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Accelerated click reactions using boronic acids for
heterocyclic synthesis in microdropletst

Jyotirmoy Ghosh @ and R. Graham Cooks & *

Click chemistry is important for its simplicity and versatility, however, condensation-based click reactions
are limited by the general requirement of high temperatures and catalysts. Here, we report accelerated
click reactions using boronic acids in microdroplets under ambient conditions without a catalyst. The
reaction between 2-formyl phenylboronic acid (2-FPBA) and substituted amines leads to the formation
of multi-step click products, including iminoboronates, boroxines, thiazolidines, and diazaborines,
depending on the selected amine. The reactions occur during microdroplet flight and are three orders of
magnitude faster than the corresponding bulk reactions. MS and NMR spectral analysis confirmed the
nature of the products. We suggest that the air-liquid interface of microdroplets serves both as
a superacid and as a drying surface, facilitating dehydration by its superacidicity to access these

products. We also demonstrate the application of these accelerated reactions as a late-stage

rsc.li/chemical-science

Introduction

Microdroplets are known to facilitate accelerated chemical reac-
tions and this has implications for small-scale synthesis,'®
materials  science,”™  drug  discovery,”*™*  atmospheric
chemistry,””™® and studies on the origin of life."*" Reaction
acceleration is associated with several factors, principally partial
solvation*** and the high interfacial electric field'**** with its
constituent extreme pH gradient.»*®* Less securely, confinement
effects®*** and ordered molecular orientations** are also shown
to contribute. A variety of chemical reactions in microdroplets are
accelerated'>****° without the need for a catalyst or high
temperatures. Among these reactions, condensation® and click
reactions® are of particular interest due to their implications in
origin-of-life studies and for bioorthogonal chemistry.

The formation of iminoboronates upon reaction of amines
with 2-formyl phenylboronic acid (2-FPBA) involves a conden-
sation click reaction.’*> Iminoboronates are an emerging class
of compounds that include imines positioned ortho to an aryl
boronic acid, where a dative bond is formed between the imine
nitrogen and the electron-deficient boron. Owing to this prox-
imity effect, iminoboronates display significantly higher equi-
librium constants and much-improved thermodynamic
stability than other simple imines without a neighboring aryl
boronic acid.* Iminoboronate chemistry has been applied in
protein side-chain modification,** as a chiral derivatization
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functionalization (LSF) tool to access a range of antihistamine drug derivatives.

protocol for determining the enantiopurity of chiral amines/
amino acids,” in creating self-healing polymers,***® and in
studies of antibacterial activity.*”*® In addition, the boronic acid
functionality is capable of driving intermolecular condensation
reactions to form the corresponding dimers and trimers. The
dehydrated cyclic trimers of boronic acids, known as boroxines,
are used as covalent organic framework (COF) building
blocks*~* as reagents in Suzuki-Miyaura cross-coupling reac-
tions,*** in flame-retardant materials,* as optical compo-
nents,” and in battery applications.*® Iminoboronate chemistry
is dynamic, proceeding down chemical pathways that depend
upon the chosen amine: instances include the formation of
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Scheme 1 Condensation-based click reactions of iminoboronates
that lead to a variety of important chemical scaffolds.
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boroxines,*” thiazolidines,**” and diazaborines®® (Scheme 1).
Several drugs contain thiazolidine rings, especially the penicil-
lins which are elaborated thiazolidines. Diazaborines are ther-
apeutically important scaffolds that also have antibacterial
activity.*”** Their mode of action involves inhibition of lipo-
polysaccharide biosynthesis in Gram-negative bacteria.** Most
conventional methods for the synthesis of these dehydrated
products require high temperatures/reflux conditions and long
reaction times.*” In sharp contrast, the present study shows
accelerated syntheses of iminoboronate, boroxine, thiazolidine,
and diazaborine under ambient conditions using microdroplets
without any catalyst or elevated temperature. Furthermore,
these accelerated reactions are shown in late-stage functional-
ization (LSF) to yield complex antihistamine drug derivatives.

Results and discussion

Reactions were performed by electrospraying mixtures of
amines and 2-formyl phenylboronic acid (2-FPBA), each 10 mM
in reagent grade acetonitrile (ACN) without additional drying
except where indicated. Electrospraying involved the applica-
tion of a positive DC potential of 1.5 kV using a nano-
electrospray ionization (nESI) electrode with a 10 mm
distance between the sprayer tip and MS inlet. See the ESI} for
details of the experimental procedures.

Iminoboronate and boroxine formation in microdroplets

The formation of iminoboronate in microdroplets was carried
out by spraying an equimolar mixture of butylamine and 2-FPBA
in reagent grade acetonitrile solvent under ambient conditions.
The first step in the reaction scheme (Fig. 1a) involves the
formation of the corresponding iminoboronate, 3 by intra-
molecular condensation to form a (imine) covalent bond. The
protonated iminoboronate product, [3+H], and the corre-
sponding cyclic boroxine, [4+H]’, occur at m/z 206 and 562,
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Fig. 1 (a) Reactions that form iminoboronate and boroxine in elec-

tropsrayed microdroplets. Reaction 3 — 5 involves dehydration of the
dimer. (b) Positive mode nESI MS showing products of the reaction
between butylamine and 2-FPBA in reagent grade ACN microdroplets.
Structures for the labeled peaks are shown. (c) MS/MS spectrum of
mass-selected boroxine product, [4+HI*, m/z 562, recorded using
collision-induced dissociation (CID). MS/MS spectra of other products
are provided in the ESIL.¥
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respectively, in the nESI mass spectrum (Fig. 1b). Confirmation
of the structure of 3 is found in its MS/MS (Fig. S11) and by
comparing the expected and experimental isotopic distribu-
tions (Fig. S27). The proximal presence of electron-rich N to the
electron-deficient B atom in the product results in a dative bond
(blue arrow in 3), a characteristic feature of iminoboronates. An
intermolecular condensation product 5, occurring at m/z 375,
involves two iminoboronate molecules, as confirmed by the
isotopic distribution (Fig. S37). Interestingly, the reaction pro-
ceeded via further intermolecular condensation to form bor-
oxine, a cyclic trimer of iminoboronate formed with the overall
loss of five H,O molecules. Reported syntheses of boroxines
require reflux conditions to achieve dehydration.*** Here,
dehydration is favoured by the enhanced surface area, super-
acidity, and the ‘dry’ solution-air interface of microdroplets,****
making boroxine the major product in the small-scale reaction
occurring on the millisecond timescale, i.e., during the flight of
the droplets to the mass spectrometer. Note that the formation
of a Lewis acid-base adduct with an adjacent N-donor also
enhances the stability of the boroxine as observed in previous
studies.*>**%® Structural confirmation of the boroxine product, 4
was achieved by MS/MS (Fig. 1c), and the fragmentation
pathway is rationalized in Fig. S4.1 In addition, a comparison of
the calculated isotopic distribution with the experimental data
(Fig. S51) and NMR analysis (Fig. 2) confirms the identity of the
product. Note that the reaction mixture was electrosprayed and
collected without workup for NMR analysis. The NMR spectra
were recorded after scaling up the reaction products by col-
lecting the electrosprayed microdroplets (see the ESIf). The
chemical shifts for the H atoms (H,-Hq4) adjacent to the N-
center are used as a characteristic to identify the different
products (Fig. 2). Peaks in the range 8.2-8.5 ppm are assigned to
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Fig. 2 H NMR spectra (300 MHz, CDCls) showing the chemical shifts
of the indicated protons (Hy—Hg) in different products obtained by
reactions in microdroplets and analyzed without workup. The bottom
spectrum is for standard 2-FPBA, 1.
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Fig. 3 (a) Positive mode nESI mass spectra of the products of reaction
between butylamine and 2-FPBA using different ratios of H,O:ACN in
microdroplets. Here, water was added in specially dried ACN (see ESI, T
Section 1.2). (b) Addition of water to the spray solvent gives the
hydrolysis product, observed at m/z 393. (c) Isomeric chemical
structures corresponding to m/z 507 are shown.

the H atoms (Hy, and Hy) next to an imine bond in diazaborine®
and boroxine,*” whereas the equivalent H. shows a peak at
5.5 ppm in thiazolidine, as observed previously.®> The NMR
spectrum of 2-FPBA was used as a control and it shows
a completely different peak at 9.9 ppm for Hq.®* The 'B NMR
spectrum was also recorded: it shows a peak at 15.14 ppm
(Fig. S61) and this together with the assigned "H NMR peaks
(Fig. S77) are characteristic signatures of the boroxine product,
4 as observed in a previous report.*?

Solvent effects on the microdroplet reaction were also
studied. First, an equimolar mixture of butylamine and 2-FPBA
was electrosprayed using a specially dried ACN solvent (see
ESLt Section 1.2). Then, gradually, small amounts of water (v/v
percent) were added to a set of otherwise identical reaction
mixtures and mass spectra were recorded individually (Fig. 3a).
In dry ACN, a peak at m/z 507 was observed, which corresponds
to one of the two isomeric products (Fig. 3c). The formation of
these products in the absence of water is ascribed to the pref-
erential ‘heads-down’ orientation® of the positively charged
reagents, the hydrophobic parts being anchored at the air-
liquid interface of the microdroplets (Fig. 3b). The isomeric
products are suggested to arise by the acid-catalysed mecha-
nisms presented in Fig. S8.1 The gradual addition of water to
the spray solvent led to the formation of a hydrolyzed product
(m/z 393) from the anchored species.

Thizaolidine complex formation in microdroplets

Following the successful synthesis of iminoboronate by click
chemistry in microdroplets, we explored related chemical
reactions involving iminoboronates. Iminoboronates can be
repurposed to form thermodynamically stable heterocycles,
notably the thiazolidine ring.***” This reaction involves
a nucleophilic attack by the reactive thiol group on the imine
bond to form a stable fused product, 9 shown in Fig. 4a. The
condensation between aminothiols and aldehydes to form

thiazolidines is an interesting bioorthogonal reaction®*® given
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Fig. 4 (a) Formation of thiazolidinoboronate (9) via iminoboronate (8)

in electropsrayed microdroplets. (b) Positive mode nESI mass spec-
trum showing the product of the reaction between cysteamine and 2-
FPBA in ACN microdroplets. Structures are shown for the labeled
peaks. (c) MS/MS spectrum of the mass-selected thiazolidinoboronate
product, [9+H]*, m/z 210, recorded using collision-induced dissoci-
ation (CID).

that the aminothiol group exists naturally in proteins.
Conventionally, thiazolidine ring formation is reversible and
requires long reaction times (up to several days) and high
concentrations of reactants.®®® Here, the reaction was carried
out in ambient microdroplets between cysteamine, 6 and 2-
FPBA, and the corresponding mass spectrum shows the pres-
ence of thiazolidinoboronate product, [9+H]" at m/z 210 as well
as unreacted cysteamine, [6+H]" at m/z 78, respectively. The MS/
MS spectrum shows successive losses of water (Fig. 4c), and
this, together with a comparison between the calculated
isotopic distribution and experimental mass spectra (Fig. S91),
confirms the reaction product as thiazolidinoboronate, 9. The
highly reactive thiol group favours the reaction and leads to
oxidative dimerization of cysteamine, 6 to form cystamine, 7.

Diazaborine complex formation in microdroplets

Diazaborine formation is an important reaction that utilizes
hydrazine to generate an iminoboronate. This compound class
finds applications in enzyme inhibition,*” as well as for its
antibacterial properties.*”** The bulk solution reaction between
phenylhydrazine and 2-FPBA is known to occur rapidly to give
diazaborine heterocycles with rate constants ~10°> M~ " s,
Previous reports suggest that the stereochemical arrangement
of the a-nucleophile (phenylhydrazine) and ortho-carbonyl
phenylboronic acid controls the formation and stability of
diazaborine.” The reaction relies on the facile ring closure from
the hydrazone. Here, microdroplet-assisted diazaborine
formation can proceed via the formation of either isomeric
hydrazone (11 or 13) in the first step (Fig. 5a), depending on
which N atom is involved in imine formation. This intermediate
product pair is observed as the Na" adduct at m/z 263. In the
second step, ring closure occurs to eliminate water and form
one or other isomer of the corresponding protonated dia-
zaborine, observed at m/z 223 (Fig. 5b). The MS/MS spectrum of
the diazaborine (Fig. 5¢) shows fragment peaks that strongly
suggest contributions from both isomeric precursor ions:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Formation of diazaborine via iminoboronate in electro-

psrayed microdroplets. (b) Positive mode nESI mass spectrum of the
products of reaction between phenylhydrazine and 2-FPBA in ACN
microdroplets. Labeling connects the main peaks with isomeric
structures. (c) MS/MS spectrum of the mass-selected diazaborine
product, 12 or 14, m/z 223, recorded using collision-induced disso-
ciation (CID).

notably the main fragment due to the loss of hydroxyl is
assigned to 12 as a precursor, while the isomer 14 is most
reasonably associated with the loss of water and HOBNH
according to the fragmentation mechanisms provided in
Fig. S10.1 In addition, there is good agreement between the
expected and measured isotope distributions (Fig. S111). The
peak at 27.66 ppm in the "B NMR spectrum (Fig. S127) is
a characteristic signature of the diazaborine product, 12 or 14,
as observed in a previous report.**

Late-stage functionalization (LSF) based on click chemistry
using boronic acids

Accelerated chemical reactions in microdroplets can be utilized
as a method of LSF, an alternative to traditional de novo
synthesis.”*”® This is an effective tool to rapidly explore chem-
ical space, a key step in drug discovery.>** Here, we demon-
strate the utilization of iminoboronate chemistry by targeting
the cyclic secondary amine center present in several antihista-
mine precursors. First-generation antihistamines are known to
cross the blood-brain barrier (BBB) and cause unwanted
interference such as sedation, drowsiness, fatigue, reduced
sleep, and impaired concentration.” The BBB penetration is
related to the lipophilicity, size, structure, molecular weight,
and charge of antihistamines. Specifically, lipophilicity facili-
tates BBB penetration, whereas the charged interaction and
higher molecular weight (typically >400-600 Da) hinder BBB
penetration.”7”®

Here, accelerated click chemistry was applied to access
modified antihistamines with high molecular weights and
a permanent charge using the reaction of secondary amines to
form charged imines. The reaction proceeds to give the corre-
sponding iminoboronate and the boroxine products (Fig. 6a).
Note that this boroxine is structurally different from 4, obtained
by the reaction with butylamine (Fig. 1). Antihistamine
precursors are sterically crowded due to the presence of bulky
phenyl groups and their cyclic secondary amines; they do not
lead to additional iminoboronate formation. The

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (a) Late-stage functionalization of antihistamine precursors

using iminoboronate chemistry in electropsrayed microdroplets. (b)
Positive mode mass spectrum of the products of the reaction between
nor-cetirizine and 2-FPBA in ACN microdroplets. (c) MS/MS spectrum
of the mass-selected protonated boroxine, 16 (m/z 419), recorded
using CID. MS/MS spectra of other products are provided in the ESI.{

iminoboronate-based LSF was successfully applied to func-
tionalize six different antihistamine precursors (Scheme 2a).
The complex drug molecules were functionalized at the desired
site under ambient conditions without using a catalyst. This
successful result shows the potential application of this type of
microdroplet-accelerated reaction in LSF for the creation of
modified drugs. The mass spectrum recorded for the reaction
product of a representative antihistamine precursor, nor-
cetirizine, and 2-FPBA (Fig. 6b) shows unreacted nor-
cetirizine, [15], the protonated iminoboronate product, [16],
an additional dehydration product, [17], and the desired bor-
oxine, [18]. Intermolecular condensation between iminoboro-
nate and 2-FPBA gives the dimer at m/z 551. The structures of all
these products are shown in Scheme 2b. Structural confirma-
tion of the iminoboronate product, 16 was derived from MS/MS
(Fig. 6¢) and by comparing the isotopic distributions between
the calculated isotopic distribution and experimental data
(Fig. S131). Structures of all the fragment peaks observed in
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Scheme 2 (a) Structures of the antihistamine precursors used for the
imnoboronate-based LSF. (b) Structures of the observed ions as noted
in Fig. 4b. (c) Fragment ion structures observed in the MS/MS spectrum
shown in Fig. 5c.
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Fig. 6¢ are suggested in Scheme 2c. MS/MS spectra and isotopic
distribution comparison of other products (17 and 18) are
provided in Fig. S14-S17.1 The mass spectra corresponding to
the LSF reaction of other antihistamine precursors with 2-FPBA
are also shown (Fig. S18-S227).

Reaction time scale, conversion ratio (yield), and the
mechanism

In this work, all the chemical reactions occur during the flight
of nESI-generated microdroplets, which is estimated to take
time in the low millisecond range (droplet velocity 6 m s™%;
flight distance 10 mm) as noted in previous studies.”®””
Considering that the fastest of these reactions on the bulk scale
takes time on the minute scale,****% the microdroplet reactions
in this format are three to four orders of magnitude faster. This
estimate is consistent with many earlier estimates of reaction
rate acceleration in microdroplet experiments.”>”*%* Apart from
reaction rates, interest focuses on the yields and scale of these
microdroplet reactions. The degree to which a microdroplet
reaction occurs can be monitored using the conversion ratio
(CR), a measurement of the ratio of ion intensities of the
product, [P] relative to the sum of the product and starting
material ion intensities, ([P]/[SM] + [P]).**”® The CR is a surro-
gate for yield, which is not directly measurable in femtoliter-
scale reaction vessels. For reactions like those studied here, in
which ionic reactants give ionic products of similar proton
affinity, CR is a good measure of yield.**”® Table 1 shows the CR
values for some of the microdroplet reactions studied. The
values are generally high and by-products are noted in the mass
spectra, for example, those formed by further condensation
involving the main iminoboronate products (Fig. S18-5227). In
the case of Fig. 4a, the low CR is due to the dimerization of
cysteamine in a side reaction. Although these products were
formed in the milligram scale, it is important to note that scale-
up is straightforward, as described in the literature and illus-
trated for this system in ESI,} Section 1.6.

Addressing the mechanism, all the reactions appear to
follow an acid-catalysed condensation pathway, for which there
are many precedents amongst microdroplet reactions.*>3%>-8%
It is generally accepted that these reactions are driven by the
superacidic interface of microdroplets.”®*® This superacidity
protonates 2-FPBA to create the charged species in the first step
(see ESLt Section 1.5), with subsequent facile dehydration of

Table 1 Conversion ratio (CR) for reactions in microdroplets between
amines and 2-formyl phenylboronic acid (2-FPBA)

Amines CR (%) Amines CR (%)

Butylamine (Fig. 1a) 100
Phenylhydrazine (Fig. 5a) 100“
Cysteamine (Fig. 4a) 57
Antihistamine (Fig. 6a) 75
Antihistamine (Fig. S18) 54

Antihistamine (Fig. S19)
Antihistamine (Fig. S20)
Antihistamine (Fig. S21) 81
Antihistamine (Fig. S22)

% CRs for Fig. 1a and 5a were estimated to be 100% due to the complete
conversion as the peaks corresponding to the starting materials (amine)
were not observed.

8804 | Chem. Sci., 2025, 16, 8800-8806
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the ‘dry’ (water-scarce) microdroplet interface. This superacid-
catalysed condensation mechanism is followed for all the
reactions presented and is suggested to be the basis for the
observed reaction acceleration. It is also significant that the
entire sequence of reactions (multiple dehydration steps)
occurs in the individual microdroplets.

Conclusions

We demonstrate the first example of accelerated click reactions
based on dehydration that occur in microdroplets, occurring
under ambient conditions without a catalyst. The reaction leads
to the formation of different product types (iminoboronate,
boroxine, thiazolidine, and diazaborine) depending on the
chosen amines, as confirmed by tandem mass spectrometry and
NMR. These reactions, like many others now being encountered
in microdroplet chemistry, are favoured by two properties of the
air-liquid interface: namely, its superacidity and its intrinsically
dry nature, which together circumvent the need for expensive
catalysts, high temperatures, and long reaction times. Further-
more, these click reactions can be utilized as an efficient LSF
tool to access a range of modified antihistamine drugs under
ambient conditions. This illustrates the versatility and chemical
scope of the reaction, which should be amenable to reaction
screening in drug discovery and also as an efficient synthetic
tool.
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