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Abstract: Non-thermal plasma discharge produced in
the wake of charged microdroplets is found to facilitate
catalyst-free radical mediated hydrazine cross-coupling
reactions without the use of external light source, heat,
precious metal complex, or trapping agents. A plasma-
microdroplet fusion platform is utilized for introduction
of hydrazine reagent that undergoes homolytic cleavage
forming radical intermediate species. The non-thermal
plasma discharge that causes the cleavage originates
from a chemically etched silica capillary. The coupling
of the radical intermediates gives various products.
Plasma-microdroplet fusion occurs online in a program-
mable reaction platform allowing direct process optimi-
zation and product validation via mass spectrometry.
The platform is applied herein with a variety of
hydrazine substrates, enabling i) self-coupling to form
secondary amines with identical N-substitutions, ii)
cross-coupling to afford secondary amine with different
N-substituents, iii) cross-coupling followed by in situ
dehydrogenation to give the corresponding aryl-aldi-
mines with two unique N-substitutions, and iv) cascade
heterocyclic carbazole derivatives formation. These
unique reactions were made possible in the charged
microdroplet environment through our ability to pro-
gram conditions such as reagent concentration (i.e., flow
rate), microdroplet reactivity (i.e., presence or absence
of plasma), and reaction timescale (i.e., operational
mode of the source). The selected program is imple-
mented in a co-axial spray format, which is found to be
advantageous over the conventional one-pot single
emitter electrospray-based microdroplet reactions. )
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Introduction

Radical chemistry offers many advantages over classical
reactions based on ionic intermediates, including the ability
to use neutral conditions, which avoid decomposition of pH-
sensitive organic compounds.!"! However, the use of radical
species in chemical synthesis often lacks selectivity. This
long-standing synthetic challenge has motivated the develop-
ment of innovative photochemical®’! (based on visible light)
and electrochemical™®! tools to access radicals more mildly
compared with traditional approaches that require radical
initiation by azobisisobutyronitrile, alkyl tin, peroxides, or
UV light. Fundamentally, only a few mechanisms for radical
generation are available, utilizing one of three elementary
steps: 1) hydrogen (H) abstraction via H atom transfer, 2)
halide abstraction by homolytic bond cleavage, and 3)
radical addition to an olefin bond.! For controlled and
efficient intermolecular reactions, the generated radicals are
often trapped; otherwise, self-coupling dominates irrespec-
tive of the means by which the radical was generated.!”
Without the use of trapping agents, we showcase in the
current study that selective cross-coupling of free radicals
can be achieved in charged microdroplet environment to
afford a facile approach to rapidly control the formation of
C—N bonds. The result of this approach is the programmable
synthesis of secondary amines from homolytic cleavages of
N-N and C-N bonds in hydrazines, without using catalysts
or trapping agents. The energy required to break these
bonds (including ~2.6 eV needed for cleaving the N-N
bond)® is supplied by fusing nonthermal plasma (i.e.,
electrical discharge) with charged microdroplets.”) We
demonstrate that the desired product can be programmed
by enabling cross-coupling, while excluding self-coupling,
through the control of three interrelated factors: (1) micro-
droplet reactivity, as determined by the presence or absence
of electrical discharge, (2) concentrations of reagents, as
determined by relative flow rates in the electrospray process,
and (3) timescale of microdroplet reactivity, as determined
by the operational modes of our reconfigurable contained-
electrospray source utilized for plasma-microdroplet fusion.

Important aspects of the current study take advantage of
recent advancements in mass spectrometry (MS) in which
electrospray ionization (ESI) now allows preparative scale
chemical syntheses in the ensuing charged liquid micro-
droplets under ambient conditions rather than the use of
gas-phase ions under high vacuum. In this case, charged
microdroplets (with size measuring on the order of magni-
tude of 1-10 pm) bridge the gap between isolated gas-phase
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ions and completely solvated species in bulk solution—
thereby facilitating unique reaction enhancement in the
confined-volume medium. In 2006, Eberlin and
colleagues™!"! showed the potential of electrosprayed
microdroplets as a reaction platform in a transacetalization
reaction. But, it was the Cooks group that first showcased
the use of microdroplet chemistry for reaction acceleration
in 2011." Since this implementation, the field has expanded
substantially—using the unique confined-volume medium
for the investigation of addition (e.g. aza-Michael
addition),™ elimination (e.g., dehydration),!'! addition and
elimination (e.g., Schiff base formation,"” Katritzky
transamination,’ and Claisen-Schmidt condensation'”),
and oxidation (e.g., amine oxidation)!" reactions to name a
few. The mechanism behind charged microdroplet reactivity
has also been the topic of many investigations that have
showcased interfacial electric field enhancement,'®'”! high
surface-area-to-volume ratio,?” reactant confinement and
concentration in small volumes, and extreme pH effects as
factors contributing to reaction enhancement.” In the past
few years—there has been an influx of high impact
investigations focusing specifically on the special properties
of water microdroplets, alone. Investigators have proposed a
higher degree of reaction enhancement from water micro-
droplets—attributed to enhanced interfacial electric field
and production of reactive chemical species (e.g., hydroxyl
radical)—which have facilitated numerous spontaneous
chemical transformations not otherwise possible in bulk
solution-phase.”>* Additional recent studies highlight the
importance of the strong (10° V/cm) electric field on
reaction acceleration and the formation of reactive species
at the air-microdroplet interface.”’*

It has become clear that a great number of chemical
transformations—known reactions and novel examples —are
translatable in the charged microdroplet regime. Interest-
ingly, most of these studies involve one-step chemical
transformations giving rise to structurally homogeneous
products without the ability to select unique moiety sub-
stitution within the final product. Use of the “one-pot”
method for microdroplet synthesis whereby all reagent is
sprayed through a single electrospray emitter has limited the
ability to design chemical species with unique moiety
functionalization due to the non-selectivity of one-pot spray
yielding side products (i.e., self-coupled products) in
addition to the desirable structurally heterogeneous prod-
ucts (i.e., cross-coupled products)—which are often the
products of pharmacological importance.”"*! Scheme 1A
describes this one-pot conundrum, which we aim to over-
come herein by introducing novel reaction selectivity for the
production of select structurally heterogeneous C—N bond
forming products via uncatalyzed hydrazine cross-coupling
in the medium of charged microdroplets in a programmable,
co-axial reaction platform (Scheme 1B).

Herein we utilize a programmable microdroplet-based
co-axial reaction platform based upon uncatalyzed C-N
bond formation. C—N bond formation is of ubiquitous
importance across multiple fields of chemical science.[*"!
Efficient and widely applied methods for C-N bond
formation include substituted reactions such as the
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Scheme 1. Comparison of electrospray-based reaction platforms with
A) one-pot approach (reagents pre-mixed before electrospray) giving a
mixture of self-coupling structurally homogeneous products without
selectivity, and B) co-axial spray approach giving selective programming
for the cross-coupled heterogeneous product with minimal side
reactions.

[51] [52]

Ullmann, Buchwald-Hartwig, and hydroamination
reactions,™ along with metal-coordinated reactions."" Free
radical reactions in nitrogenous systems have also repre-
sented a pathway for C-N bond formation.” As discussed
above, conventional methods for free radical generation use
radical initiators such as azobisisobutyronitrile catalysis,
boiling organic solvent, and hydride reagent (e.g., tri-n-
butyltin hydride)® making them unsustainable and thus
driving the field toward greener synthetic pathways. Recent
work towards this point has included the use of recyclable Pt
catalysis for direct secondary amine synthesis®™” and metal-
free, oxidant-free electrochemical C—N bond formation after
extended (18 h) reaction.”® We aim to continue the push
towards green synthetic methods by using charged water
microdroplets.

The confined environment of charged water micro-
droplets provide the medium for reaction via a tunable
contained-electrospray (c-ESI) platform that is capable of
fusing/mixing charged water microdroplets with energetic
electrons and reactive oxygen species (ROS) derived from
non-thermal plasma discharge in real time. The synergistic
combination of water microdroplets with energetic electron
collisions in plasma discharge to enhance internal energy
deposition® occurs in a co-axial spray fashion (Scheme 1B)
using two functionally unique capillaries: i) a chemically
etched silica capillary for generation of plasma in the wake
of charged microdroplets during ESI and ii) a deactivated
fused silica capillary for generation of pure water micro-
droplet. On its own, non-thermal plasma discharge has
recently gained interest in chemical synthesis and have been
applied for reactions capable of utilizing the high energy
species (e.g., electrons, excited state molecules, ions, and
radicals) that exist within plasma.’**!! Unfortunately, gas-
phase plasma chemistry is limited in both scale-up and
tunability/selectivity. The fusion of plasma discharge with
charged microdroplet, as demonstrated here, has potential

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

ASUIIT suowwo)) dAnear) a[qesrjdde ayy Aq pauIdA0S A1k S3[ONIR () SN JO SN 10J AIRIqIT AUIUQ AJ[IA\ UO (SUONIPUOD-PUB-SULIS)/ WO KI]1M° A1eIqI[aul[uo//:sdny) SuonIpuo)) pue swd | 3y} 39S “[$70z/z1/0€] uo Areiqi auruQ L3I ‘e1s o1yQ Ansioatun deis oo £q zg1€ 14207 1Ue/Z001°01/10p/woo Kofim Kreiqijaurjuo//:sdny woly papeojumo( ‘0 ‘€LLEITST



GDCh
g

to overcome these limitations by allowing opportunities for
scale-up via condensed microdroplet collection and reaction
tunablility, all on a single c-ESI platform. In this work, we
focus on selectivity/programmability in plasma related
reactions.

Programmable C—N bond formation is showcased herein
concomitantly with cascade cyclization reactions for hetero-
cyclic carbazole compound formation in a three-tier ap-
proach that builds upon fundamental C—N bond forming
reactions via hydrazine coupling. The first set of experiments
involved translating radical mediated hydrazine coupling
from the gas-phase plasma discharge regime to the
condensed phase fusion of plasma in charged microdroplets.
The collisions responsible for radical generation is achieved
insitu via plasma discharge derived from a chemically
etched silica capillary, which is capable of sustaining charged
water microdroplet evolution. In this initial optimization
study, the single hydrazine substrate undergoes homolytic
dissociation yielding reactive radical intermediates—facili-
tated by enhanced internal energy deposition via the
plasma-microdroplet source, exceeding the ~2.6 eV activa-
tion barrier to hydrazine N-N breakage.”! Subsequent
carbon-containing radical intermediates are observed to
combine to give the corresponding secondary amine in a
self-coupling process. The complexity of our study was then
increased from self-coupling to cross-coupling reactions
through the programmable C—N bond formation in which
structurally unique hydrazine substrates were introduced
into the plasma-microdroplet environment by changing
concentration, droplet reactivity, and timescale of reaction
via a co-axial spray platform. Through the programming of
these three parameters, we achieved selective formation of
C—N cross products across a wide range of structurally
diverse substrates. Finally, we investigated microdroplet-
phase Borsche-Drescel (B—D) cyclization. B-D cyclization
is a type of cascade/multi-step reaction for carbazole
formation that is achieved in bulk solution-phase by heating
the reaction mixture (i.e., hydrazine and ketone) in the
presence of concentrated acid.®” Through the use of the
programmable emitter, we achieved final product selectivity
—avoiding unwanted side reactions (including hydrazine
self-coupling) to facilitate select Schiff base formation
followed by heterocycle B—D product formation, all in
microdroplets. The main feature distinguishing our plasma-
microdroplet reaction system from traditional method is
related to the combined effects energetic collisions and
unique chemical environment involving ROS, which can
facilitate different reaction mechanisms simultaneously.

Results and Discussion
Platform for Programmable C—N Bond Formation

The plasma-microdroplet fusion platform utilized for the
uncatalyzed C—N cross coupling reactions is as shown in
Figure 1A. This co-axial c-ESI source was created in-house
for simultaneous introduction of two solution-phase reagents
via two functionally unique, co-axial capillaries. Hydrazine
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Figure 1. Platform for programmable plasma-microdroplet fusion for
C—N bond formation with A) co-axial c-ESI setup with etched and fused
silica spray capillaries for online plasma-microdroplet mixing, B)
general reaction scheme for the radical mediated coupling of
hydrazines for the formation of secondary amines, C) current/voltage
mechanistic study evaluating the effect of spray voltage on intermediate
and final product absolute abundance.

species were introduced through a chemically etched silica
spray capillary (red line, Figure 1A), produced in-house via
hydrofluoric acid etching (details in Supporting Informa-
tion). A programmable reagent (e.g., structurally diverse
hydrazine) may be introduced via a deactivated fused silica
capillary (blue line, Figure 1A) through the formation of
charged water microdroplets. Importantly a valve is in place
along the fused silica line to control the introduction of this
co-axial reagent. When the valve is closed, self-coupling
hydrazine reactions are facilitated. When the valve is
opened, the full capacity of the programmable platform is
realized by allowing cross-coupled products. A direct
current (DC) high voltage is applied directly to the etched
silica capillary at 6 kV allowing simultaneous generation of
plasma discharge during the evolution of charged
microdroplet.”®! Further details on emitter optimization
and experimental setup are provided in Supporting Informa-
tion, Figures S1-S3. High energy electrons within plasma
interact with hydrazine substrate to yield analogous radical
intermediate species shown in Figure 1B, which subse-
quently merge in the charged microdroplet environment to
yield the secondary amine coupling product in real-time.
Reaction programmability is achieved via the identity of
species sprayed from the etched (plasma-microdroplet) and
fused (microdroplet only) silica capillaries. Additional
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reaction programmability is achieved via the configurable
outlet of the platform displayed in Figure 1Ai and 1Aii with
two distinct operational modes based upon the combination
of inner co-axial spray capillaries and an outer concentric
capillary of larger diameter. Type I spray mode occurs when
the co-axial inner capillaries protrude from the concentric
outer capillary thus giving microseconds timescale
reactivity.!”! The Type II spray mode occurs when the co-
axial inner capillaries are recessed within the outer capillary,
forming a cavity of variable length that allows milliseconds-
seconds timescale reactivity based upon the size of the
reaction cavity and the speed of the droplets, which is
dictated by the pressure of the nitrogen nebulizing gas.'*”
Typel mode is characterized by short droplet lifetime,
droplet-phase mixing, whereas Type II mode is character-
ized by extended lifetime of reaction species, due to the
presence of both droplets and discontinuous thin film,
facilitated by the turbulence mixing occurring inside the
outer capillary. Additional details on operational mode
characteristics is provided in the Supporting Information.

Figure 1B shows the general reaction mechanism pro-
posed for the uncatalyzed, radical mediated coupling of
hydrazines. The experimental evidence of this mechanism is
provided in Figure 1C, where signal for the radical inter-
mediate as well as the secondary amine product were
monitored over the course of a voltage-ion current study
measured by MS. The important role of spray voltage is
observed here, where the absolute abundance of intermedi-
ate and product species both increased as a function of
voltage. This is attributable to plasma-microdroplet oper-
ation where higher voltage induces a stronger electric field
across the sharpened tip of the etched silica emitter via the
relation E=V/m where E is the electric field, V is the
applied voltage, and m is the radius of curvature of the
conductive etched emitter (~100 um).) Therefore, as ap-
plied voltage increases, so does the magnitude of the electric
field, inducing greater abundance of homolytic cleavage
intermediates, which are subsequently captured by charged
microdroplets for real-time coupling to afford the secondary
amine product. This plasma-over-water reaction condition is
ideal for product formation due to reactant sequestration in
the charged microdroplets—a feat challenging for pure gas-
phase plasma systems.[) Additional mechanistic studies are
outlined below, which investigate i) the effect of solvent on
the formation of radical intermediate and final secondary
amine product and ii) the effect of the tunable parameters
of the co-axial platform (i.e. reagent volumetric flowrate,
applied voltage, nitrogen nebulizer gas pressure, and cavity
size used in Type II spray mode (Figure S1-S3).

Uncatalyzed Radical Mediated Hydrazine Self-Coupling

To investigate the ability of the plasma-microdroplet fusing
platform to perform uncatalyzed radical mediated hydrazine
coupling, we first studied a series of structurally diverse
hydrazine substrates independently and evaluated their self-
coupling products. We employed electron rich and electron
poor substrates sprayed using both Typel and Type II
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operation modes. We also investigated the resultant reac-
tions in both positive- and negative-ion modes for both
spray mechanisms (i.e., Types I and II). First, we evaluate
the effect of operational mode on electron rich versus
electron poor substrates in Figure 2 using three independent
phenylhydrazine substrates: 4-methoxyphenylhydrazine
(MW 138 Da) as an electron-rich substrate, 4-nitrophenylhy-
drazine (MW 154 Da) as an electron-poor substrate, and
phenelzine (MW 136 Da) as an electron-neutral substrate
with the hydrazine moiety located two carbons away from
the benzene ring. Interestingly, a distinct reaction timescale
effect is observed for electron rich versus electron poor
substrate. The electron rich 4-methoxyphenylhydrazine self-
coupling product (MW 229 Da) is observed in Typel,
microseconds timescale (droplet speed ~120m/s, spray
distance 2 mm )™ operation as a protonated pseudomolecu-
lar ion in positive-ion mode (Figure 2A). On the other hand,
the electron poor 4-nitrophenylhydrazine self-coupling prod-
uct (MW 259 Da) required longer timescale, which was
achieved in Type II operation offering seconds reaction time
due to the presence of the cavity.”” In this case, the 4-
nitrophenylhydrazine self-coupling product was observed as
a radical anion in negative-ion mode (Figure 2B). The effect
of ionization polarity will be discussed later. Interestingly,
the electron-neutral phenelzine substrate gave a dehydro-
genated radical cation product (common in plasma
chemistry due to the presence of hydrogen abstracting
species)”®! (MW 223 Da) in Type I operational mode —thus
microsecond timescale is sufficient for the coupling reaction

100

Relative Abundance

ol
S

Relative Abundance

o

Figure 2. Investigation of electronic effects on hydrazine self-coupling
with A) electron-rich 4-methoxyphenylhydrazine substrate analyzed in
Type | mode with protonated [M +H]" product in positive-ion mode
and inset MS/MS showing diagnostic radical intermediate ions, B)
electron-poor 4-nitrophenylhydrazine substrate sprayed in Type || mode
with electron capture [M]™* product in negative-ion mode and inset
MS/MS showing diagnostic radical intermediate ions, and C) electron-
neutral phenelzine substrate analyzed in Type | mode with dehydro-
genated radical cation [M]"* product formation and inset MS/MS
showing diagnostic radical intermediate ions.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

ASUIIT suowwo)) dAnear) a[qesrjdde ayy Aq pauIdA0S A1k S3[ONIR () SN JO SN 10J AIRIqIT AUIUQ AJ[IA\ UO (SUONIPUOD-PUB-SULIS)/ WO KI]1M° A1eIqI[aul[uo//:sdny) SuonIpuo)) pue swd | 3y} 39S “[$70z/z1/0€] uo Areiqi auruQ L3I ‘e1s o1yQ Ansioatun deis oo £q zg1€ 14207 1Ue/Z001°01/10p/woo Kofim Kreiqijaurjuo//:sdny woly papeojumo( ‘0 ‘€LLEITST



GDCh
~~—~

devoid of any electronic penalty (Figure 2C). All products
were validated directly via tandem MS (MS/MS) performed
online, since the reaction platform acts as an ionization
source for mass spectrometry. MS/MS spectra are shown as
inset for Figure 2A-2C, and show distinct dissociation path-
ways giving rise to the expected diagnostic fragment ions
(shown in red for the inset spectra) for each reaction. The
fragment ion at m/z 122 in the insert of Figure 2A is unique
in that it is a radical cation, which might be formed from a
complicated rearrangement process involving homolytic
cleavage of C—N bond followed by hydrogen atom transfer
to form a neutral anisole (MW 108 Da) compound.

Full mass spectra in a wider mass range are displayed in
Figure S4A-S4C for these reactions. Controls experiments
demonstrating the importance of reaction timescale were
investigated for these reactions. That is, using an etched
silica capillary, we study the reactivity of 4-meth-
oxyphenylhydrazine in Type II mode on seconds time scale
(optimized spray condition was the microsecond Type I
spray mode), 4-nitrophenylhydrazine and phenelzine in
Type I and in Type II modes, respectively, which are not the
optimized spray conditions (see Supporting Information
Figure S5 for details). The yield for 4-meth-
oxyphenylhydrazine coupling was decreased in Type II
mode (Figure S5A), 4-nitrophenylhydrazine coupling was
also decreased in Type I mode (Figure S5B), as well as the
yield phenelzine coupling in Type II mode (Figure S5C).
Again, these are compared to optimized spray conditions
discussed in Figure 2 for the etched capillary. These results
demonstrate that the spray mode, and reaction timescale,
are crucial for these radical mediated coupling reactions and
should be optimized for each species, thus requiring the
programmability discussed later in this work. For example,
extended confinement of plasma species in the charged
microdroplet environment can lead to neutralization of
active species, which lead to reduced yield for some
substrates. For other species, however, extended reaction
time is required to convert substrate to the desired product.
Additional controls were performed using a microdroplet-
only c-ESI platform, which was fitted with fused silica
capillaries. We observed null product formation in both
Type I microdroplet-only (Figure S6) and Type II micro-
droplet-only spray modes (Figure S7) of the platform. These
results demonstrate the importance of nonthermal plasma in
the spray process for the coupling reaction.

Electroneutrality Effect on Coupling Reactions

Plasma formation is known to be independent of voltage
polarity. Therefore, we expected product formation in both
positive- and negative-ion modes. This effect can be studied
using substrates capable of both protonation (positive-ion
mode) and electron capture (negative-ion mode) ionization
mechanisms. For example, this effect was observed for 4-
nitrophenylhydrazine (MW 154 Da) in Figure 2B (also see
Figure S5B) where unreacted reagent (m/z 154) and ex-
pected coupling product (m/z 259) were detected as radical
anions through electron capture in the negative spray mode.
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To fully explore the electroneutrality of plasmas and their
ability to induce radical-mediated hydrazine coupling irre-
spective of polarity of voltage applied, we further evaluated
three independent phenylhydrazine substrates: 4-chlorophe-
nylhydrazine (MW 142 Da), 4-bromophenylhydrazine (MW
186 Da), and phenylhydrazine (MW 169 Da), representing
two electronegative and one electroneutral substrate, re-
spectively.

The results of this investigation are shown in Figure 3
where full mass spectra are displayed for both positive-
(Figures 3B, 3E, and 3H) and negative- (Figures 3C, 3F, and
3I) spray modes. The analogous larger range full mass
spectra are provided in the Supporting Information Fig-
ure S8 with positive-ion (Figure S8B, S8E, and S8H) and
negative-ion products (Figure S8C, S8F, and S8I). Interest-
ingly, negative-ion spray mode gave higher relative abun-
dance of product species (Figure S8). We attribute this effect
to two related effects: i) the enhanced potency of negative-
ion mode plasma where electron generation is enhanced
since electrons are the negative charge carriers and initiators
of the reaction, and ii) the electronegativity of the
substituted 4-chloro and 4-bromo groups, which makes their
electron capture ionization efficiency better than the corre-
sponding protonation, and thus yielding higher ion current
in negative-ion mode. Figure 3A shows reaction platform
(Type I mode, microseconds timescale) and reaction Scheme
for the self-coupling reaction of 4-chlorophenylhydrazine
yielding the secondary amine product (MW 237 Da). Fig-
ure 3B shows positive-ion mode operation for 4-chlorophe-
nylhydrazine showing protonated coupling product. Note:
the characteristic chlorine isotopic ratio gives protonated
product peaks at m/z 238 and 240. Inset MS/MS of the
product show diagnostic fragmentation giving radical inter-
mediate species. Figure 3C shows negative-ion mode spray
of the same 4-chlorophenylhydrazine, which now shows
radical anions of expected coupling product, with isotopic
peaks at m/z 237 and 239. Inset MS/MS of the product again
shows diagnostic fragmentation giving expected radical
intermediate species. Figure 3D shows reaction platform
(Type I mode, seconds timescale) and reaction scheme for
the self-coupling reaction of 4-bromophenylhydrazine yield-
ing the corresponding secondary amine product (MW
325 Da). Figure 3E shows the positive-ion mass spectrum
recorded after spraying 4-bromophenylhydrazine with the c-
ESI source, in the presence of cavity. We observed the
protonated reaction product, with characteristic bromine
isotopic ratio at m/z 326, 328 and 330. Inset MS/MS of the
product show diagnostic fragmentation giving radical inter-
mediate species. Figure 3F shows negative-ion spectrum for
4-bromophenylhydrazine, showing radical anions of the
expected secondary amine, with isotopic peaks at m/z 325,
327 and 329. Here too, the inset MS/MS shows diagnostic
fragmentation giving expected radical intermediate species.
Lastly, we studied the self-coupling reaction of phenyl-
hydrazine in both positive- and negative-ion modes using
the platform shown in Figure 3G (Type II mode, seconds
reaction time). Figure 3H shows positive-ion mode analysis
of phenylhydrazine indicating protonated self-coupling
product at m/z 170, together with the radical cation at m/z
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Figure 3. Investigation of platform polarity on hydrazine coupling with A) reaction platform setup and reaction scheme for 4-chlorophenylhydrazine
self-coupling, B) positive-ion mode operation of 4-chlorophenylhydrazine showing protonated product with inset MS/MS, C) negative-ion mode
operation of 4-chlorophenylhydrazine showing electron capture product with inset MS/MS, D) reaction platform setup and reaction scheme for 4-
bromophenylhydrazine self-coupling, E) positive-ion mode operation of 4-bromophenylhydrazine showing protonated product with inset MS/MS,
F) negative-ion mode operation of 4-bromophenylhydrazine showing electron capture product with inset MS/MS (note: Type | operational mode
was used in negative-ion mode), G) reaction platform setup and reaction scheme for phenylhydrazine self-coupling, H) positive-ion mode
operation of phenylhydrazine showing protonated product with inset MS/MS, 1) negative-ion mode operation of phenylhydrazine showing electron
capture product with inset MS/MS (note: Type | operational mode was used in negative-ion mode).

169. The inset MS/MS of ions at m/z 170 [M+H]" shows
diagnostic fragmentation giving radical intermediate species.
Figure 31 shows negative-ion mode analysis of the same
phenylhydrazine reagent but in this case the predominant
species detected is at m/z 169, which corresponds to radical
anion of the expected product following electron capture
ionization.

Again, we confirmed the structure of this product via
MS/MS analysis, shown as inset in Figure 31. Interestingly,
the self-coupling products of 4-bromophenylhydrazine and
phenylhydrazine were observed in high yields when utilizing
Type I spray mode for positive plasma (Figures 3E and
3H). However, the short timescale Type I spray mode was
required to generate the same self-coupling products from
the same reagents (bromophenylhydrazine and phenylhy-
drazine) when negative plasma was used (Figures 3F and
3I). These results suggest an enhanced potency for negative
plasma (due to higher electron density) for hydrazine
coupling. But, our reaction platform is able to compensate
for the reduced energy in positive plasma by allowing extra
time for reaction by operating the platform in Type II mode.
For all reactions discussed in Figure 3, the opposite emitter
operational modes were also applied in an attempt to
confirm the effect of time scale on hydrazine coupling under
the plasma-microdroplet fusion experimental condition. For
example, Type II mode analysis of 4-chlorophenylhydrazine
in positive plasma showed no coupling product (Figure S9A)
but the Type I spray mode produced abundant products
(Figure 3B). Results for the other reagents tested are
summarized in Figure S9. In all cases, the desired product is

Angew. Chem. Int. Ed. 2024, 202413122 (6 of 12)

either reduced or non-existent under non-optimal program-
ming condition, which emphasize the importance of reaction
timescale for product programming. Aside from the neces-
sity to control reaction time, the type of capillary used is
also important, as already demonstrated in Figure 2. That is,
the use of fused silica capillary provides an important
control to confirm the importance of plasma in this
hydrazine coupling reaction. As expected, this microdroplet-
only experiment performed with fused silica capillaries
produced null coupling product because of the absence of
non-thermal plasma discharge (Figure S10).

Benzylhydrazine Substrates for Aryl-Aldimine Syntheses

Having established that the presence of non-thermal plasma
and timescale of reaction in the microdroplet environment
are important parameters, we sought to expand the scope by
using benzylhydrazine substituents (instead of phenylhydra-
zine substituents discussed above) for the synthesis of aryl-
aldimines. Substituted aryl-aldimines are important organic
moieties with enzymatic and pharmaceutical interests as
they exhibit anti-cancer and anti-fungal properties.*'*! The
secondary amine coupled product from benzylhydrazines
represents a structural precursor to aryl-aldimine synthesis.
Note: cross-coupling of benzylhydrazines leads to a more
clinically relevant aryl-aldimines, but we discuss the self-
coupling process first. Figure 4A shows the positive-ion
mode mass spectrum derived from spaying 4-bromobenzyl-
hydrazine under Typel plasma-microdroplet conditions
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Figure 4. Benzylhydrazine self-coupling reactions with A) 4-bromoben-
zylhydrazine producing protonated secondary amine, inset MS/MS
shows fragmentation yielding radical intermediate ions, B) reaction
platform operation and reaction scheme for 4-bromobenzylhydrazine
self-coupling, C) 4-chlorobenzylhydrazine self-coupling to give proto-
nated secondary amine, inset MS/MS shows fragmentation yield
radical intermediate ions, and D) reaction platform operation and
reaction scheme for 4-chlorobenzylhydrazine self-coupling.

where the secondary amine product peaks are observed at
m/z 354, 356, and 358 as protonated species.

These correspond to the expected di-bromine isotopic
ratio pattern found in the self-coupled reaction product. The
inset in Figure 4A shows the MS/MS at m/z 356 where
diagnostic fragmentation ions are observed in the form of
the radical intermediates. Figure 4B shows the reaction
platform along with the corresponding reaction scheme for
4-bromobenyzlhydrazine self-coupling. Similarly, chloroben-
zylhydrazine was analyzed using the platform shown in
Figure 4D (Type I operation mode), with the corresponding
mass spectrum shown in Figure 4C. The expected secondary
amine self-coupling products are detected at m/z 267 and
269, corresponding to the expected di-chlorine isotopic ratio
pattern. Here too, MS/MS analysis confirmed structure by
giving rise to diagnostic fragments in the form of radical
cation intermediates. Control experiments were performed
for both chemical systems using a c-ESI setup fitted with
deactivated fused silica capillaries. Null product formation
was observed in the absence of plasma discharge—again
pointing to the importance of electron collisions for facilitat-
ing this radical-mediated coupling reaction.

Dehydrogenation of the secondary amines derived from
coupling of benzylhydrazines give rise to the aryl-aldimine
derivatives we seek. To achieve this objective, we altered
the reaction platform by changing the timescales of the
plasma-microdroplet fusion process to enable the formation
of the dehydrogenated product. We expected the online
dehydration to be possible because of the hydrogen
abstraction capacity of plasma discharge due to the reactive
oxygen species such as O,*". The results of this investigation
are available in Supporting Information, Figure S11. Fig-
ure S11A describes the self-coupling of 4-bromobenzylhy-
drazine to give bis(4-bromobenzyl)amine (MW 355 Da)
followed by dehydrogenation to afford the corresponding
imine (MW 353 Da), which was subsequently detected as
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protonated species at m/z 354. Notice how the product
distribution has shifted from clean secondary amine for-
mation (Figure 4A) to aldimine production (Figure S11A)
simply by changing timescale of the plasma-microdroplet
fusion process, from microseconds (Type I mode) to seconds
(Type II mode) reaction timescales. Similar observation was
reproduced for 4-chlorobenzylhydrazine in Figure S11C
after analyzing it Type II spray mode, with the correspond-
ing final dehydrogenated aldimine product detected product
at m/z 265. These reactivities were achieved using etched
silica capillaries. We performed control experiments utilizing
fused silica capillaries, which allowed both bromobenzylhy-
drazine and chlorobenzylhydrazine to be studied separately
under charged microdroplet-only conditions without the
emergence of nonthermal plasma. Null product formation
was observed for both reagents in the absence of plasma
(Figure S12).

Programmable Cross-Coupling Reactions

The overarching objective of this study was to synthesize
pharmaceutically relevant compounds through cross-cou-
pling of hydrazine to produce secondary amines and aryl-
aldimines having two unique N-substitutions. We envisioned
that the use of co-axial plasma-microdroplet fusing platform
illustrated in Scheme 1B will enable us to program the
synthesis of specific species and avoid other reaction path-
ways. Such an endeavor will be challenging to achieve using
the traditional one-pot electrospray platform (Scheme 1A).
The actual implementation of the co-axial platform is
illustrated in Figure 1A, with the valve in blue fused silica
capillary opened. The programmable features of this co-
axial platform are illustrated in Scheme 2A, which include
the control of spray capillary type, reaction timescale, and
reagent concentration. Through the investigation of six
unique hydrazine substrates, we identified the six corre-
sponding self-coupling products (i.e., Ri=R, in Scheme 2A).
Similarly, using the same six hydrazine substrates, we
synthesized six unique cross-coupling products (i.e., R;#R,
in Scheme 2A), which are identified to be relevant to
pharmaceutical development.*!! Interestingly, each unique
cross-coupled product required a unique set of spray
conditions, which were easily programmed using the co-axial
spray platform as described in Figure 5.

Figure 5 summarizes the programs used for the co-axial
plasma-microdroplet fusing platform for selective product
synthesis of specific products. Proper capillary selection
allows specific reagents to be activated in plasma (etched
silica capillary) or not (fused silica capillary). Reagent flow
rates in the respective capillaries set the corresponding
reagent concentration used in the reaction. Reagent flow
rate <5 ul/min is considered low whereas reagent flow rate
>5 puL/min is considered high. The third controllable
parameter, besides capillary type and flowrate, is related to
reaction timescale, which is programmed by selecting the
mode of operation of the c-ESI platform. As already
demonstrated, the Typel operation mode allows faster
(microseconds) timescale of reactions in the microdroplet
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product), and F) 4-chlorobenzylhydrazine/4-bromophenylhydrazine cross-coupling followed by dehydrogenation to give the aryl-aldimine product.

environment while the Type II mode of operation offers
longer (seconds) reaction time. Figure SA shows the cross-
coupling reaction between 4-bromophenylhydrazine and 4-
chlorophenyl hydrazine to give cross product, 4-bromo-N-
(4-chlorophenyl)aniline (MW 282 Da), which is detected as
radical anion via electron capture ionization in negative-ion
mode. This product was programmed by spraying 4-
bromophenylhydrazine through the plasma inducing capil-
lary at low flow rate in Type I operation (microseconds
timescale) while also spraying 4-chlorophenylhydrazine
from the microdroplet-only capillary at high flow rate in
Type I operation. Collectively, these conditions specifically

Angew. Chem. Int. Ed. 2024, 202413122 (8 of 12)

favor the cross-coupling product over both the 4-chloro and
4-bromo self-coupling products alone. Figure SB shows
spray conditions for selectively synthesizing the cross-
coupled reaction product, 4-chloro-N-(4-nitrophenyl)aniline
(MW 248 Da) from 4-nitrophenylhydrazine and 4-chloro-
phenyl hydrazine. This product is observed as protonated
species at m/z 249 in positive-ion mode with the expected
3:1 7C1:¥Cl isotopic ratio. The specific program used
include spraying 4-nitrophenylhydrazine through the micro-
droplet-only fused silica capillary at low flow rate in Type II
operation (seconds timescale) while concomitantly spraying
4-chlorophenylhydrazine from the plasma etched silica
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capillary at low flow rate, also in Type II mode. Combined,
these conditions favored the cross-coupling product specifi-
cally over both the 4-chloro and 4-nitro self-coupling
products alone.

Figure 5SC shows the synthesis of 4-bromo-N-(4-
nitrophenyl)aniline (MW 293 Da), which is the cross-
coupled reaction product between 4-nitrophenylhydrazine
and 4-bromophenyl hydrazine. We detected 4-bromo-N-(4-
nitrophenyl)aniline as protonated pseudomolecular ion in
positive-ion mode with expected bromine isotopic ratio.
This product was programmed by spraying 4-nitrophenylhy-
drazine through the microdroplet-only fused silica capillary
at low flow rate using Type II operation (seconds timescale)
while delivering 4-bromophenylhydrazine from the plasma
etched silica capillary at high flow rate, also in Type II
operation mode. As shown, these conditions specifically
favor the cross-coupling product over both the 4-bromo and
4-nitro self-coupling products alone. Likewise, Figure 5D
shows how the aryl-aldimine compound, (E)-N-(4-bromo-
benzyl)-1-(4-chlorophenyl)methanimine (MW 309 Da), was
synthesized through the cross-coupling reaction between 4-
bromobenzylhydrazine and 4-chlorobenzylhydrazine. This
reaction first affords the secondary amine N-(4-bromoben-
zyl)-1-(4-chlorophenyl)methanamine (MW 311 Da), which
subsequently undergoes dehydrogenation via H, loss, a
phenomenon common in plasma discharge.’® This cross-
coupled aryl-aldimine product was detected as radical anion
via electron-capture ionization in negative-ion mode with
expected chloro/bromo isotopic ratio. This product was
programmed by spraying 4-bromobenzylhydrazine through
the plasma capillary at high flow rate in Type I operation (us
timescale) while also spraying 4-chlorobenzylhydrazine from
the fused silica microdroplet-only capillary at low flow rate
in TypeI mode of operation. As discussed above, these
conditions interestingly favored the dehydrogenated cross-
coupled product over other possible species. Lastly, Figur-
esSE and SF display particularly interesting chemical
systems in the cross coupling reaction of 4-bromobenzylhy-
drazine and 4-chlorophenylhydrazine in Figure SE and 4-
chlorobenzylhydrazine and 4-bromophenylhydrazine in Fig-
ure SF. The cross-coupled secondary amine products of
these two systems have an identical mass (MW 297 Da),
differing only by the fact that reaction conditions are
programmed such as one of the secondary amines undergoes
dehydrogenation to give the corresponding aryl-aldimine
functional group (MW 295). Here, platform program
yielding the cross-coupled secondary amine is shown in
Figure SE and the program resulting in the dehydrogenated
(aryl-aldimine) product is shown in Figure SF. The specific
cross-coupling reaction program for producing the secon-
dary amine, N-(4-bromobenzyl)-4-chloroaniline, involves
spraying the bromobenzyl substituent through the plasma
capillary at low flow rate and in Type I mode (us timescale).
At the same time, we sprayed the chlorophenyl substituent
from the microdroplet-only fused silica capillary at high flow
rate and in Type I mode of operation. The synthesis of the
dehydrogenated aryl-aldimine product, (E)-N-(4-bromo-
phenyl)-1-(4-chlorophenyl)methanimine, ~was  achieved
under Type II operational mode (seconds timescales), where
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the chlorobenzyl substituent was sprayed via plasma capil-
lary at low flow rate while the bromophenyl substituent was
sprayed via the microdroplet-only fused silica capillary at
high flow rate. Again, both sprays occurred in Type II
operation mode where the longer reaction time available in
this mode makes it possible to complete this multi-step
reaction mechanism, in the microdroplet environment:
homolytic cleavage, followed by coupling of specific radical
intermediates to give the secondary amine, and finally
dehydrogenation of the amine to give the corresponding
aryl-aldimine by the action of reactive oxygen species.

Structural analyses for all cross-coupled products were
performed via direct MS/MS, with the corresponding
product-ion scans for the six products shown in the
Supporting Information, Figure S13. Herein all fragmenta-
tion patterns were consistent with previous MS/MS inter-
pretation whereby the radical intermediates are observed as
the diagnostic fragment ions for all cross-coupled products.
See Supporting Information for details. To complete this
aspect of the work, we performed supporting controls, which
include i) evaluation of programming selectivity over a
wider mass range in the full mass spectrum (Figure S14A-F)
for all chemical systems studied in Figure SA-F, and ii)
changing the spray parameters for product programmability
in terms of the formation of dehydrogenated (i.e., aryl-
aldimine) versus non-dehydrogenated (i.e., secondary
amine) species as shown in Figure S15.

Microdroplet-Based Borsche—Drechsel Cyclization and the Effect
of Reaction Programmability

We conclude this investigation with an application of the
programmable platform to a cascade cyclization reaction,
which also relies on C-N bond formation. In this case, our
goal is to avoid homolytic cleavage of hydrazine whilst also
facilitating its reaction in the charged microdroplet environ-
ment. For this, we used the Borsche-Drechsel (B-D)
cyclization reaction. The B-D reaction represents an
important synthetic step in the formation of heterocyclic
carbazole derivatives, which have ubiquitous pharmacolog-
ical importance.”®®! Traditional bulk-phase synthesis re-
quires boiling sulfuric acid and extended reaction times.
Efforts towards more sustainable B—D cyclization have
included the use of ionic liquids, toluenesulfonic acid in
solvent free conditions, zeolite catalysis, and tartaric acid/
dimethyl urea catalysis.””*! Here again, we seek the
opportunity to achieve green synthesis via catalyst-free
plasma discharge.

B-D cyclization involves Schiff base formation between
cyclohexanone (MW 98 Da) and a substituted phenylhydra-
zine. A significant thermodynamic barrier to cyclization
must then be overcome for the final heterocyclic B—D
product, 4-substituted carbazole, to form. Scheme 3 shows
the general methodology for the use of the programmable
plasma-microdroplet fusion platform for B—D cyclization.
Again, the co-axial spray platform facilitates selective
product programming and avoids side products via proper
reagent-capillary matching. For instance, hydrazine self-
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coupling, which is a side reaction in this case, can be avoided
by spraying the hydrazine reagent through the microdroplet-
only fused silica capillary. Under this spray condition, the
hydrazine forms only protonation species in positive-ion
mode. On the contrary, spraying the hydrazine through the
etched silica capillary will result in self-coupling to form
secondary amine as demonstrated earlier in this study.
Similarly, spraying the cyclohexanone through the fused
silica capillary leads only to protonation. However, when
sprayed through the etched silica capillary, cyclohexanone is
expected to gain internal energy because of the presence of
high energy collisions in nonthermal plasma, thus resulting
in an activated cyclohexanone which can be expected to
react more favorably in subsequent reaction steps when the
conditions are right. Therefore, the Schiff base formation
between hydrazine and cyclohexanone may then proceed
more efficiently in the plasma-microdroplet fusion environ-
ment. The reactive oxygen species present in the plasma
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may further facilitate the Schiff-base formation by abstract-
ing protons from the protonated hydrazine delivered by the
fused silica, thus freeing the lone pair of electrons in the
hydrazine for nucleophilic attack on the activated cyclo-
hexanone. By providing sufficient time in Type Il spray
mode, we expected the cyclization step leading the forma-
tion of the final 4-substituted carbazole to be favored and
straightforward (Scheme 3).

This methodology was applied to synthesize three
unique 4-substituted carbazole derivatives through the
reaction of three different hydrazine reagents with cyclo-
hexanone. The hydrazines substrates tested included: 4-
methoxyphenylhydrazine, phenylhydrazine, and 4-nitrophe-
nylhydrazine. These reagents were selected to offer elec-
tron-donating and electron-withdrawing effects. The results
of these investigations are shown in Figure 6, all of which
utilized an identical reaction program (Figure 6A) where
cyclohexanone reagent was sprayed through the etched silica
capillary (presence of plasma) while the hydrazine reagent
was sprayed from the fused silica capillary (microdroplet-
only), both at low flow rate using the Type I operations
mode (seconds timescale). The result from reaction between
cyclohexanone and 4-methoxyphenylhydrazine is described
in Figure 6B where the Schiff base intermediate formation is
observed as a protonated ion at m/z 219 and the final
carbazole B—D product detected as protonated species at m/
z 202. As can be observed, close to 90 % of the hydrazine
(observed at m/z 139 in Figure 6B) sprayed from the fused
silica is converted into the Schiff base, and >30% of the
Schiff base is in turn converted into the final cyclized
product. Similarly, the B—D cyclization reaction between
phenylhydrazine and cyclohexanone is shown in Figure 6C
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introduction via etched silica and hydrazine reagent introduction via fused silica both under low flow rate and second (Type II) timescale
programming. B) B—D cyclization between cyclohexanone and 4-methoxyphenylhydrazine giving the methoxy-substituted carbazole at m/z 202.
C) B—D cyclization between cyclohexanone and phenylhydrazine giving the unsubstituted carbazole at m/z 172. D) B—D cyclization between
cyclohexanone and 4-nitrophenylhydrazine giving the nitro-substituted carbazole at m/z 217.
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where the protonated Schiff base intermediate is observed
at m/z 189 and the corresponding carbazole B—D product is
observed at m/z 172. Here too, >90% of the sprayed
hydrazine (detected at m/z 109 in Figure 6C) was converted
into the Schiff base in real-time. In this case, we observed
some homolytic cleavage of the hydrazine, but the self-
coupling product is absent (expected MW 169 Da). Instead,
about 10% of the Schiff base was converted to the final
carbazole product, detected at m/z 172 in Figure 6C. Finally,
Figure 6D shows the B—D cyclization reaction between 4-
nitrophenylhydrazine and cyclohexanone, where the proto-
nated Schiff base intermediate is again observed as a base
peak at m/z 234 and the carbazole B—D product is observed
at m/z 217. Here, about 95% of hydrazine sprayed was
converted into the corresponding Schiff base, of which
~20% went on to produce the final carbazole product.
These conversion ratios represent one of the highest yields
reported for cascade reactions under the charged micro-
droplet environment.*'*?'"*"J We did not observe significant
electronic effects under the plasma-microdroplet fusion
reaction condition as both electron-rich and poor-substrate
performed well. This supports the understanding that the
rate-limiting step for this reaction is indeed the thermody-
namic barrier to cyclization step and not the initial Schiff
base formation. Structural evidence for the Schiff base
intermediate and carbazole products is provided in the
Supporting Information through MS/MS analysis in Fig-
ure S16. All species showed fragmentation patterns charac-
teristic of the expected structure.

A fundamental investigation of the effect of voltage on
all reactions studied herein was performed, with results
summarized in Figures S17-S21 as well as the accompanying
discussion provided in the Supporting Information. Addi-
tionally, reaction yields, product enhancement factors of
plasma-microdroplet operation versus microdroplet-only
controls, and reaction reproducibility studies were per-
formed and are discussed in the Supporting Information for
all twenty reactions studied in Tables S1-S6, and Equa-
tion S1. The main limitation of the current method include
the use of low reagent flow rates, which can reduce overall
yield. See Supporting Information discussions on chemical
scope and related limitations.

Conclusions

A programmable reaction platform is presented herein for
the selective formation of structurally heterogeneous cross-
coupled products in the charged water microdroplet regime.
A co-axial plasma-microdroplet fusion platform is utilized
for i) the uncatalyzed radical mediated hydrazine coupling
of a wide range of structurally diverse hydrazine substrates,
ii) programmable cross-coupling reactions facilitating online
selectivity for heterogeneous cross-products by program-
ming reagent/capillary selection and tunable platform pa-
rameters including volumetric flow rate and reaction time-
scale, and iii) formation of substituted carbazole derivatives
via B-D cyclization cascade reactions in the green medium
of charged water microdroplets. The platform presented
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herein is the topic of ongoing research toward unique
chemical systems, expecting to open new doors for unique
reactions in the charged microdroplet environment as well
as to create opportunities for large-scale product collections.
The application of dicovered reactions in quantitative
chemical analysis by mass spectrometry is also being
pursued.
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Programmable C—N Bond Formation
through Radical-Mediated Chemistry in
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Non-thermal plasma discharge pro-

duced in the wake of charged micro-

droplets is found to facilitate catalyst-
free radical mediated hydrazine cross
coupling. Plasma-microdroplet fusion
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occurs online in a programmable reac-
tion platform allowing direct process
optimization and product validation via
mass spectrometry.
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