cations play a pivotal role in various scientific and industrial fields due to their unique reactivity

and capacity to drive complex chemical transformations. Here we explored the formation of quaternary

ammonium cations through the direct oxidation reaction of aromatic amines, facilitated by water radical

cations within water microdroplets. This process was monitored via in situ mass spectrometry and

occurs under ambient conditions, negating the need for traditional chemical catalysts or oxidants and

achieving an impressive yield of approximately 80%. Additionally, we employed a multi-channel spray

system and enhanced both the reactant concentration and flow rate, thereby enabling gram-scale

synthesis. These findings not only demonstrate the effectiveness and eco-friendliness of microdroplet

chemistry but also provide a new understanding of heterogeneous cOH generation channels, thereby

boosting the synthetic efficiency and sustainability of chemical processes.
Introduction

The oxidation of organic compounds is an essential reaction
widely studied in academia as well as in the chemical
industry.1,2 Despite numerous research efforts, the selective
oxidation of organic substrates remains a critical challenge. It
would be of great value to be able to hydroxylate aromatic
amines in a regio-controlled manner under mild conditions,
using inexpensive oxidants and avoiding the use of transition
metals, thereby preparing synthetically signicant structures.3

There are few reported strategies for the synthesis of amine N-
oxides4,5 and quaternary ammonium cations.6,7 Quaternization,
forming the quaternary ammonium cation, prevents inversion
and locks the conguration of the nitrogen stereocenter. The
synthesis of quaternary ammonium compounds is of great
signicance for drug development. Therefore, developing
a general strategy for constructing quaternary ammonium
compounds has always been a major challenge in synthetic
chemistry.

Mass spectrometry (MS) has been widely applied to the study
of chemical reactions in recent years, enabling the in situ
capture of short-lived intermediates during reactions.8–10 In
particular, the emergence of microdroplet chemistry in MS has
garnered much attention due to the “catalytic” role of the
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330013, P. R. China. E-mail:

.com

hinese Medicine, Nanchang 330004, P. R.

tion (ESI) available. See DOI:

the Royal Society of Chemistry
interface in accelerating reactions, making it a unique platform
for investigating and conducting chemical reactions.11–13

Recently, it has been discovered that simple water micro-
droplets can signicantly accelerate the rate of organic reac-
tions.14,15 For instance, Lee et al. reported spontaneous
oxidation and reduction reactions in microdroplets without the
addition of reducing or oxidizing agents, where the reactive
species involved are the hydroxyl radical and hydrogen
peroxide.16 Gong et al. hypothesized that electrons at the
microdroplets' air–water interface are responsible for the
reduction of ethyl viologen.17 Cooks and colleagues suggested
that water radical cations, generated in organic-solvent micro-
droplets containing trace amounts of water, play a key role in
the oxidation of aromatic sulfones to sulfonic acids.18,19 Our
group has also demonstrated the strong reactivity of (H2O)2

+c,
which can transform C]C bonds into epoxides20,21 and C]O
bonds to generate [M + H2O]

+c.22 Most recently, we discovered
that (H2O)2

+c can even convert nitrogen (N2), a highly inert
molecule, into NH2OH and HNO.23 The diverse chemistry of
(H2O)2

+c has been attributed to the co-existence of two distinct
structures: [H3O

+/cOH] and [H2O/OH2]
+c,24 which can exhibit

the properties of cOH, H3O
+, and H2O

+c.
The electrochemical oxidation of N,N-dimethylaniline and

its derivatives has been studied extensively.25,26 A common
feature in all cases is that the oxidation of aniline begins with
the nitrogen atom losing one electron to yield the radical
cation.25,26 From this point, the oxidation mechanism varies
depending on the level of substitution at the nitrogen atom and
the basicity of the reaction medium. Yoshida and co-workers
reported a highly chemoselective metal-free method for the aryl
C–H amination of aromatic compounds with pyridine and
Chem. Sci., 2024, 15, 16125–16132 | 16125
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Fig. 1 Mass spectrometric analysis of the spontaneous hydroxylation
reaction between DMA and (H2O)2

+c in water microdroplets. (a) A
schematic drawing of the experimental setup. (b) A typical mass
spectrum showing the generation of (H2O)2

+c atm/z 36 when spraying
pure water. (c) A typical mass spectrum demonstrating the sponta-
neous generation of DMA+c at m/z 121 and DMA–OH+ at m/z 138
when spraying a DMA–water solution. (d) A tandem mass spectrum of
the product ion at m/z 138. (e) A typical mass spectrum illustrating the
spontaneous generation of DMA+c at m/z 121 and the DMA–OD+

product at m/z 139 when spraying a D2O solution with DMA. (f) A
typical mass spectrum illustrating the spontaneous generation of 15N-
DMA+c at m/z 122 and the 15N-DMA–OH+ product at m/z 139 when
spraying 15N-DMA solution. (g) A tandem mass spectrum of the
product ion at m/z 139 in Fig. 1f. DMA :N,N-dimethylaniline.
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imidazole, resulting in the formation of N-arylpyridinium and
N-arylimidazolium ions, respectively, through electrochemical
oxidation.27,28 Functional groups such as N–O bonds are crucial
for biological functions. In this work, we report the synthesis of
quaternary ammonium cations through the direct N-hydroxyl-
ation of aromatic amine in water microdroplets, notably
without the need for applying an additional external voltage to
the sample solution. The quaternary ammonium product was
characterized by MS and nuclear magnetic resonance (NMR)
experiments, demonstrating good universality in the reaction.

Experimental procedures
Chemicals and materials

D2O was purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA, USA). Ultra-purity Ar (>99.999%) and ultra-purity
helium (>99.999%) were obtained from Jiangxi Guoteng Gas Co.
Ltd (Nanchang, China). N,N-Dimethylaniline (DMA, 1), 4-
methoxyl-N,N-dimethylaniline (4-MeO-DMA, 2), 4-methyl-N,N-
dimethylaniline (4-Me-DMA, 3), 4-chloro-N,N-dimethylaniline
(4-Cl-DMA, 4), 4-bromo-N,N-dimethylaniline (4-Br-DMA, 5), N,N-
diethylaniline (DTA, 6), 3-hydroxy-N,N-dimethylaniline (3-OH-
DMA, 7), 2-hydroxy-N,N-dimethylaniline (2-OH-DMA), and 4-
hydroxy-N,N-dimethylaniline (4-OH-DMA) were purchased from
Shanghai Sun Chemical Technology Co., Ltd (China), each with
a purity of over 99%. N,N-Dimethylaniline N-oxide was
purchased from Shanghai Laibo Chemical Technology Co., Ltd
(China), also with a purity exceeding 99%. Water used in all
experiments was puried using a Milli-Q system (Millipore,
USA).

Experimental setup

The experimental setup to study the N-hydroxylation reaction
between DMA and (H2O)2

+c in water microdroplets is depicted
in Fig. 1a. Argon gas was introduced at a ow rate between 0.3
and 1.0 MPa. The produced H2O/DMA solution was directed to
a fused silica capillary situated inside a larger capillary through
which argon gas ows at high pressure. The distance from the
inlet of the mass spectrometer capillary to the tip of the ion
source ranged from 5 to 20 mm.

MS settings

MS detection was performed using an LTQ-XL ion trap mass
spectrometer (LTQ-XL, Thermo Scientic, San Jose, CA, USA).
The temperature of the ion transfer capillary was set at 250 °C.
The capillary voltage was 20 V, and the tube lens voltage was set
at 30.0 V. The pressure in the ion trap was maintained at 1 ×

10−5 torr. High-purity helium (99.999%) was used as the colli-
sion gas. Collision-induced dissociation (CID)-MS experiments
were conducted by applying an alternating current excitation
voltage to the end caps of the ion trap to induce collisions of the
isolated ions. CID-MS spectra were obtained by activating the
precursor ions at a normalized collision energy ranging from
0% to 50%. Ion detection was conducted in the positive ion
mode. Other LTQ-XL parameters were automatically optimized
by the system.
16126 | Chem. Sci., 2024, 15, 16125–16132
High-resolution MS experiments were conducted using an
Orbitrap-XL mass spectrometer (Thermo Scientic, San Jose,
CA, USA) equipped with a homemade ESI setup. The instrument
operated at a resolution of up to 300 000. Mass spectra were
averaged over 30 scans during a sampling period of 0.5 minutes,
covering a mass-to-charge (m/z) range of 15 to 200. Other
Orbitrap-XL parameters were consistent with the LTQ-XL
parameters previously mentioned.

Yield calculation

The method for yield calculation in this work was derived from
the rough estimates of the yields of microdroplet synthesis
reactions reported by the Cooks group and Zare group.29,30 This
© 2024 The Author(s). Published by the Royal Society of Chemistry
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was obtained by measuring the conversion ratio: the ratio of the
intensity of the product (P) to the sum of the intensities of the
reactant (R) and product (P), e.g., [P]/([R] + [P]).

Scale-up experiments

Synthesis of DMA–OH was carried out through the scale-up
microdroplet reaction of DMA aqueous solution. First, a capil-
lary tube with an inner diameter of 150 mm was placed in
a nebulizer with an argon pressure of 0.4 MPa. A DMA aqueous
solution with a concentration of 1000 mg mL−1 was placed in
a syringe and pumped into the capillary tube at a rate of 20 mL
min−1 to form microdroplets. These droplets were sprayed into
a three-necked ask with a condenser (Fig. S1a†). An electrode
was placed at one end of the ask to neutralize excess positive
charge, while the other end was vented. In the venting section,
ethyl acetate was used to absorb the product that may be con-
tained in the carrier gas. The droplets were collected continu-
ously for 10 h, combined with the contents of the ask and ethyl
acetate absorption solution, and then evaporated to obtain
yellow oil crude products. The crude product was further puri-
ed by thin layer chromatography using petroleum ether and
ethyl acetate as eluents. The puried target product was ob-
tained and characterized by MS and NMR.

Synthesis of 15N-labeled DMA

An efficient synthesis of 15N-labeled DMA, based on ref. 31, was
conducted using 15NH4Cl and benzoyl chloride as starting
materials. The synthesis involves the following steps: rst,
15NH4Cl was reacted with benzoyl chloride to provide 15N-
benzamide. Next, 15N-benzamide underwent Hofmann degra-
dation to produce 15N-aniline. Finally, 15N-aniline was methyl-
ated using methyl 4-methylbenzenesulfonate to form 15N-DMA.
The product, 15N-DMA, was also subjected to a scale-up exper-
iment to conrm the structure of the hydroxylation product of
DMA.

Density functional theory (DFT) calculations

Theoretical calculations were performed using the Dmol3 so-
ware package based on the linear combination of atomic
orbitals method. Electron–ion interactions were described
using all electron potentials. A double numerical polarized
(DNP) basis set was employed to expand the wave functions with
an orbital cutoff of 3.7 Å. For the electron–electron exchange
and correlation interactions, the B3LYP functional was used
throughout. The van der Waals interaction was described using
the DFT-D2 method proposed by Grimme. During the geometry
optimizations, all the atoms were allowed to relax. In this work,
the convergence criterion for the electronic self-consistent eld
(SCF) loop was set to 10−6. The atomic structures were opti-
mized until the residual forces were below 0.002 Ha Å−1.

Results and discussion
Hydroxyl quaternization of DMA

Fig. 1a illustrates the experimental setup for the microdroplet
reaction. Briey, substrate water solutions are propelled
© 2024 The Author(s). Published by the Royal Society of Chemistry
through a fused silica capillary using a syringe pump; this
capillary is nested within a larger coaxial capillary through
which high-pressure argon sheath gas ows. Fig. 1b presents
a typical mass spectrum that demonstrates the spontaneous
generation of the water dimer radical cation (H2O)2

+c at m/z 36
when pure water is sprayed to form microdroplets, a phenom-
enon also reported by Xing et al.32 They observed the presence of
(H2O)2

+c at the air–liquid interface, which is essentially [cOH/
H3O

+], where a hydroxyl radical is combined with a hydronium
cation via hydrogen bonding. Our group has also reported the
generation of (H2O)2

+c using energy-tunable corona discharge
ionization mass spectrometry, demonstrating its excellent
reactivity.33 One form of (H2O)2

+c (m/z 36), [cOH/H3O
+], acts as

a carrier of the hydroxyl radical, facilitating numerous
reactions.33,34

Initially, we explored the idea of extracting electrons from
the substrates and further hydroxylation using microdroplets,
selecting DMA (1) for mechanistic studies and optimization of
reaction conditions. Fig. 1c displays a typical mass spectrum,
highlighting the observation of the spontaneous hydroxylation
product at m/z 138 (base peak) when spraying a DMA–water
solution, which indicates that the reaction of DMA with cOH in
(H2O)2

+c may occur. Parent DMA+c radical cations are also
present but with lower intensity. High-resolution mass spec-
trum data revealed a peak for DMA+c + cOH at m/z 138.09104
(error of −2.1 ppm), further conrming the hydroxylation
product of DMA (Fig. S2†). The tandem MS spectrum of the
hydroxylation product (m/z 138) yielded fragment ions at m/z
121, m/z 95 and m/z 44 (Fig. 1d), corresponding to the loss of
cOH, CH3N]CH2, and phenol, respectively, consistent with its
structural assignment (Fig. S3†). However, it remains uncertain
whether the cOH is attached to the ortho- or para-position to
form a phenol structure or connected to the nitrogen atom of
DMA to form a quaternary ammonium structure.

To further determine the position of the cOH interaction
with the DMA structure at m/z 138, tandem MS experiments for
isomers N,N-dimethylaniline N-oxide, 2-OH-DMA, 3-OH-DMA,
and 4-OH-DMA standards were conducted. The tandem MS
spectrum of protonated N,N-dimethylaniline N-oxide displayed
the same fragment ions at m/z 44, m/z 95 and m/z 121 (Fig. S4†)
as those observed in the tandem MS spectrum of m/z 138
generated by the spraying of DMA solution, with consistent
intensities. However, the tandem MS spectra of protonated 2-
OH-DMA, protonated 3-OH-DMA, and protonated 4-OH-DMA
showed major fragmentation ions at m/z 123, which differed
from those of m/z 138 generated by spraying the DMA solution
(Fig. S5†). These results conrmed that the structure of m/z 138
obtained from spraying of DMA solution corresponds to N-
hydroxyl-N,N-dimethylanilinium, a quaternary ammonium
structure. It was reported that N,N-dimethylaniline N-oxide and
N-hydroxyl-N,N-dimethylanilinium can easily interconvert.5

Thus, the product at m/z 138 generated by the spraying of DMA
solution is N-hydroxyl-N,N-dimethylanilinium. The formation
process of fragment ions at m/z 121, m/z 95 and m/z 44 from the
dissociation of protonated N,N-dimethylaniline N-oxide is
clearly described in detail (Fig. S3†), and involves the OH
Chem. Sci., 2024, 15, 16125–16132 | 16127
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Fig. 2 Effects of microdroplet working conditions on the yields of
hydroxylation products of N,N-dimethylaniline (DMA) at m/z 138. (a)
Yields as a function of gas pressure. (b) Yields as a function of the
distance between the tip of the capillary tube and the MS inlet. (c)
Yields as a function of the flow rate of the aqueous DMA solution. (d)
Yields as a function of the concentration of the aqueous DMA solution.
C: concentration.
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transfer reaction. This is similar to the reactions reported in
previous studies.35

When isotope-labeled D2O or 15N-DMA was used in the
experiments, the corresponding deuterium labeled ions at m/z
139 (Fig. 1e) and 15N-labeled ions at m/z 139 (Fig. 1f) were both
clearly observed. The dissociation of the m/z 139 ions from D2O
and 15N-DMA displayed similar fragmentation patterns to those
of m/z 138, with characteristic fragment ions at m/z 44, m/z 96,
andm/z 121 (Fig. S6† and 1g). Consequently, the results of high-
resolution MS experiments, tandem MS experiments of
different standards for OH-DMA isomers, and isotope-labeling
experiments all supported the hypothesis that the ion gener-
ated at m/z 138 is a quaternary structure known as N-hydroxyl-
N,N-dimethylanilinium during the spraying of the DMA–water
solution. This indicates that a large amount of quaternization
products can obtained simply by spraying of the DMA–water
solution.

We conducted additional experiments using methanol,
acetonitrile, and their mixed solutions with water to determine
if similar phenomena and products could be observed. The
effects of different solvents on the intensity of hydroxylation
products are shown in Fig. S7.† Our results showed that no
hydroxylation products were detected in methanol and aceto-
nitrile solvents (Fig. S7†). However, hydroxylation products were
observed in their mixed solutions with water, with the highest
intensity observed when pure water was used as the solvent (Fig.
S7†). This indicates that water plays a crucial role in promoting
the reaction, likely due to its ability to facilitate the formation of
water radical cations, which subsequently lead to hydroxylation
products.
Optimization of conditions for hydroxylation of DMA

DMA was chosen as the model substrate for optimizing reaction
conditions. We explored the experimental conditions affecting
the yields of N-hydroxylation of DMA and found that gas pres-
sure was a signicant factor (Fig. 2a). Higher gas pressure
facilitates the formation of smaller droplets, enhancing the
electric eld intensity on the surface of the droplets. This
nding is consistent with a previous report by Xing et al.32 When
the strength of the electric eld exceeds the oxidation potential
of the substrate, an electron is extracted from the substrate.
However, when the argon pressure is increased beyond a certain
point, the pressure at the spray outlet drops sharply. This
disturbance affects the surrounding airow, preventing the
target substance from entering the mass spectrometer effi-
ciently and resulting in decreased yields of the product ions.

We also examined the effects of the concentration of the
aqueous DMA solution, the ow rate of the aqueous DMA
solution, and the distance between the tip of the capillary tube
and the MS inlet on the hydroxylation reaction. For the reaction
distance, a noticeable increase in the yields of products at m/z
138 was observed as the distance increased from 1 to 6 cm
(Fig. 2b), indicating that the reaction occurred within the
microdroplets rather than in the gas phase inside the mass
spectrometer. Similarly, when the sample ow rate was opti-
mized to 8 mLmin−1 (Fig. 2c), the products exhibited the highest
16128 | Chem. Sci., 2024, 15, 16125–16132
yield. This may be because, at a xed pressure, excessively
increasing the ow rate results in the formation of larger
droplets or even incomplete nebulization, thereby reducing the
target ion signal. The yields of the products increased with the
sample concentration and eventually stabilized (Fig. 2d).
Considering that excessive sample concentration could impact
the mass spectrometer, 100 mg mL−1 was ultimately selected for
subsequent experiments.
Substrate scope for hydroxyl quaternization

Next, we evaluated the substrate scope for relatively electron-
rich aromatics, encouraged by the accelerated hydroxylation
of DMA in the water microdroplet. Hydroxylation reactions were
found to be compatible with various 4-substituted functional
groups on DMA, such as electron-donating groups like –OCH3

(4-MeO-DMA, 2) and –CH3 (4-Me-DMA, 3), as well as electron-
withdrawing groups like –Cl (4-Cl-DMA, 4) and –Br (4-Br-DMA,
5). Other diverse functional compounds tested included DTA
(6) and 3-OH-DMA (7). In addition to the reaction studied
between DMA and cOH in water microdroplets shown in Fig. 1,
we investigated six other hydroxylation reaction systems
involving 4-MeO-DMA, 4-Me-DMA, 4-Cl-DMA, 4-Br-DMA, 3-OH-
DMA, and DTA. Mass spectra supported the occurrence of these
reactions (Fig. 3). Hydroxylation reaction products with
different functional compounds—3-OH-DMA (m/z 154 in
Fig. 3a), 4-Me-DMA (m/z 152 in Fig. 3b), 4-MeO-DMA (m/z 168 in
Fig. 3c), DTA (m/z 166 in Fig. 3d), 4-Cl-DMA (m/z 172 in Fig. 3e),
and 4-Br-DMA (m/z 216 in Fig. 3f)—were clearly observed in the
corresponding mass spectra. Generally, electron-donating
groups facilitate the formation of N-hydroxyl quaternary
amine ions, while electron-drawing groups are slightly less
effective, possibly because electron-donating groups help
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Reaction scope of the N-hydroxylation reaction of DMA
derivatives in water microdroplets. (a) 4-Methoxyl-N,N-dimethylani-
line. (b) 4-Methyl-N,N-dimethylaniline. (c) 4-Chloro-N,N-dimethyla-
niline. (d) 4-Bromo-N,N-dimethylaniline. (e) N,N-Diethylaniline. (f) 3-
Hydroxy-N,N-dimethylaniline.
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disperse the positive charge and increase the electron density
on the nitrogen atom, resulting in more stable compounds.
When the –CH3 group on the nitrogen atom was replaced by –
C2H5, theN-hydroxyl quaternary amine ions were also efficiently
produced. The corresponding N-hydroxylation products have
been further elucidated using tandem MS spectra (Fig. S8†),
which show similar cleavage patterns to those of the N-
hydroxylation of DMA.

Our results demonstrated that these six different reactions
are all spontaneous and ultrafast in microdroplets, compared to
similar reactions facilitated by undivided electrochemical cells
or strong oxidants.5 Notably, the radical cations of 4-OMe-DMA,
4-Me-DMA, 4-Cl-DMA, 4-Br-DMA, 3-OH-DMA, and DEA were all
observed in the mass spectra; however, the intensity of the
radial cations varied, which might be a result of the differing
oxidation potentials of these functional compounds. Therefore,
the reactions in water microdroplets are characterized as
radical/radical coupling. A yield of up to 80% for DMA hydrox-
ylation reactions was calculated as the ratio of product intensity
to the sum of reactant and product intensities, a method
commonly used in MS-based micro-synthetic studies.29,30,36 This
relatively high product yield could be attributed to a relatively
faster reaction rate of radical/radical coupling reactions. Our
method showed very high yields for N,N-dimethylaniline
compounds, which have low oxidation potentials. However, it
resulted in low yields (<2%) for other alkylamines and piperi-
dines, which have higher oxidation potentials (Fig. S9†). This
indicates the limitations of our method when applied to these
types of amines.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Scale-up reaction

To demonstrate the feasibility of our strategy for preparative
synthesis, a scale-up reaction was performed. We modied the
microdroplet reaction platform by extending the capillary into
an electrically grounded collection vial (Fig. S1†). This vial
contained a grounded device to provide favorable ion so
landing conditions. A DMA solution was used as the substrate,
aiming to collect quaternary ammonium cations. The product
yield for the DMA hydroxylation reaction was 90%, with
approximately 10 mg collected over a 10 hour period using
a concentration of 1 mg mL−1 and a ow rate of 20 mL min−1.
This yield is higher than the 80% yield reported from MS
analysis, further conrming the reliability and reproducibility
of our maximum yield. Additionally, by employing a four-
channel spray system simultaneously (Fig. S1b†), with
a concentration of 10 mg mL−1 and a ow rate of 100 mL min−1,
gram-scale synthesis (0.8 g) can be achieved. The method was
also independently replicated in the laboratory of Jiangxi
University of Traditional Chinese Medicine, where other
researchers achieved consistent results, underscoring the
robustness and reproducibility of our method. The formation of
quaternary ammonium cations was further veried by 13C-NMR
spectroscopy, 1H-NMR spectroscopy, and MS experiments. The
13C-NMR spectrum and H-NMR spectrum recorded aer the
scale-up spraying of DMA experiments are shown in Fig. S10
and S11,† respectively. The signal at 68 ppm is assigned to the
methyl group of N-hydroxyl-N,N-dimethylanilinium. This
assignment was conrmed by comparing it with the 13C-NMR
and 1H-NMR spectra of the corresponding N-oxide standard
(Fig. S12 and S13†), where the signal at 63 ppm is assigned to
the methyl groups. In addition, 15N-DMA was synthesized and
analyzed using 1H-NMR and 13C-NMR analysis (Fig. S14 and
S15†). A scale-up microdroplet reaction of 15N-DMA was then
conducted, and the subsequent 1H-NMR and 13C-NMR analysis
of the reaction products conrmed the hydroxylation on the
nitrogen atom (Fig. S16 and S17†). These isotopically labeled
experiments provided clear evidence of the hydroxylation
process and the precise position of the hydroxyl groups.
Elucidation of the hydroxylation mechanism

With the successful detection of DMA+c and its corresponding
hydroxylated product, N-hydroxyl-N,N-dimethylanilinium, we
advanced our investigation into the mechanism of the DMA+c

hydroxylation reaction. The reaction is crucial for transforming
DMA into valuable pharmaceuticals and synthetic intermedi-
ates. Direct hydroxylation of hydrocarbon bonds in aromatic
compounds is a straightforward and desirable method, but it
remains challenging, especially from a sustainability perspec-
tive.2 Cheng et al. described the dimerization process between
two DMA+c molecules through a radical cation–radical cation
coupling mechanism.37 The aqueous microdroplet environment
can generate highly reactive species, including water radical
cations and hydroxyl radicals.25,32 The high surface area-to-
volume ratio and the unique electric eld effects at the micro-
droplet interface can facilitate the formation of these reactive
species. In our system, the interaction of DMA with (H2O)2

+c,
Chem. Sci., 2024, 15, 16125–16132 | 16129
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which is produced in situ within the microdroplets, leads to the
oxidation of DMA to DMA+c. The (H2O)2

+c acts as a strong
oxidant, abstracting an electron from DMA and resulting in the
formation of the DMA radical cation. As previously discussed,
the proposed mechanism for the formation of m/z 138 when
spraying DMA solution in microdroplets may involve the reac-
tion of DMA+c with cOH from the water dimer radical cation,
which has the [cOH/H3O

+] structure. Theoretically, as the
radical cation is very unstable, it could couple with either
another radical cation or with a neutral radical, with the latter
pathway being more energetically favored. This is because the
former process involves unfavorable charge–charge repulsion
between two radical cations. We hypothesize that MS could
elucidate the true reactionmechanism, as it allows us to capture
and detect the radical cation of DMA and its derivatives, as
shown in Fig. 3. Furthermore, control experiments reveal that
the extracted ion chromatogram data show an increase in ion
intensity of the peak at m/z 138 aer spraying DMA samples,
while the intensity of the peak at m/z 36 noticeably decreases
(Fig. 4a). This observation suggests that the signals at m/z 138
are produced by the hydroxylation reaction between DMA+c and
(H2O)2

+c.
A recent study indicates that at the water–oil interface, water

dimers exist predominantly as H2O
+–H2O

− couples, with
a preference for the negative end being closer to the hydro-
phobic medium,38 potentially contributing to the electric
double layer. The water radical cation has been directly
observed as the ionized water dimer (H2O)2

+c in microdroplets
by Cooks and colleagues.18 The [cOH/H3O

+] structure,
a conformation of (H2O)2

+c, facilitates proton transfer and
hydroxyl radical chemistry with appropriate substrates.33 Our
group has also prepared (H2O)2

+c ions via low-energy corona
Fig. 4 Mechanistic studies and proposal. (a) Typical total ion chro-
matogram (TIC) and extracted ion chromatogram (EIC) showing
reactants at m/z 36 and products atm/z 138 before and after spraying
the DMA solution in microdroplets. (b) Schematic for the formation of
N-hydroxyl-N,N-dimethylanilinium in microdroplets. (c) Computation
of the singly occupied molecular orbital of the DMA radical cation at
the B3LYP level of theory. (d) Cyclic voltammograms obtained in H2O.
1: DMA, 2: 4-OMe-DMA, 3: 4-Me-DMA, 4: 4-Cl-DMA, 5: 4-Br-DMA,
and 6: DEA. (e) Mechanistic proposal. DMA :N,N-dimethylaniline.

16130 | Chem. Sci., 2024, 15, 16125–16132
discharge ionization MS and investigated their interaction with
DMA. The experimental setup is depicted in Fig. S18,† where
one channel generates (H2O)2

+c ions while another channel
produces DMA molecules. The results show a base peak at m/z
122 (DMA + H)+ and a smaller peak at m/z 138 (N-hydroxyl-N,N-
dimethylanilinium) as seen in Fig. S19.† Additionally, extracted
ion chromatogram data indicate an increase in the ion intensity
of the peak atm/z 138 aer introducing DMA samples, while the
intensity of the peak at m/z 36 decreases (Fig. S20†). These
results suggest that cOH radicals generated from [cOH/H3O

+]
by corona discharge MS are responsible for N-hydroxyl-N,N-
dimethylanilinium (m/z 138) formation. In our study, high
intensities of (H2O)2

+c ions and DMA+c were also obtained at the
gas–liquid interface of microdroplets under the inuence of
a strong electric eld (∼109 V m−1), as shown in Fig. 4b. At the
gas–liquid interface, water dimer radical cations exist in the
form of [cOH/H3O

+] couples, with the cOH radical being closer
to the hydrophobic medium DMA+c, while the H3O

+ end, being
positively charged, is repelled by DMA+c and moves away. Thus,
N-hydroxyl-N,N-dimethylanilinium at m/z 138 is observed
during DMA spraying.

The regional selectivity observed in our study aligns with the
reactions of aromatic radical cations with nucleophiles and is
supported by the single occupied molecular orbital (SOMO)
distribution of DMA+c. As depicted in Fig. 4c, the SOMO of
DMA+c is signicantly concentrated at the nitrogen atom site, as
well as at the ortho and para positions relative to the N,N-
dimethyl group. This distribution aligns with the experimental
ndings where m/z 138 corresponds to N-hydroxyl-N,N-dime-
thylanilinium. The cyclic voltammetry (CV) results for
compounds 1–6, shown in Fig. 4d, reveal relatively low oxida-
tion peak potentials (1.1 V for DMA, 0.9 V for 4-OMe-DMA, 0.5 V
for 4-Me-DMA, 0.9 V for 4-Cl-DMA, 1.0 V for 4-Br-DMA, 1.1 V for
DMA, and 0.8 V for DEA), indicating their readiness to be
oxidized at the anode. Together, the mechanisms for N-
hydroxylation of DMA, derived from the intermediates captured
by MS and the products from the scale-up synthesis, are
summarized in Fig. 4e. Initially, DMA is spontaneously oxidized
at the gas–liquid interface of water microdroplets, yielding the
DMA+c radical cation atm/z 121. This cation then reacts with the
cOH from the water dimer radical cation, with the [cOH/H3O

+]
structure, to produce N-hydroxyl-N,N-dimethylanilinium. This
intermediate can further react to form N-hydroxyl-N,N-dime-
thylaniline N-oxide under certain conditions.

Conclusions

In summary, we have developed a green and rapid method for
achieving N-hydroxylation of aromatic amines with diverse
electronic properties, without the use of any catalysts or
chemical oxidants. The intrinsic oxidation properties of water
microdroplets are demonstrated by the generation of water
dimer radical cations. Importantly, the N-hydroxylation of
aromatic amines to quaternary ammonium cations was
observed in water microdroplets. This result supports the idea
that the strong electric elds within water microdroplets help
aromatic amines lose one electron to form the corresponding
© 2024 The Author(s). Published by the Royal Society of Chemistry
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radical cations, which quickly capture the cOH radical gener-
ated from the dissociation of water radical cations to form
quaternary ammonium cations. From this work, we anticipate
that (H2O)2

+c will open a wide range of opportunities for
designing new chemical reactions.
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