nature communications

Article

https://doi.org/10.1038/s41467-025-62677-y

Screening and dissecting electroorganic
synthesis by mass spectrometry decoupling
of electrode and homogeneous processes

Received: 9 January 2025

Accepted: 28 July 2025

Xuemeng Zhang"?, Yiteng Zhang', Mengfan Li', Qibo Yan', Weifeng Lu’",
Jun-Jie Zhu®", Xu Cheng ®'

& Qianhao Min®'

Published online: 12 August 2025

M Check for updates

Rapid reaction screening and in-depth mechanistic exploration of electro-

organic synthesis remain challenging due to low throughput of experimenta-
tion and high complexity of electrode and homogenous processes. Here, we
report a decoupled electrochemical flow microreactor hyphenated mass
spectrometry (namely DEC-FMR-MS) platform for high-throughput reaction
screening and intermediate tracking of electrosynthesis. This platform com-

bines in-capillary electrochemical transformation with operando MS inter-
rogation, enabling rapid reactivity survey of a series of electrosynthetic
reactions on nanomole scale. Moreover, the spatial decoupling design allows
segmented dissection of short-lived intermediates involved pathways in
interfacial electrochemical and homogenous chemical events, which are
initially interwoven in reaction networks. The utility of this platform is high-
lighted by 1) discovery and verification of quasi-electrocatalytic pathways in
electrooxidative C-H/N-H cross-coupling, 2) kinetic measurements of
TEMPOH-mediated dehydrogenation of N-heterocycles, and 3) mapping the
landscape of intermediates (alkene radical cation and nitrene) in electro-
chemical aziridination.

Electroorganic synthesis driven by electrons has gained significant
attraction in the context of the global development of sustainable and
clean energy'”. In parallel with methodological development, elec-
trosynthetic screening and mechanistic investigation also advance
electrosynthesis by revealing to what extent the desired products are
yielded under different conditions and how the electroactive species
are converted at various nodes of reaction network*®, To ensure effi-
cient screening of reaction conditions, high-throughput experi-
mentation (HTE) was generally designed to synchronously implement
multiple electrochemical reactions involving many combinations of
variables’™. However, whether based on batch-type or flow-type
electroorganic reactors, most screening strategies rely on follow-up or
on-line high performance liquid chromatography (HPLC) to determine
the yields, with the analytical rates still far from the requirement of

rapid reactivity surveys (Fig. 1a)". On the other hand, beyond the
product analysis at final state, mechanistic studies on electrosyntheses
necessitate the monitoring of intermediate processes. Nonetheless,
insights into the electrosynthetic mechanisms are commonly
gained or deduced from the electroanalytical (e.g. cyclic voltammetry)
or spectroelectrochemical characterizations", which lack the cap-
ability of directly verifying the identity of key intermediates in the
reactions.

With high sensitivity and specificity, mass spectrometry (MS)
offers an ideal analytical terminal for both reaction screening and
mechanistic exploration'®™®, As a high-throughput sample processing
platform, matrix-assisted laser desorption/ionization mass spectro-
metry (MALDI-MS) has shown extraordinary adaptability to large-scale
synthetic screening, but the off-line MS interrogation hindered the
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visualization of transient processes in a confined time window, parti-
cularly in electrosynthesis'®. Over the past decade, advancements of
ambient ionization mass spectrometry (AIMS) afford great opportu-
nities on probing short-lived intermediates and final products even in
real time, thus expediting our understanding of chemical transfor-
mations at electrochemical interfaces” . Regarding synthetic elec-
trochemistry, a series of electrochemical mass spectrometry (EC-MS)
platforms featuring bipolar electrode micropipettes®?*, nanoelectro-
static spray”*, floating electrolysis”*%, and other interfacing
modes** have demonstrated their ability to capture fleeting inter-
mediates and monitor their fates, providing molecular evidence for
unraveling or verifying the mechanism of electrochemical
processes’*®, Despite these merits, most of the current EC-MS techni-
ques still utilize high voltage (-kV) in contact or non-contact manner
for ionization, thus bringing difficulties in precise and continuous
control on the electrode potential’>*°. Moreover, manual preloading of
reactants into the reactor (typically also the emitter) is necessary for
each single run, limiting the possibility of HTE for electrochemical
synthesis.

Another critical point is that electroorganic synthesis involves
initial generation of reactive intermediates at heterogeneous
electrode-electrolyte interface (EEI) and subsequent transformation to
secondary intermediates and products in electrolyte®**. Compared to
merely identifying electrogenerated intermediates by conventional
MS snapshot, characterization of dynamic fates of reactive species in
the complete pathway is more essential for clarifying the inter-
connected transformation routes in both electrode and homogenous
processes®®?’. In particular, the direct identification of individual redox
event and how it interact with other reactant/intermediates are long-
sought for understanding the reaction mechanism, guiding the cata-
lyst/mediator design, and quenching side reactions®. However, the
reactive intermediates (e.g. cationic species) rapidly shuttle between
electrode interface and bulk solution, undergoing multi-step gain/loss
of electrons and addition of reaction partners**. How to distinguish
the species produced at the heterogeneous EEI from those born in
homogeneous reaction and illustrate their respective roles in the
reaction cascades remains elusive.

Here, we propose a decoupled electrochemical flow microreactor
hyphenated non-high voltage ionization MS (namely DEC-FMR-MS) to
isolate the interfacial electrochemistry from follow-up homogenous
reaction for real-time MS interrogation, enabling rapid reaction
screening and segmented intermediate dissection of electroorganic
synthesis at molecular level (Fig. 1). In this setup, adoption of Venturi
sonic-spray ion source eliminates the influence of extra ionization
voltage on intrinsic electrochemistry, making possible the flexible
tuning of variables (e.g. potential, catalyst and substrate) in electro-
synthesis screening. The design of decoupled electrochemical flow
reactor allows independent control of electrode reactions of each
substrate and subsequent homogeneous processes, helping to clarify
individual radical-involved pathway from complicated reaction net-
works (Fig. 1b). By coupling this MS platform with an electrochemical
microplate (ECMP), MS yield-based high-throughput screening of
electroorganic synthesis (4s per sample) on nanomole scale is
achieved. The capability of the proposed methodology in reaction
screening and mechanistic exploration is demonstrated by fully
revealing the reactive intermediates and final products of C-H/N-H
radical cross-coupling, electrocatalytic dehydrogenation, and elec-
trochemical aziridination. By probing the respective electrode reac-
tions and homogenous transformation of reactants in a decoupled
manner, we uncover the hidden quasi-electrocatalytic pathways in
electrooxidative C-H/N-H radical cross-coupling, measure the kinetics
of TEMPOH-mediated dehydrogenation reaction of N-heterocycles,
and revisit the alkene radical cation- and nitrene-initiated homogenous
reaction routes in electrochemical aziridination.

Results

Design and configuration of the DEC-FMR-MS platform

The DEC-FMR-MS platform was devised by merging the flow routes of
two EC-FMRs assigned for individual substrate activation into a T-
junction, with the mixed fluids continuously directed to Venturi-sonic
spray ion source for MS detection (Fig. 1b and Supplementary Figs. 1,
2). The EC-FMR-1 with the configuration similar to our previous work>®
was used to generate cationic intermediates of one substrate, while the
EC-FMR-2 was split into a capillary with Pt wire working electrode (Pt
WE) inside as a screening probe, and an EC microwell with Ag wire
quasi-reference electrode (QRE) inserted and graphite plate counter
electrode (GP CE) as the bottom (Supplementary Fig. 3) In this manner,
anodic events of substrates in a one-pot EC batch reactor were divided
into two independent circuits for flexibly modulating the electro-
activation of each substrate. The reactive intermediates respectively
generated in the two EC-FMRs were aspirated by Venturi effect into the
mixing capillary, where homogeneous chemical reactions subse-
quently occurred (Supplementary Fig. 2). The terminal high voltage-
free Venturi-sonic spray ion source avoids the potential influence
exerted from in-source electrochemistry, and ensures fast delivery
(velocity = 0.27m/s) and MS readout of initially electrogenerated
intermediates, secondary intermediates and final electrosynthetic
products in their intrinsic states. Particularly, the reaction in EC-FMR-2
was triggered by dipping the screening probe into the substrate
solution in microwells to complete the circuit. This “dip-and-run”
mode permits rapid sample injection and switching in the ECMP con-
trolled by a motorized XY-stage (Supplementary Fig. 4), thereby
affording the feasibility of HTE in electroorganic synthesis.

Capability of the DEC-FMR-MS platform in mechanistic
exploration and yield assessment

First, we employed the electrooxidative C-H/N-H cross-coupling reac-
tion of N, N-dimethylaniline (DMA) and phenothiazine (PTA) as a
model reaction to investigate the capability of DEC-FMR-MS in elec-
troorganic reaction yield assessment®”%, To guarantee the normalized
MS response of product, the electrochemically inactive acetylcholine
(Ach) was mixed with the reactants in ECMP as the internal standard
(IS) (Supplementary Fig. 5). According to previous reports from Lei
group, C-N bond can be formed through radical-radical cross coupling
between DMA radical cation (DMA™, 5) and nitrogen radical (PTA", 7)*°.
Recently, the nitrenium ion-involved cross coupling pathway was also
revealed (Fig. 2a)™. In this setup, PTA and DMA in acetonitrile (ACN)
were respectively assigned to the EC-FMR-1 and EC-FMR-2, with a
potential of 1.5V (vs Ag QRE) applied to Pt WEs (termed dual electro-
lysis mode). All the species derived from the reactor were monitored
by MS while lifting and dropping the ECMP. Compared to no potential
applied on Pt WEs (Supplementary Fig. 6), signals of the product
radical cation 3aa’ (m/z 318.1194, see Supplementary Fig. 7 for the
origin of this species), IS (m/z 146.1176), the intermediates 4, 5, 7 (m/z
121.0886, 198.0378, 199.0455) and by-product N,N,N,N'-tetra-
methylbenzidine (TMB, 9) (m/z 241.1740) were all unambiguously
detected (Fig. 2b), indicating the capability of DEC-FMR-MS in cap-
turing short-lived intermediates and monitoring the cross-coupling
products (See COMSOL simulation and MS/MS spectra in Supple-
mentary Figs. 8, 9 and Figs. 10, 11). Along with the screening probe
hopping from one microwell to another, the extracted ion chromato-
grams (EICs) of IS and 3aa’ demonstrated a string of sampling event-
dependent pulsed signals (each sampling event lasting for 4 s) with a
stable intensity ratio of 3aa’ to IS (the relative standard deviation was
9.9%) (Fig. 2c, d). Furthermore, compared to the conventional batch
reaction for 1-2 h, the online reaction in DEC-FMR can generate more
than 10-fold enhanced product signal, mainly due to the high ratio of
electrode surface to electrolyte volume (Fig. 2e and Supplementary
Fig. 12). The excellent signal reproducibility and reaction efficiency
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Fig. 1| Design and configuration of the DEC-FMR-MS platform. a Schematic of
conventional electroorganic synthesis monitoring and screening methods

based on batch-type electrolysis cells and liquid chromatography-mass spectro-
metry (LC-MS). b The DEC-FMR-MS platform for mechanistic investigation and

reaction screening of electroorganic synthesis. The upper left inset shows the
decoupling design in the T-junction for independent control of electrode reactions
of each substrate and subsequent homogeneous processes, and the details at the
reactant inlets of EC-FMR-1 and EC-FMR-2.

make the proposed DEC-FMR-MS an ideal platform for HTE and ana-
lysis of organic electrosynthesis.

Reactivity survey and mechanistic dissection of electrooxidative
C-H/N-H cross-coupling

Taking the electrooxidative C-H/N-H cross-coupling between electron-
rich arenes and diarylamine derivatives as an example (Fig. 3a), we
investigated the feasibility of DEC-FMR-MS in electrochemical reaction
screening by the dual electrolysis mode (Fig. 3b). In this mode, certain
arene or diarylamine was introduced into EC-FMR-1, while the coupling

partners with diverse substituents were distributed in the microwells
of ECMP containing a fixed amount of IS (Fig. 3c). To minimize the
cross contamination, the reactor was washed by ACN three times after
each sampling event (Supplementary Fig. 13). Similar to the coupling
between DMA and PTA, ion signals of the products (both M and
[M + HJ") emerged in the spectra (Supplementary Figs. 14-16), and the
transformation efficiency was assessed according to the ion signal
ratio of product to IS (namely MS yield) (Fig. 3d). Furthermore, how
oxidative potential (from 0.5V to 2.5V) affects the product yield was
also explored. As shown in Fig. 3e, significant differences in MS yields

Nature Communications | (2025)16:7452


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62677-y

O
\
1a
-e [M+H]*
m/z 122.0966

O
\
4
m/z 121.0889
¥
CC0 :
. o0
m/z 198.0378 s
N 8
Wagaipt

j@ [M+H]*

m/z 319.1273
-H* © -e
10 ~
: L0
5 s

“€  m/z 199.0455

CLO

[M+H]*
m/z 241.1704

[
o
o
c
©
-
o

ZI —> O W

+

3aa’
m/z 318.1194

Fig. 2 | Investigation of the capability of DEC-FMR-MS in electroorganic reac-
tion yield assessment. a The mechanism for electrooxidative C-H/N-H cross-
coupling between 1a and 2a deduced by the identified intermediates. b-d The
positive-ion-mode mass spectrum (b), The extracted ion chromatograms (EICs) of
internal standard (IS) (m/z 146.1176) and product 3aa’ (m/z 318.1194) (c) and time-
dependent relative intensity ratio of 3aa’ to IS (d) obtained by DEC-FMR-MS for the

-e -e

2 DO O
10

m/z 240.1628

X
\N/

1/2 H,

1a
100 1122.0966 ,

= | 1S 4 5 il

= 1210889 190.0455 - o o7

E 50 9 7 9

5 | 198.0378 /" 241.1740

SN I (00 VR | W
G 110 150 190 230 300 340

m/z
4s IS 146.1176

3aa' 318.1194

Rel. Int. (%)
=
o O O

(7]
°
£
H 9.,
& = RSD =9.9 %
E 1 .—0—-0—0—&,..—0—0—.—.—/\-‘-’
2
S 0+ T . . )
0 05 1 1.5 2
e Time (min)
L 067 1 DEC-FMR-MS
- = 0.4 ] Batch reaction
§0.2
i s —
H+* = Online 1h 2h
reaction

high-throughput testing of the electrooxidative radical-radical cross-coupling
between DMA and PTA in dual electrolysis mode. e Comparison of the relative ion
signal intensity ratio of 3aa’ to IS obtained by online reaction in the DEC-FMR-MS
platform and conventional batch reaction. The error bars in (e) represent the
standard deviations of three replicates.

were observed in the DEC-FMR-MS-based reaction screening across a
diversity of arenes, diarylamines and electrooxidative potentials. In
principle, due to limited reaction time (around 15s) in the DEC-FMR, the
MS yield was primarily dependent on the initial rate of electrochemical
reaction, which can truly reflect the reactivity of substrates. The results
showed that with 1a as the coupling partner, PTA bearing electron-
withdrawing substituents (2b-2d), phenoxazine (2e) and diarylamines
(2f, 2g) could afford the desired products in relative high MS yields. On
the other hand, DMA and its derivatives with electron-donating groups
at the meta-position (1b, 1c) exhibited high reactivity in the amination.
By contrast, other electron-rich arenes including 2,5-dimethylpyrrole
(1e) and 2-phenylindole (1f) showed decreased MS yields in this
transformation. All the above reactivities obtained by this platform
coincided well with the yields calculated by Lei group®, underscoring
the reliability of the proposed DEC-FMR-MS in rapid survey of organic
electrosynthesis with nanomole sample consumption (8 pL).

The presented DEC-FMR-MS allows spatial separation between
interfacial electrooxidation and homogeneous coupling, thus
offering the opportunity for mapping the homogeneous process of
individual reactive species generated at EEl. To dissect the
mechanism of cross-coupling between PTA and DMA, we employed
a single electrolysis mode in which only EC-FMR-1 was turned on to
figure out the reaction pathway involving electro-activated single
substrate (Fig. 3f, g). Firstly, PTA was loaded in EC-FMR-1 for elec-
trolysis, with the intermediates converging with unoxidized DMA in
the T-junction (Fig. 3f). In addition to radical cation and nitrenium
ion of PTA (5 and 7), the cross-coupling product 3aa” was surpris-
ingly detected at an onset potential higher than 5 and 7 (Fig. 3h, j,

Supplementary Fig. 17a-d). This observation implied that cross-
coupling still took place without the electrooxidation of DMA,
going against with the classic understanding that electrochemical
radical-radical cross-coupling requires concurrent production of
radicals from each substrate at EEI (Fig. 3a). By excluding the
probable interference between electrochemical reactions in EC-
FMR-1 and EC-FMR-2 (Supplementary Figs. 18-21), we speculate that
DMA may undergo oxidation to DMA™ by the electrogenerated
oxidative nitrenium ion 7 in homogeneous electrolyte, and further
react with another molecule of 6 to finalize the reaction® (Fig. 31).
Similar homogenous oxidation process for the generation of DMA™
could also be seen when replacing PTA with 1-hydroxy-2,2,6,6-tet-
ramethylpiperidine (TEMPOH), whose oxidation potential was close
to that of PTA™ (Supplementary Fig. 22). Based on the above evi-
dence, a quasi-electrocatalytic pathway that electrogenerated
nitrenium ion oxidizes DMA to DMA™ in homogenous system was
uncovered, contributing to the C-H/N-H cross-coupling reaction.
Then we exchanged PTA with DMA in the DEC-FMR-MS running
in the single electrolysis mode. Apart from the expected homo-
coupling by-product 9 and its radical cation (TMB™) 10, the ion
signals of 5, 7 and 3aa’ were still observed (Fig. 3i, k), featuring a
good correlation with the applied potential steps (Supplementary
Fig. 17e-h). The EICs showed that 7 and 3aa’ emerged after the
dimerization of DMA, represented by the generation of [TMB + H]*
and TMB™ (Fig. 3k). Thereby, we considered the likelihood that
oxidative or homocoupled DMA species may drive the transfor-
mation of PTA to 5 and 7*°*'. Our guess was confirmed by directly
loading TMB instead of DMA in the EC-FMR-1, showing that the
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electrogenerated 10 was able to oxidize PTA in homogenous system
(Supplementary Fig. 23, 24). Therefore, another pathway for the C-
H/N-H cross-coupling mediated by the homocoupling product 9 as
an electrocatalyst was proposed, in which the oxidative 10 con-
verted PTA to 6 for further coupling with DMA™ to furnish the final
product 3aa’ (Fig. 3m).

Reactivity survey and kinetic measurement of electrocatalytic
reactions

Molecular electrocatalysis has recently formed an attractive class of
chemical transformations, which leverages redox mediators instead of
electron transfer at EEI to indirectly drive the conversion of substrates
with higher selectivity and less undesired side reactions (Fig. 4a)">*"*%,
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Fig. 4 | Reactivity survey and total kinetic measurement for electrocatalytic
dehydrogenation of N-heterocycles. a, b Schematics of electrocatalytic dehy-
drogenation of N-heterocycles (a) and the T-junction of DEC-FMR-MS for studying
the molecular electrocatalytic reactions in single electrolysis mode (b). ¢ The
proposed mechanism for dehydrogenation of 11a mediated by electroactivated M.
d-f Schematics and positive-ion-mode mass spectra of the reactions with different
reactants infused into the DEC-FMR-MS platform. g Redox mediators and sub-
strates selected for electrocatalytic dehydrogenation of N-heterocycles. h Heat
map of MS yields among various redox mediators, N-heterocycles and

catalytic dehydrogenation of 11a

electrooxidative potentials obtained by DEC-FMR-MS. i, j Schematics of electro-

mediated by M; (i) and modified DEC-FMR-MS

setup for measuring the total kinetics of homogeneous dehydrogenation (j).

k Positive-ion-mode mass spectra for the reaction between electrochemically
generated My" and 11a operated at different Lc,p. | The plot of In (/156 / (/ 156t/ 158))
against ¢t eaction for TEMPOH-mediated dehydrogenation of 11a, 11b, and 11c.

m Total kinetic constants Kgenydrogenation fOr the secondary homogeneous reactions
between M;" and different N-heterocycles. The error bars in (I) represent the
standard deviations of three replicates.
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This reaction is greatly compatible with the proposed DEC-FMR-MS, in
which the electro-activation of redox mediators in EC-FMR-1 is spatially
isolated from the merging with the substrates infused from EC-FMR-2
with no voltage applied (termed single electrolysis mode in Fig. 4b).
Recruiting TEMPOH-mediated dehydrogenation of 1,2,3,4-tetra-
hydroquinoldine (THQ, 11a) as example (Fig. 4c)****, we observed the
apparent electro-conversion of TEMPOH to TEMPO* in EC-FMR-1 and
confirmed that the stepwise oxidation of THQ was solely attributed to
TEMPO' in homogeneous system (Figs. 4d-f, Supplementary Fig. 25,
26). Furthermore, the intermediates in this process including the
short-lived radical cation 13 (m/z 133.0896), and the two-step dehy-
drogenation products 14 (m/z 132.0817) and 12a (m/z 130.0661) were
all captured (Fig. 4f and Supplementary Fig. 27). We then used this
platform to perform reaction screening of electrocatalytic dehy-
drogenation of N-heterocycles. By choosing THQ as the substrate, we
found that only the catalyst TEMPOH with the ability of both hydrogen
abstraction and electron transfer can afford the final product 12a, in
comparison with ferrocene (M) and triphenylamine (M) that barely
possess electron transfer capability (Fig. 4g, h, Supplementary
Fig. 28 and 29)***¢. The reactivity survey was implemented among a
series of saturated six-membered and five-membered N-heterocycles
with different substituent groups, demonstrating diversified potential-
dependent MS yields (Fig. 4h). This result also gives a hint that the
substrates with strong electro-withdrawing group (11e and 11h) display
low reactivity, in line with the conventional yield evaluation®.

In this electrocatalytic process, the homogeneous reaction
kinetics between electrogenerated TEMPO" and substrates determines
the efficacy of whole transformation (Fig. 4i), which yet remains diffi-
cult to obtain in a one-pot EC reactor. Our design of DEC-FMR-MS
offers the opportunity to spatiotemporally isolate the downstream
homogenous reaction for independent measurement. By simply
adjusting the length of mixing capillary (Lc,p), we could modulate the
homogeneous reaction time (freaction) between TEMPO® and THQ
derivatives while recording the resulting products spraying out of
capillary by MS (Fig. 4j and Supplementary Fig. 30). With the extension
of capillary, the electrogenerated TEMPO* demonstrated a gradually
declined ion signal, meaning the reversion to TEMPOH due to the
dehydrogenation of THQ (Fig. 4k). Considering this homogeneous
reaction as a pseudo first-order reaction, we plot the natural logarithm
of relative intensity of TEMPO" (lis¢ / (s +1hss)) against ¢, which
showed a good linear relationship for the substrate THQ (R*=0.943).
Thus, the rate constant k of the entire dehydrogenation cascade
reaction could be obtained from the slope of the fit line, and the
measured value was 1.72s™ (Fig. 41, see details in Supplementary
Fig. 31). Similarly, the TEMPO'-driven dehydrogenation of other
N-heterocycles also exhibited apparent first-order kinetics, according
to the time-dependent linear decline of In (/ 1s¢ / (/ 156+ 158)) (Fig. 4l and
Supplementary Fig. 32). As indicated in the kinetic measurement, the
THQ core substituted by electron-donating groups (-CH; and -O-CH5)
in benzene ring showed faster kinetics than those bearing electron-
withdrawing moieties (-Cl and -NO,) (Fig. 4m and Supplemen-
tary Fig. 33).

Mechanistic insights into electrochemical aziridination of
alkenes

Next, we moved on to apply the DEC-FMR-MS platform to explore
the electrochemical aziridination of alkenes®**%, These reactions
commonly experience alkene radical cation-**° or nitrene-
mediated pathways®*, depending on the oxidative potentials of
alkene and amine (Fig. 5a). In particular, the alkene activation
pathway undergoes sequential electrochemical oxidation of alkene
(A) and coupling intermediate radical (C)***°°**, so we modified the
setup by prolonging the WE of EC-FMR-1 into the mixing capillary
(termed sequential electrolysis mode) to allow further oxidation of
C' to complete the ring closure (Fig. 5b and Supplementary Fig. 34).

As a typical reaction, the aziridination starting from trans-anethole
(TA, 15a) and N-aminophthimide (PhtNH,, 16a) demonstrated the
product (17aa, m/z 309.1232) and the acetonitrile-trapped carbo-
cation (25, m/z 350.1495)°° in the mass spectrum obtained by the
modified DEC-FMR-MS (Fig. 5¢ and Supplementary Figs. 35, 36). By
comparing the relative ion signal of the resulting aziridines (nor-
malized by IS at m/z 146.1176), reactivity investigation was per-
formed among a variety of alkenes (15a-15m) and amines (16a-16d)
(Fig. 5d, e and Supplementary Fig. 37, 38). The results showed that
TA (15a) and triaryl-substituted alkenes (15h, 15i, 151) can effectively
react with the tested amines, probably due to their relative low
oxidation potential and stable radical cations®. With regard to
amines, PhtNH, (16a) proved a more favorable coupling partner
than other primary alkyl amines to afford the targeted aziridines,
because of its ease to generate nitrene.

Taking the aziridination of TA with PhtNH, as an example, we
further dig into the reaction mechanism by flexibly configuring the
reactor. First, to clarify the proportion of the two pathways mediated
by different intermediates in the whole process, the voltage supply of
EC-FMR-2 was cut off to deduct the contribution of activated PhtNH,
(PhtNH,*) (Fig. 5f, setup ii). In comparison with the sequential elec-
trolysis mode (Fig. 5f, setup i), the relative intensity of final product
17aa saw a dramatic decline by 67.0% (Fig. 5g, setup ii, Supplementary
Fig. 39b), meaning that PhtNH,* generated in setup i accounted for the
majority of the transformation as compared to the activated TA (TA*).
Secondly, we attempted to clarify the role of extended WE in the oxi-
dative deprotonation of the coupling intermediate C' in the alkene
activation pathway. The WE was thus retracted from the mixing
capillary back to the EC-FMR-1 (Fig. 5f, g, setup iii), causing a 16.7%
decrease of the final product. This difference implied that the exten-
ded section of Pt WE indeed facilitated the electron loss of inter-
mediate C’ (intermediate 20) to finalize the reaction (P1) (Fig. Sh and
Supplementary Fig. 39¢), but it remained uncertain whether the elec-
trooxidation is the only route to convert the intermediate C' to
aziridine.

Although the alkene or amine activation pathways have been
proposed by organic chemists®>, it remains challenging to track
the evolution of these crucial intermediates in the above two
pathways, due to the difficulty in individually deconstructing the
two routes with similar oxidation potentials from the intercrossed
reaction network (Supplementary Fig. 40). To unscramble the fates
of electro-activated TA or PhtNH, in the reaction with the coupling
partners, we employed a single electrolysis mode in which only the
voltage supply of EC-FMR-1 was on (Figs. 5i and j, left panel). When
TA was introduced into EC-FMR-1, the ion signal of product 17aa and
by-product 25 were detected (Fig. 5k), indicating that solely anodic
oxidation of TA was able to trigger the aziridination, with the by-
product 25 demonstrating the carbocation-involved route (Fig. 5h,
green pathway). Without anode inserted into the mixing capillary,
the emergence of 17aa proved that there must be some other
electron acceptors in homogeneous solution responsible for oxi-
dative deprotonation of the coupling intermediate 20 (P2), rather
than anode. To further visualize the intermediates initially born at
anode, we segmented this reactor by only retaining the EC-FMR-1 to
directly capture the electroactivated species (Fig. 5i, right panel).
Unlike the carbocation 19 (m/z 147.0805) detected in both cases
(Supplementary Fig. 35), the newly emerged signal of TA™ (18, m/z
148.0883) was not found in the spectrum obtained by the intact
setup (Fig. 51 and Supplementary Fig. 41), corroborating that TA™
was the key species for the coupling reaction with PhtNH,. After
exchanging TA with PhtNH, in the two reactors, we could still
observe the signal of product 17aa (Fig. 5m), which means the
anodic oxidation of PhtNH, can independently initiate the azir-
idination. By the segmented MS interrogation of the EC-FMR-1, the
radical cation 22 (m/z 162.0424) and protonated nitrene 23 (m/z
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161.0345) were unambiguously captured and identified when oxi-
dation voltage was applied (Fig. 5n and Supplementary Figs. 35, 36,
41), whereas no activated PhtNH, species was detected in the pre-
sence of TA (Fig. 5Sm). Moreover, the acetonitrile-trapped carboca-
tion 25 was not visualized here, ruling out the carbocation-involved
route possibly starting from the radical cation 222 According to the
above evidence, we ascribed the only way of aziridination mediated
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by amine activation to the direct transfer of electrogenerated
nitrene 23 to alkene (P3). Therefore, by virtue of the decoupling
design, the intercrossed alkene radical cation- and nitrene-
mediated pathways in aziridination were clearly split up, with the
identity and interdependence of all intermediates in the reaction
map definitely confirmed, including the anode-independent oxida-
tive transformation P2 (Fig. 5h).
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Fig. 5 | Insight into the mechanism of electrochemical aziridination of alkenes.
a, b Schematics of electrochemical aziridination of alkenes involving alkene and
amine activation pathways (a) and the T-junction of DEC-FMR-MS for studying this
reaction in sequential electrolysis mode (b). ¢ Positive-ion-mode mass spectrum of
the reaction between 15a and 16a obtained by DEC-FMR-MS. d Alkenes and amines
as substrates for the electrochemical aziridination. e Heat map of MS yields among
different alkenes, amines, and electrooxidative potentials obtained by DEC-FMR-
MS in sequential electrolysis mode. f Schematics of electrochemical aziridination
operated in the DEC-FMR-MS platform in sequential electrolysis mode with (i) and
without (ii) potential applied on WE in EC-FMR-2, and dual electrolysis mode (iii).
The applied voltage was 6 V. g Contribution of diverse processes concluded from
the comparison of the ion signal intensity ratio of 17aa to IS in setup i-iii. h Reaction

map for electrochemical aziridination of alkenes including alkene radical cation-
and nitrene-mediated pathways with all the intermediates identified and tracked by
DEC-FMR-MS. i, j Single electrolysis mode DEC-FMR-MS and segmented MS setups
for unraveling 15a (i) or 16a (j) activation pathways. k, I Positive-ion-mode mass
spectra (3V) and the potential-dependent EICs of m/z 147.0805, 148.0883,
309.1232, and 350.1495 for the aziridination initiated by electroactivated 15a
acquired by DEC-FMR-MS (k) and segmented MS monitoring (I). m, n Positive-ion-
mode mass spectra (3 V) and the potential-dependent EICs of m/z 161.0345,
162.0424, 309.1232, and 350.1495 for the aziridination initiated by electroactivated
16a acquired by DEC-FMR-MS (m) and segmented MS monitoring (n). The error
bars in (g) represent the standard deviations of three replicates.

Investigation of paired electrosynthesis and exploration of
unknown radical coupling reactions

In addition to above electrooxidation reactions, we further inspected
the applicability of the proposed MS platform in paired electrolysis
that integrates both anodic and cathodic transformations®°. The
electrochemical deoxygenative amination reported by Xu et al. was
selected as a model reaction, which combines the cathodic reaction of
6-nitroquinoline (26a) and the anodic reaction of 2-phenylethyl
hydrazinecarboxylate (27a)*” to deliver the final product 28aa. Upon
applying -5V or 5V to the Pt WE in EC-FMR-1 and EC-FMR-2, respec-
tively, the key intermediates reactive 6-nitrosoquinoline (29, m/z
159.0553) and 2-phenylethyl N-iminocarbamate (30, m/z 179.0815)
resulting from electroreduction of 26a and electrooxidation of 27a
were unambiguously detected (Supplementary Fig. 42). Notably, the
ion signal of product 28aa (m/z 249.1392) emerged exclusively when
simultaneously applying potentials on both electrodes. The ion signal
of products derived from the reactions between 26a and other car-
bazates (27b and 27c) could also be detected by the DEC-FMR-MS
platform (Supplementary Fig. 43), further underscoring its applic-
ability in exploring paired electrosynthesis reactions.

Although the DEC-FMR-MS platform has demonstrated its utility
for condition optimization and substrate expansion via reactivity
survey, another key advantage of HTE lies in its potential for exploring
new electroorganic reactions. 4-Alkyl-1,4-dihydropyridines (DHPs)
have recently emerged as versatile alkyl radical donors in thermal
radical reactions, photoredox catalysis, and electrochemical
reactions®™°°. The DEC-FMR-MS platform may allow systematic
screening of reaction partners that can electrochemically generate
radicals for coupling with 4-alkyl-1,4-DHP-derived alkyl radicals,
thereby suggesting new electroorganic transformation possibilities.
We here recruited a series of 4-alkyl-1,4-DHPs to assess their reactivity
with a diverse array of coupling partners under electrochemical con-
ditions by infusing them respectively into the DEC-FMRs for MS
interrogation (Supplementary Fig. 44). Mass spectra showed that some
tested diarylamines (2a, 2e, and 2g) and alkene (15a) underwent
electrochemical activation and cross-coupled with the radical species
electrochemically generated from 4-(4-methoxyphenyl)methyl-1,4-
DHP (34a), giving the desired products (37, 39, 41, and 42) (Supple-
mentary Figs. 45-49). Moreover, 1,4-DHP bearing other alkyl sub-
stitutes (34b and 34c) also exhibited considerable reactivity with
diarylamines (2a, 2e, and 2g) (Supplementary Figs. 50 and 51). Equip-
ped with established radical-generation strategies, the reaction
screening conducted on the DEC-FMR-MS platform enables further
exploration of potential coupling between radical donors and accep-
tors via electrochemical redox processes.

Discussion

In conclusion, we present a versatile operando mass spectrometry
platform (DEC-FMR-MS) for high-throughput reactivity assessment
and intermediate tracking of electroorganic synthesis by interfacing a
decoupled electrochemical flow microreactor with V-EASI-MS.

Different from conventional yield calculation, the DEC-FMR-MS plat-
form leveraged MS yield to accomplish high-efficiency (4 s per sample)
electrosynthetic screening on nanomole scale among a diversity of
substrates, catalysts and voltages applied, including electrooxidative
C-H/N-H cross-coupling, molecular electrocatalysis, and electro-
chemical aziridination. More importantly, the decoupling design
allows for segmented mechanistic investigation of electrode and
homogenous processes based on the fate of intermediates. Due to this
merit, we discovered the quasi-electrocatalytic pathways mediated by
nitrenium ion or radical cation for electrooxidative C-H/N-H cross-
coupling, other than the classic electrogenerated radical coupling.
Furthermore, the kinetics of the secondary homogeneous process in
molecular electrocatalysis, typically TEMPOH-mediated dehy-
drogenation of N-heterocycles, was successfully measured. Lastly, by
spatially separated characterization of alkene and amine activation
routes, we mapped the intermediate (alkene radical cation and
nitrene) landscape of electrochemical aziridination with upstream and
downstream molecular evidence.

Although the decoupling design permits tracing of reaction
pathways originating from individual electrogenerated inter-
mediates, there are still some limitations in capturing ultrafast
electrogenerated species and assessing multi-step electrosynthetic
reactions. Firstly, the successful detection of the short-lived inter-
mediate hinges on its residual concentration at the capillary outlet,
which is influenced by the extent of decay occurring during trans-
port. In this setup, the mixing capillary required for homogeneous
reactions prolongs the decay time, partially limiting the ability to
capture reaction intermediates. Nevertheless, it is also inappropri-
ate to simply regard the in-capillary transfer time (-0.37s) as the
intermediate detectable threshold lifetime for this MS platform.
Whether the metastable intermediate can be detected depends on
three critical parameters: reactant concentration, formation and
depletion reaction kinetics of the intermediate, and detection limit
of mass spectrometer. Thus, it is still possible to detect those spe-
cies with short half-lives but fast formation kinetics. Secondly, while
the flow microreactor in the DEC-FMR-MS platform facilitates rapid
intermediate transfer and high-throughput reaction analysis, it
inherently reduces both electrode and homogeneous reaction time,
thereby limiting intermediate retention for subsequent electro-
chemical conversions. Consequently, it may struggle to capture the
intermediates or products from multi-step electrochemical pro-
cesses and thermodynamically favorable but kinetically slow reac-
tions. These limitations could potentially be mitigated by extending
the mixing region and configuring electrodes in series to facilitate
multi-step redox transformations. Looking forward, we envision the
DEC-FMR-MS platform would be also applicable to parameter
optimization and mechanism exploration of other electrosynthetic
reactions, such as electrochemical transition-metal catalysis® or
photoelectrochemical catalysis®?, with more reaction variables to be
adjusted and more interconnected interfacial and homogenous
processes to be deconstructed.
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Methods

Configuration of DEC-FMR-MS

The DEC-FMR-MS platform is comprised of two EC-FMRs, a mixing
capillary, V-EASI source, and an LTQ-Orbitrap MS detector (Supple-
mentary Figs. 1 and 2). In the EC-FMR-1, a fused-silica capillary (I.D.
200 pm, O.D. 360 pm, length 7 cm) with Pt WE (® 100 pum) inside was
inserted into the PDMS reactant reservoir to form a three-electrode
system with the Pt CE (® 500 pm) and Ag QRE (& 500 pm) inserted
into the PDMS reservoir. The extended capillary of EC-FMR-1 was then
connected vertically with another capillary (I1.D. 200 pm, O.D. 360 um,
length 5 cm) with Pt WE (® 100 um) inside by a PEEK T-junction. Ser-
ving as a screening probe, the vertical capillary was coupled with the
ECMP to form the EC-FMR-2. The fabrication of DEC-FMR was finalized
by further connecting a mixing capillary (I.D. 200 pm, O.D. 360 pm,
length 10 cm) to the T-junction as the outlet flow path for homo-
geneous reaction (Supplementary Fig. 2¢). In addition, EC-FMR-1 and
EC-FMR-2 was controlled independently by two electrochemical
workstations (CHI760E, CH Instruments Inc.) to decouple and regulate
the individual electrochemical reactions. To minimize in-source EC
reaction, V-EASI was utilized for soft ionization without the need for
high voltage. In detail, the mixing capillary in DEC-FMR passed through
a stainless-steel T-junction (Swagelok, Solon, Ohio) and then an outer
capillary (I.D. 530 um, O.D. 700 pm, length 1cm) for introducing
nebulizing nitrogen gas. Finally, the electrogenerated species from the
EC-FMRs and products formed in the mixing capillary were ionized and
monitored by LTQ Orbitrap XL hybrid mass spectrometer (Thermo
Fisher Scientific, San Jose, CA, USA). The specific details for fabrication
of EC-FMRs and ECMP can be seen in Supplementary Information.

High-throughput screening of electrosynthetic reactions

The DEC-FMR-MS allowed for high-throughput and rapid screening for
electrosynthetic reactions with the aid of a motorized XY-stage (Sup-
plementary Fig. 4). In the high-throughput experiment, the potentio-
static method was consistently employed to initiate the
electrochemical reactions in EC-FMR-1 and EC-FMR-2, while the mass
spectrometer continuously acquired the ion signal of products
spraying out. In detail, 500 pL of the reactant solution containing 1 mM
LiOTf was initially added into PDMS reservoir of EC-FMR-1, while a
sequence of solutions (25 pL) containing reaction partners and IS was
added into each microwell of the ECMP on the XY-stage. By manip-
ulation of the XY-stage, the screening probe in EC-FMR-2 was
sequentially inserted into each microwell (positioned 2 mm above the
bottom) to initiate the electrochemical reaction, and kept for a given
reaction time before being withdrawn for the next sampling action.
Based on the self-extraction of Venturi effect induced by a high-
velocity N, stream (58 psi), reactive intermediates generated in EC-
FMR-1 and EC-FMR-2 were rapidly transferred to the mixing capillary
for subsequent homogeneous chemical reactions, and the resulting
products and IS were timely detected by MS. After each reaction sur-
vey in EC-FMR-2, the screening probe was rinsed three times in the
microwell containing 25 pL of ACN to mitigate cross-contamination.
For surveying the influence of the applied potential on electroorganic
synthesis, the applied potential in EC-FMR-1 and EC-FMR-2 was syn-
chronously modulated. The Supplementary Information provides
additional details on various electrolysis modes for different electro-
synthetic reactions.

Tracking of intermediates in electrosynthetic reactions

To achieve the real-time tracking of the dynamic fate of the fleeting
intermediates in electrosynthetic reactions, a higher N, pressure (75 psi)
was employed in V-EASIL. The reactants were dissolved in ACN con-
taining 1 mM LiOTf and assigned to EC-FMR-1 and EC-FMR-2. For the MS
decoupling of electrosynthetic reactions, voltage was typically applied
only on the WE in EC-FMR-1. The potential step and linear sweep
experiments were done by using chronoamperometry (CA) and cyclic

voltammetry (CV), while the intermediates and products were rapidly
delivered to MS inlet for detection. The moment of triggering the EC
methods was defined as time zero, and the mass spectra were con-
tinuously recorded at the meantime. During CV scan, the scan rate was
set as 20 mV/s ranging from O V to 1.5 V. The potential step was adjusted
using CA by alternately applying O V and 1.5 V (for aziridination reaction,
the potential was switched between OV and 3 V) on the Pt WE.

Mass spectrometry settings and data processing

All MS data were obtained using the LTQ Orbitrap XL hybrid mass
spectrometer (Thermo Fisher Scientific, SanJose, CA, USA). The MS ion
transfer capillary was maintained at 275°C, and the resolution of
30,000 was employed for all analyses. All data were analyzed utilizing
the Qual Browser feature of the XcaliburTM program (Thermo Fisher
Scientific, San Jose, CA). The collision-induced dissociation (CID) and
high energy collision dissociation (HCD) were performed for the
structural analysis of the intermediates and products from electro-
oxidative C-H/N-H cross-coupling, TEMPOH-mediated dehydrogena-
tion of THQ, and aziridination reaction.

Data availability

The data generated in this study can be found in the Figshare database
(https://doi.org/10.6084/m9.figshare.29608940). Source data are
provided with this paper.
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