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Ultrafast C—C and C—N bond formation reactions in
water microdroplets facilitated by the spontaneous
generation of carbocationst

Ting Wang,? Zheng Li,? Hang Gao,? Jun Hu,*® Hong-Yuan Chen?
and Jing-Juan Xu (& *2

Carbocations are important electrophilic intermediates in organic chemistry, but their formation typically
requires harsh conditions such as extremely low pH, elevated temperature, strong oxidants and/or
expensive noble-metal catalysts. Herein, we report the spontaneous generation of highly reactive
carbocations in water microdroplets by simply spraying a diarylmethanol aqueous solution. The
formation of transient carbocations as well as their ultrafast in-droplet transformations through
carbocation-involved C-C and C-N bond formation reactions are directly characterized by mass
spectrometry. The intriguing formation and stabilization of carbocations are attributed to the super
acidity of the positively charged water microdroplets as well as the high electric fields at the water—air
interfaces. Without the utilization of external acids as catalysts, we believe that these microdroplet
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Introduction

As an important category of carbocations, diarylcarbenium ions
are highly reactive electrophiles, which have been widely
applied to the synthesis of various kinds of pharmaceuticals,
agrochemicals, dyes and functional materials.*™ For example,
they are extensively proposed as the key intermediates in the
construction of diarylmethylpiperazine cores, such as cetirizine
for anti-allergy,” lomerizine for migraine,® almitrine for respi-
ratory diseases,” and manidipine, which has the effect of
lowering blood pressure.® The industrial production of many
dyes (e.g., malachite green and crystal violet®) is also facilitated
by the acid-induced formation of diarylcarbenium ions to
construct the desired triarylmethane cores. Despite their
significance in both industry and academia, diarylcarbenium
ions are still not conveniently utilized due to the harsh condi-
tions especially the extremely low pH' to produce them.
Moreover, the electron-deficient nature of diarylcarbenium ions
makes them hard to be tamed because of their high reactivities
towards many nucleophiles. As a result, their lifetimes in polar
solvents (e.g., alcohols)'™** are fleeting. Measurements of the
diarylcarbenium ions generated via laser flash photolysis by
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reactions would pose a new and sustainable way for the construction of aryl-substituted compounds.

transient absorption spectroscopy have revealed that their life-
times are typically on picosecond levels.”** In the bulk solu-
tions, stable diarylcarbenium ions are only found in non-
nucleophilic solvents when concentrated acids even super
acids are used.* For example, benzyl alcohol is predominantly
protonated in highly concentrated sulfuric acid, facilitating the
elimination of water to form the dibenzoyl cation.'® Such
extremely acidic media also demonstrated the stabilization of
carbocations, in which lifetimes of these cations can be pro-
longated to microsecond levels and could thus be captured by
conventional absorption spectroscopy'® and NMR.'® Neverthe-
less, concentrated acids, elevated temperatures, extra catalysts
or strong oxidants are still needed for producing the diary-
Icarbenium ions.**'

Unlike bulk media, microdroplets are recently found to be
able to provide a unique reaction environment, which has
allowed the discovery of many unprecedented reaction path-
ways as well as the acceleration of known reactions by several
orders of magnitude (10° to 10°).2** The elegant studies in
microdroplet chemistry during the last few decades have
uncovered several aspects of the unique properties of water
microdroplets, including the partial solvation,™?' ordered
molecular orientation,**** ultrahigh electric fields,>*® sponta-
neous redox reactions” and extreme pH,***® which all exhibit
remarkable differences with the bulk water. The extreme pH is
an intriguing property of a charged microdroplet, which
suggests that a positively charged microdroplet alone can be
considered as a super acid to promote the acid-catalyzed reac-
tions, and vice versa for a negatively charged microdroplet as
a super base.?®*® For example, the use of a strong base, which is
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a must in the synthesis of benzimidazoles through the nucleo-
philic addition of o-aryl diamine to carboxylic acids, can be
completely avoided when using the microdroplet synthesis.**
Inspired by the recent findings in microdroplet chemistry,
we envision the spontaneous formation of diarylcarbenium
ions in positively charged water microdroplets because of their
super acidity.*>** By electrospraying their aqueous solutions,
positively charged microdroplets containing diarylmethanols
are conveniently produced. By further combining with ambient
mass spectrometry, our postulation was confirmed by the
detection of the expected diarylcarbenium ions, proving the
superiority of water microdroplets in generating carbocations
as no concentrated acids are required. Moreover, rapid trans-
formations of the in-droplet formed diarylcarbenium ions via
the C-C and C-N bond formation reactions were also achieved
by adding nucleophiles into the sprayed solutions. It thus
demonstrated a new and green approach to the construction of
aryl-substituted compounds including useful pharmaceuticals,
without the use of concentrated acids, high temperatures,
catalysts, strong oxidants and other external conditions.

Results and discussion

The experimental setup used for the spontaneous diary-
lcarbenium ion production in water microdroplets is shown in
Fig. 1a. Ambient mass spectrometry (MS) was also employed to
probe these putative cationic species that might have formed in
the electrosprayed water droplets. For an initial trial, a submi-
cron-sized ion emitter (with a tip opening of ~400 nm in
diameter) containing the aqueous solution of diarylmethanols
(100 uM) was placed in front of the inlet of a mass spectrometer
at a distance of 15 mm. A metal (Fe, 0.2 mm in diameter)
electrode was also inserted into the ion emitter from its rear end
to induce the generation of water microdroplets via electrospray
ionization (ESI), which was achieved through the application of
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a high voltage (~1.5 kV) onto the metal electrode. It should be
noted that the inserted metal electrode was intentionally placed
at a distance of at least 4 cm away from the front tip of the ion
emitter, to avoid the interferents from electrooxidations of
analytes during ESI. The complete experimental setup photo-
graph of MS measurements with the modified ionization source
(emitter-MS setup) is shown in Fig. S1.f The mass spectra in
Fig. 1c-e show the results obtained from the aqueous solution
of 4,4’-dimethoxybenzhydrol (1a), diphenylmethanol (1b) and
4,4-difluorobenzhydrol (1c), respectively. To our delight, apart
from the mass peaks referring to the compound 1a (m/z
267.0991, [1a + Na]', theoretical m/z 267.0992), the signal of the
putative diarylcarbenium ion (m/z 227.1066, [2a]", theoretical m/
z 227.1067) was also observed in Fig. 1c. On the basis of mass
difference (Am = 39.9925, which matched exactly with the mass
of [(Na — H) + H,0]), it can thus be concluded that the ion at m/z
227.1066 was derived from protonated 1a via the elimination of
water (Fig. 1b). It is necessary to clarify that 2a can be generated
without the application of a high voltage. However, the
conversion rate is much lower compared with that obtained
under a 1.5 kV high voltage, probably due to the diminished
acidity in the uncharged microdroplets (Fig. S27).>* As exhibited
in Fig. 1d, a similar result was observed in the case of diphe-
nylmethanol (i.e., 1b), in which the mass peak at m/z 167.0856
was assigned to the diarylcarbenium ion 2b (theoretical m/z
167.0855). We note that a higher percentage of the diary-
Icarbenium ion is observed with a smaller ion emitter (Fig. S3
and S47). This can be explained by the higher surface charge-to-
volume ratios of smaller microdroplets when a smaller ion
emitter was employed.**

The relative abundance of the diarylcarbenium ions is also
affected by the reaction distance (defined as the distance
between the emitter tip and the MS inlet). In our practice, a clear
increase in the relative intensity of diarylcarbenium ions was
observed when a longer reaction distance was employed (Fig.
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Fig.1 Mass spectrometric examination of the spontaneous formation of diarylcarbenium ions in water microdroplets. (a) A schematic illustration
of the experimental setup; (b) mechanism for the generation of diarylcarbenium ions in the electrosprayed water microdroplets; (c) mass
spectrum of the aqueous solution of 4,4’-dimethoxybenzhydrol (1a, 100 uM); (d) mass spectrum of the agueous solution of diphenylmethanol
(1b, 100 pM) and (e) mass spectrum of the aqueous solution of 4,4'-difluorobenzhydrol (1c, 100 uM).
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S57), which might be attributed to the longer reaction times* as
well as the higher surface charge-to-volume ratio of smaller
droplets produced by fission.” It is also worth noting that the
electrophilicity and lifetime of the diarylcarbenium ion can be
varied significantly along with the electron-donating abilities of
the substituents at para-positions.®® In particular, the lifetime of
diarylcarbenium ions with an electron-withdrawing substitu-
tion is extremely fleeting and typically on a picosecond level
(e.g., the half-life time of 2c is less than 30 ps in methanol
water'"), making it difficult to be directly observed. Despite no
signal that refers to 4,4™-difluorobenzhydrol was observed
(probably due to the low electron density of the oxhydryl on 1c
to affiliate a proton or a sodium ion), the in-droplet formation of
transient diarylcarbenium ion 2c¢ was clearly evidenced by mass
peaks at m/z 203.0667 ([2¢]", theoretical m/z 203.0667, Am =
0 mDa). Besides the evidence from the high-accuracy mass
measurements, a detailed examination of these diary-
lcarbenium ions by tandem mass spectrometry was also carried
out. As summarized in Fig. S6,1 fragmentations of these ions all
matched well with their structures. The above results thus
cooperatively supported the spontaneous formation of diary-
lcarbenium ions in the positively charged water microdroplets.

The effect of solution pH was also investigated. When an
alkali aqueous solution of 1a (pH = 9) was sprayed (Fig. S71), no
diarylcarbenium ions were produced. In contrast, a significant
increase in the percentage of 2a was observed when lowering
the solution pH, which further convinced the critical role of pH
in the production of diarylcarbenium ions in the microdroplets.

Encouraged by the solid confirmation of the spontaneous
generation of diarylcarbenium ions, we then aimed to explore
their in-droplet reactions. We selected electron-rich compounds

(a)
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including 1,3,5-trimethoxybenzene (TMB, 3a) and 3-methyl-
indole (3-MI, 3b) to evaluate their nucleophilic addition to 2a.
As shown in Fig. 2a, such C-C bond formations can be mech-
anistically categorized into the well-known Friedel-Crafts (FC)
reactions, which are widely employed in late-stage functionali-
zation of the arenes and heteroarenes.’”*® Fig. 2b shows the
mass spectrum obtained by electrospraying the aqueous
mixture of compounds 1a and 3a. Besides signals of the reac-
tants (m/z 169.0861, [TMB + H|', theoretical m/z 169.0859, Am =
0.2 mDa) and the in situ produced diarylcarbenium ion (2a, m/z
227.1066), the mass peak referring to the expected product 4a
(m/z 395.1854, theoretical m/z 395.1853, Am = 0.1 mDa) was also
abundantly observed. Further examination of the newly formed
product by tandem mass spectrometry was also conducted.
Upon collision induced dissociation (CID), the fragmentation
patterns of ions located at m/z 395.1854 matched well with that
of the respective product (see Fig. S81). The above experimental
results thus clearly demonstrated the efficient in-droplet reac-
tion between the newly produced diarylcarbenium ion and
TMB. In another parallel test, the reaction between the diary-
lcarbenium ion 2a and 3-MI was evaluated. Similarly, product
4b formed through the nucleophilic reaction of 3-MI is
confirmed by the observation of a mass peak at m/z 358.1808
(theoretical m/z 358.1802, Am = 0.6 mDa, Fig. 2c), which is also
examined by tandem mass spectrometry (see Fig. S91). We also
note that the reaction times of the microdroplets can be very
short (<10 us),**** suggesting that the diarylcarbenium ion-
involved reactions are ultrafast and spontaneous in the flying
water microdroplets.

Besides the C-C bond formations, we also investigate the
feasibility of the diarylcarbenium ions involved in C-N

+ _H
OH Nu” Nu
-H* A _H’
o~ ¥ =
MeO OMe -H;,0 MeO OMe _3> MeO' OMe MeO OMe
1a 2a S
(Product+H)" Product
3 4 OMe
OMe O O
A
® e OMe HN-Z
N
MeO OMe H

3-Mi
3b, m/z 132.0810

OMe
4a, m/z 395.1854

T™MB
3a, m/z 169.0859

(b) 2a
227.1066
100
3a
R 50 169.0859 4a
395.1854
N L ]
100 150 200 250 300 350 400

m/z

MeO

HN
H
I OMe

4b, m/z 358.1802

OMe MeO

I OMe
5b

(c) 2a
227.1069
100
3b i
% w1192.0804 267.0996 #b
358.1808
04 L l L
100 150 200 250 300 350 400
m/z

Fig.2 Mass spectrometric analysis of the spontaneous dehydrative C—C coupling in water microdroplets. (a) Proposed reaction mechanism for
the spontaneous dehydrative C—C coupling between 1a and 3 in water microdroplets. (b) Mass spectrum showing the spontaneous dehydrative
C-C coupling products when spraying the 1a and 3a mixture solution. (c) Mass spectrum showing the spontaneous dehydrative C—C coupling
products when spraying the 1a and 3b mixture solution. Uncharged product 5 was yielded by deprotonation of product 4.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2023, 14, 1515-11520 | 11517


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc03870j

Open Access Article. Published on 04 October 2023. Downloaded on 12/4/2025 5:28:15 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

couplings. Nitrogen-containing heterocyclic compounds
including pyrazole (pyr, 3c) and piperazine (PZ, 3d) were
selected as nucleophiles, which are important structural motifs
that are widely found in many biomolecules and pharmaco-
logically active compounds.**> As the illustration of the reac-
tion mechanisms in Fig. 3, the trapping of the electron-deficient
diarylcarbenium ions by the electron-rich nitrogen atoms is
highly selective in constructing C-N bonds.* Fig. 3a, b and S107
summarize the experimental results of the in-droplet reactions
between the diarylmethanols (1b and 1c¢) and the nucleophiles
(3¢ and 3d). On the basis of our mass examination (Fig. 3c, d,
S10c and dt), all four combinations succeeded in producing the
C-N coupling products (m/z 235.1230, 253.1699, 289.1511 and
271.1041 for products 6a, 6b, 8a and 8b, respectively). Addi-
tionally, further examination of these products was carried out
by tandem mass spectrometry (see Fig. S117).

Next, we tried the off-line collection of the products from the
microdroplet reaction (Fig. S121) and then analyzed them using
gas chromatography-mass spectrometry (GC-MS) and Proton
Nuclear Magnetic Resonance (‘H NMR). The experimental
results of GC-MS are shown in Fig. S13-515.1 Both C-C reaction
products (5a and 5b) and C-N reaction products (7b and 9a)
were successfully detected. However, for C-N reaction products
(7a and 9b), only a small amount of decomposed products was
identified in GC-MS. We infer that these products were not
stable under the operating conditions of GC-MS. As an alter-
native, the reaction yields were determined using "H NMR. The
experimental results of '"H NMR are shown in Fig. S16-518.}
The conversion rates of products 5a, 5b, 7a, 7b, 9a and 9b were
calculated to be about 15%, 52%, 1%, 9%, 9%, and 1%,

(a)
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respectively. Although the yield from microdroplet collection
remains limited and there is a demand for further research to
enable large-scale production, the immense potential of this
technique cannot be overlooked. Indeed, it is anticipated to play
a significant role in the future evolution of green synthetic
chemistry.

Importantly, the aforementioned C-C and C-N reactions are
all spontaneous and ultrafast in the electrosprayed water
microdroplets, compared to the same bulk reactions that are
typically proceeded with the help of elevated temperatures,**
metal catalysts® or strong oxidants.*” Furthermore, the
concentrated acid that is needed to induce the formation of the
key reactive intermediates, diarylcarbenium ions, is also dis-
carded. The super acidity is an important but still mysterious
aspect of the positively charged water microdroplets. Experi-
mental measurements by a fluorescent method have revealed
that a decrease in the apparent pH of sprayed water micro-
droplets can reach up to 3 units (i.e., pH = 4), compared with
the bulk pure water.***” However, such acidification seems still
far from the conditions of the bulk reactions,*®** in which
highly concentrated acids (pH < 1) are employed. Unlike the
common Brgnsted acid, a water microdroplet generated in
positive ESI contains excess protons and lacks the counter
anions. These excess protons are preferred to be distributed at
roughly equidistant intervals on its surface to minimize
potential energy,* thus resulting in a highly localized extreme
pH on the surface of a water microdroplet. In addition,
enrichment of the surface protons as a result of water evapo-
ration during its flying to the MS inlet might also contribute to
the super acidity of a water microdroplet.”®*® Apart from the
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Fig.3 Mass spectrometric analysis of the spontaneous dehydrative C—

N coupling in water microdroplets. (a) Proposed reaction mechanism for

the spontaneous dehydrative C—N coupling between 1b and 3c in water microdroplets. (b) Proposed reaction mechanism for the spontaneous

dehydrative C—N coupling between 1c and 3d in water microdroplets.

(c) Mass spectrum showing the spontaneous dehydrative C—N coupling

products when spraying the 1b and 3¢ mixture solution. (d) Mass spectrum showing the spontaneous dehydrative C—N coupling products when
spraying the 1c and 3d mixture solution. The uncharged products 7a and 9a were yielded by deprotonation of products 6 and 8, respectively.
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surface confinement and enrichment of protons, partial solva-
tion of analytes might also be an important factor to facilitate
the formation and stabilization of the diarylcarbenium ions, in
which the regeneration of diarylmethanols via an attack of the
diarylcarbenium ion by a water molecule might be alleviated.

In recent studies, a high electric field (>10” V m™') and
molecular orientation at the surface of water microdroplets
were recognized as crucial factors in promoting the formation
and stabilization of reactive carbocations.****** The high elec-
tric field can promote the formation of a double electric layer
near the water-air interface. In this circumstance, the outer
layer is rich in protons that can act as a superacid, forming
stable diarylcarbenium ions.**** Other studies®® opine that
aromatic compounds in microdroplets preferentially inhabit
the air-water interface, positioning the aromatic ring towards
the air side while the -OH group remains embedded in water.
Such a high electric field has the potential to break the C-O
bond, thus leading to the production of the diarylcarbenium
ions at the interface of the microdroplet. Subsequently, these
ions then proceed to combine with nucleophiles, culminating
in the spontaneous formation of the corresponding C-C and C-
N products in the microdroplets.

Conclusions

In conclusion, by taking advantage of the super acidity of
positively charged water microdroplets, the spontaneous
generation of diarylcarbenium ions was achieved by simply
electrospraying the aqueous solutions of diarylmethanols. The
in-droplet trapping of the diarylcarbenium ions by various
nucleophiles also enabled rapid C-C and C-N bond formation,
which avoided the use of concentrated acids, elevated temper-
atures, external catalysts and strong oxidants compared with
the same reactions in bulk media. Taken together, we believe
that water microdroplets might offer a new locus to fully exploit
the highly reactive carbocations in a simple and green
approach. Through the continuous uncovering of the intriguing
microdroplet chemistry, we wish applications especially in
green organic synthesis to be promoted in the near future.
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