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Autocatalysis in Eschenmoser Coupling Reactions

Quentin Duez',*® Lukas Marek™ ™ Jiti Vana,™ Jifi Hanusek,*® and Jana Roithova*™

The Eschenmoser coupling reaction (ECR) of thioamides with
electrophiles is believed to proceed via thiirane intermediates.
However, little is known about converting the intermediates
into ECR products. Previous mechanistic studies involved
external thiophiles to remove the sulfur atom from the
intermediates. In this work, an ECR proceeding without any
thiophilic agent or base is studied by electrospray ionization-
mass spectrometry. ESI-MS enables the detection of the so-far

Introduction

The Eschenmoser coupling reaction (ECR)" of thioamides with
electrophiles has been exploited in the past decades to
synthesize numerous vinylogous amides and urethanes.”™ The
mechanism involves the formation of an a-thioiminium salt
(Scheme 1).54 The transformation of the a-thioiminium into the
product likely proceeds via a thiirane intermediate, as indirect
evidence suggests.”™ The rate and yield of the ECR increase in
the presence of thiophilic P(lll) compounds,”™® which abstract
the sulfur atom from the thiirane intermediates, leading to the
formation of product alkenes and thiophosphates or
phosphine-sulfides."*'? The ECR between 3-bromooxindole (1)
and thiobenzamide (2) proceeds efficiently even without any
thiophilic agent or base.*' The sulfur atom is probably
removed from the reaction intermediates by an in-situ formed
thiophile because a spontaneous extrusion is improbable.

The rate of sulfur extrusion from isolated thiiranes depends
on the thiirane concentration and does not strictly follow the
first-order kinetics, implying that the abstraction of the sulfur
atom is carried out by another thiirane or by another sulfur
atom acceptor. % Previous studies showed that the sulfur
extrusion rate increases with solvent polarity, suggesting the
involvement of a polar or ionic transition state.”"” Moreover,
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elusive polysulfide species S”, with n ranging from 2 to 16 sulfur
atoms, proposed to be the key species leading to product
formation. Integrating observations from ion mobility spectrom-
etry, ion spectroscopy, and reaction monitoring via flow
chemistry coupled with mass spectrometry provides a compre-
hensive understanding of the reaction mechanism and un-
covers the autocatalytic nature of the ECR reaction.

adding acetic acid reduces the reaction rate, which supports
the participation of thiolates.® In contrast, adding radical
scavengers does not influence the reaction, thus excluding
alternative radical pathway mechanisms. Finally, reactants with
anionic sulfur functions, such as thiolates (e.g., thiophenoxide),
catalyze the sulfur extraction from thiiranes.”” Based on this
information, a mechanism involving the growth of a sulfur
chain on the intermediates was proposed until the stable cyclo-
Sg allotrope could be cleaved off.!"'82"

In this work, the intermediates in the ECR between 1 and 2
(Scheme 1) were monitored and characterized using electro-
spray ionization mass spectrometry (ESI-MS). The sensitivity of
mass spectrometry enables the detection of low-concentration
species, making it a tool of choice to detect and investigate
reactive intermediates.”>*” Along with online reaction monitor-
ing, mass spectrometry offers a variety of add-on methods to
gain mechanistic insights.**=" We coupled mass detection
with ion mobility spectrometry to detect the presence of
isomersP* and used ion spectroscopy to characterize the
structure of the reaction intermediates.®**¥ Details about
reaction kinetics in solution were gathered using delayed
reactant labeling,®"**¥ and flow chemistry.®*” Combining all
results from the individual methods provides a comprehensive
view of the reaction mechanism and reveals the autocatalytic
behavior of the ECR reaction.

Results and Discussion

Detection of the intermediates in the Eschenmoser coupling
reaction by Electrospray lonization Mass Spectrometry (ESI-
MS). The ESI-MS monitoring of the reaction between 1 and 2
(1:5 ratio in DMF) shows a rapid formation of the reaction
intermediates (m/z 269.07 - Figure 1a, see Scheme 1 for the
possible structures) along with a depletion of [1-Brl* (m/z
132.04 - formed by the loss of bromide from 1 during the
ionization). Due to its poor ionization efficiency, thiobenzamide
(2) is not detected in the ESI(+) experiments. The detected
intermediates can correspond either to the o-thioiminium or
protonated thiirane species. Therefore, the presence of these

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 1. The conventional mechanism for the Eschenmoser reaction investigated in this report.
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Figure 1. a) ESI-MS detection of the intermediate S' (m/z 269.07), the reactant [1 - Br]™ (m/z 132.04), and protonated product [3+H] " (m/z 237.10) upon
mixing 5 mM of 1 with 5 eq. of 2 in DMF. Inset: lon mobility separation of two isomeric structures for S'. ' denotes the ions detected at inverse mobilities
0.74-0.78 V.s/cm?, and S'® the ions detected at inverse mobilities 0.8-0.84 V.s/cm?. b) Time evolution of the intensities of the individual isomers S'* and ' and
the product 3. The relative intensity of S'® was multiplied by 25. ¢) Detection of polysulfide S” intermediates in the reaction mixture. Top: Simulated isotopic
pattern for S? S® and S'®. Bottom: Experimental mass spectra filtered for selected inverse mobility ranges. d) Time evolution of S? (wine), S* (green), and S’
(blue). The transparent lines are experimental ion chromatograms, and the bold lines are smoothed curves by point averaging. For better visualization, the

smoothed curves are normalized.

isomeric species was evaluated by ion mobility spectrometry
(IMS), which separates ions in the gas phase based on their size
and shape.”**? The mobilogram of the m/z 269.07 ions reveals
the presence of two isomers with distinct inverse mobilities (1/
Ky): S™ and S™ (Figure 1a). The time evolution of the signals
shows that S forms nearly immediately, while S'™ appears with
a slower kinetics (Figure 1b). The ECR product 3 (detected as [3
-+HI* at m/z 237.10) appears after a time lag. In comparison,
NMR analysis of the reaction mixture after 2 min of reaction
does not indicate any signals corresponding to the suggested
intermediates (Figure S1).

Polysulfide species, having the same elemental composition
as the S' intermediates but more sulfur atoms (S", with n being
the number of sulfur atoms), were also detected. Based on their
accurate masses and isotopic patterns, S" intermediates with up
to 16 sulfur atoms could be identified (Figure 1c and Table S1).
The time profiles indicate that the polysulfide ions are formed
with a slower kinetics than the initially formed S™ intermediate.
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S** are formed after a similar time, and larger polysulfides are
produced later (see Figure S2). The time evolutions can only be
followed up to S’ because of the low abundance of larger
polysulfide intermediates.

When the reaction is carried out at the molar concen-
trations, a precipitate is formed. The analysis of the precipitate
by atmospheric-pressure chemical-ionization mass spectrometry
with a solid probe (APCI-MS - details in SI) showed some of the
polysulfide intermediates and elemental sulfur with up to 11
sulfur atoms (Figure S3).

Structural characterization of the intermediates. The
classical analysis of the structure of mass-selected ions by
collision-induced dissociation (CID) experiments did not help to
assign or distinguish the structures of the detected S' and §'™
intermediates. Indeed, the mass- and ion-mobility-selected S
and S'® have almost identical fragmentation patterns, showing
the neutral loss of thiobenzamide, HS®, and NH; with similar
intensities (Figure S4). Most likely, the interconversion of the
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isomers requires less energy than the fragmentation, making
the CID pattern of both isomers hard to distinguish. Alter-
natively, the ions have similar structures, leading to the
analogous fragmentation pattern.

The structure of mass-selected ions is best assigned using
ion spectroscopy.®**® For the spectroscopic characterization by
cryogenic infrared photodissociation (IRPD), the reaction was
carried out using a flow reactor with a constant reaction time
(Figure $17). Moreover, acetonitrile was used as a solvent to
improve the signal stability. Under these conditions, only S™
could be detected (Figure S5 for the ion mobility-mass spec-
trometry analysis of the reaction mixture in acetonitrile). The
IRPD spectrum of S™ can be assigned based on a comparison
with DFT calculations (Figure 2a). The experimental spectrum
best agrees with the theoretical spectrum computed for the a-
thioiminium isomer (S®* in Figure 2b), which is also the most
stable isomer. The alternative isomers lie higher in energy than
S™A and their theoretical IR spectra do not agree, or agree less
well, with the experimental one. These isomers include the
thiirane intermediate (5™®), an iminium ion resulting from the
ring opening of thiirane (S, a protomer of the thiirane
intermediate (S™P), or a tautomer of the a-thioiminium species
(S™%). More candidate structures are presented in Figure S6.
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The IRPD spectrum reveals two sharp bands at 3419 cm™

and 3470 cm™' that match well with the N-H stretching
vibrations of the indole core (N;,c—H) and iminium group of S®*
(Figure 2b). One of the N-H bonds engages in hydrogen
bonding with the carbonyl oxygen atom and appears as a
broad band at about 2800 cm™', overlapping with the C—H
vibration modes. The bands observed at 1710 and 1724 cm™'
are characteristic of a carbonyl stretching mode involved in
Fermi resonance. The observation of two IR bands near the
expected carbonyl stretching frequencies has been reported for
various indoles and oxindoles. It is attributed to the Fermi
resonance between the carbonyl stretching mode and either an
overtone or a combination of other vibrational modes."** In
this case, the carbonyl stretching is likely coupled to an
overtone transition of a mode involving N—H rocking and ring
breathing (Figure S7). For comparison, the IRPD spectrum
recorded for the Eschenmoser product [3+H]" shown in
Figure 3 does not show any band above 1700 cm™' because of
the protonation of the carbonyl moiety.

The predicted IR spectrum of S™€ in Figure 2d could also be
considered a good match with the experimental spectrum.
However, the spectral separation of the carbonyl stretching
band (v(C=0)) and the N—H deformation band (3(N-H)) for the
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Figure 2. a) IR photodissociation spectrum of S'* measured by helium tagging photodissociation spectroscopy. b-f) Theoretical IR spectra for five possible
structures of S™ (B3LYP-GD3BJ/6-311 4+ G(2d,p)). The grey dashed lines correspond to the most probable assignment of the experimental bands. The indicated

relative energies correspond to free energies.
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Figure 3. a) IR photodissociation spectrum of [3 +H]" measured by helium tagging photodissociation spectroscopy. b) Theoretical IR spectrum for [3 +H]"
(B3LYP-GD3BJ/6-311+ G(2d,p)). The grey dashed lines correspond to the most probable assignment of the experimental bands.

ring-opened thiirane is much larger than that for a-thioiminium
S"™A The latter agreed better with the experiments.

The structure of the second isomer S'™® cannot be directly
obtained from the IRPD or CID data. The kinetic profile of §'™
suggests that it is formed from S' (assigned to S™*, the a-
thioiminium species). Hence, S™® does not correspond to a
different protomer (S™F in Figure 2f). The most obvious
suggestion would be that the ions correspond to the thiirane
intermediate (S™®), which is most likely neutral in solution. The
thiirane intermediate can be protonated at the amino group
(S™®) or the sulfur atom. According to our DFT calculations, the
sulfur protonation does not lead to a stable isomer but initiates
the thiirane’s ring-opening (S™). The S isomer lies lower in
energy than S™%, which suggests that the S'™ ions correspond
to the ring-opened thiiranes S™°. This assignment is consistent
with the identical CID patterns of S™ and S™ (Figure S4),
suggesting that they are structurally similar or connected via
small energy barriers. S®¢ can easily isomerize into S®% a
tautomer of the a-thioiminium S®* (Figure S8), having similar
dissociation patterns. The isomer S'™ is thus assigned to the
ring-opened thiirane S™. These ions are most likely formed
during the ionization and, therefore, report on the neutral
thiirane intermediates in solution. This interpretation is consis-
tent with the low ionization efficiency and problems detecting
these ions from the solution.

The structural characterization of the polysulfide intermedi-
ates cannot take advantage of ion spectroscopy because of
their low ion abundance. The CID spectra of S* and S* are
shown in Figure 4. Like for S™ ions, the intermediates are
probably protonated during ESI, yielding open structures similar
to S™. The collisional activation then leads to the nucleophilic
attack of the iminium ion by one of the sulfur atoms. The
exclusive attack of the terminal sulfur atom is observed for S?,
leading to the breaking of the S-S bond and forming
protonated thiobenzamide and 3-thioxo-2-oxindole (Figure 4a).
The intermediates with more sulfur atoms fragment analo-
gously (Figure S9). All sulfur atoms, but the one bound to the
indole, can initiate the fragmentation. In addition, the formation

Chem. Eur. J. 2024, 30, €202303619 (4 of 9)

of radical cations is observed (fragments with odd m/z). These
fragments can be explained by the thiirane rearrangement into
a macrocyclic polysulfide structure, which opens by the
protonation at the carbon atom of the indole moiety (Fig-
ure 4b). The C-S or S-S bonds can undergo homolytic
cleavages, explaining the odd-mass fragments in the CID
spectra of the polysulfide intermediates.

Reaction kinetics in solution reveals an autocatalytic
behavior. The kinetics of the ECR exhibits a strong dependence
on the concentration of reactants. The ECR reaction with 5 mM
of 1 and 2 eq. of 2 showed a longer lag time before the growth
of the product ions compared to the experiment with 5 eq. of 2
(Figure S10a and Figure 1). Additionally, the production and
depletion of the polysulfide species occurred at a slower rate
(Figures S10b and S11). For example, the maximum abundance
of S? was detected after 7.5 minutes in the reaction with 2
equivalents of 2, whereas it was observed after only 3 minutes
when 5 equivalents of 2 were added. NMR studies corroborate
the ESI-MS observations, demonstrating a clear association
between the ECR product formation kinetics and the reactant
concentration (Figures S1 and S12).

To better understand how the ECR kinetics depends on the
reactant concentration and how the S'/S™ and polysulfide
intermediates are related to the formation of the product, flow
chemistry experiments were carried out. These experiments
were designed to monitor the evolution of the ECR after a
selected reaction time while continuously increasing the
reactant concentration (Figure 5). They enable the rapid screen-
ing of the effects of the reaction conditions. The experiments
could be used, for instance, to establish the optimal reaction
conditions for forming a given product with a limited reaction
time. As shown in Figure 5a, the flow setup comprises five
syringe pumps. The flow rates of the syringe pumps containing
3-bromoxindole (1) and thiobenzamide (2) were programmed
to increase continuously from 0 to 20 uLmin~', with the same
gradient to maintain the 1:1 ratio between the two reactants.
The increase in the flow rate was counterbalanced by the rates
of two additional syringe pumps filled with DMF, keeping the
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85U8017 SUOWILLOD 3A 18810 3 dfedl|dde 8y} Aq peusenob a1e s9oile O ‘8sn Jose|n. 10} Ariqi8UIUO A1 UO (SUOTIPUOD-PUR-SULIBI WO A8 | 1M AlRIq 1 BUI|UO//SdNL) SUORIPUOD PUe SWIS | 8U1 88S *[7202/2T/20] Uo Akeid18uluo 48| ‘801anpied BlZeAIUN Aq 6TIE0EZ0Z WeYd/Z00T OT/I0p/uoo" A3 |1mAseiq uluoadoine-Ansiueyd//sdny woiy pepeojumod ‘6 ‘4oz ‘S9/ETZST



Research Article
Chemistry—A European Journal

doi.org/10.1002/chem.202303619

Chemistry
Europe

European Chemical
Societies Publishing

Q
-~
»

301
164 |
| L, :

. I S A A B B
100 120 140 160 180 200 220 240 260 280 300
m/z

Relative ESI-MSMS Intensity
g )
z

(s?)

H
N
0
NH,
s"s

Solution Ph

Gas phase H

o

m/z 138

S

oy

m/z 138

ciD ?H CID
® S..@
H S S.
| ~s
NH, (j)\rm2 < $.
N, s
HS. S@
|
NH,

100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

m/z
4
) w9
N N
(0] _— o}
NH, < NH,
(2/5 Ph é SPh
ob ~g”
v
S
ESI ESI
H* H*

m/z 202

]
NH,
m/z 233

og

m/z170
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overall flow constant. The reaction mixture was allowed to react
for one minute, then diluted with acetonitrile and directly
guided into the mass spectrometer.

With the increasing reactant concentrations, $' and S'® are
the first species to be generated within one minute of the
reaction time. The polysulfide species appear sequentially, with
the longer chains being produced at a higher reactant
concentration (Figure 5¢ and Figure S13). This suggests that the
growth mechanism of polysulfide species involves the consec-
utive addition of sulfur atoms. Interestingly, the ECR product
only grows significantly when polysulfide species are present,
thus indicating that S" intermediates are the key species driving
the product formation.

Delayed reactant labeling (DRL) experiments provide a
quantitative connection between the solution kinetics and ESI-
MS.B”3¥ The reaction mixture is spiked with an isotopically
labeled reagent after a time delay, leading to the generation of
the labeled reaction intermediates. Since the isotopically
labeled and unlabeled ions share the same ionization efficiency,
their relative abundance in the mass spectrum directly reports
on the relative concentration of their precursors in solution,
enabling the determination of quantitative kinetic data. The
rate at which the concentrations of labeled and unlabeled
species equilibrate provides insights into the reaction rates of
the corresponding intermediates in solution.®” For the present
reaction, 1eq. of thiobenzamide (2) and 1 eq. of Ds-labeled
thiobenzamide (2°°) were sequentially added with various
delays to a solution of 1 in DMF. After adding Ds-labeled
thiobenzamide, the labeled reaction intermediates S'AP%, S'8D3
$*P5, and the ECR product 3% are generated (Figure 6a). Other
polysulfide species S™P* are also observed, but their reaction
kinetics cannot be followed because of their low abundance.
The delay was varied to show whether the reaction progress
and formation of the polysulfide species at longer reaction
times affect the kinetics of the key intermediates.

Regardless of the time delay, the kinetics with which the
precursors of S' and S® react in solution are strikingly different
(Figure 6b). The relative concentrations of S' and S'** almost
immediately reach the equilibrium, which indicates a short half-
life of S™ (MS-observed rate ky; >0.5s7', see Equations S1 and
S2 and ref.¥), Hence, S™ is either in a fast equilibrium with the
reactants or reacts rapidly towards the following reaction
intermediates. On the other hand, the equilibration of S'® and
S'®P% is much slower, suggesting that the thiirane is a long-
lived intermediate in solution and its transformation is the rate-
determining step of the reaction (Table $2).*° Although the
thiirane accumulates in solution, the ESI-MS signal of S'™® is low,
which is expected for the neutral thiirane intermediates, as
discussed above. The thiirane needs to be protonated for
detection, decreasing its ionization efficiency compared to the
a-thioiminium intermediate S' (Figure 1). The S? intermediates
equilibrate much faster. The fast equilibrium of S* with the
reactants is improbable; therefore, these intermediates likely
react quickly towards other intermediates along the reaction
path or towards the products.

Interestingly, the half-life of the thiirane (detected as S'®)
decreases with increasing delays between the addition of 2 and
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2" (Table S2). This trend is also noticeable for S At longer
reaction times, the transformation of the primary thiirane
intermediates towards the secondary intermediates and prod-
ucts becomes faster (i.e., their half-life is shorter), which
coincides with the formation of the polysulfide species S"
(Figure 1 and S1).

The initial slow phase of the ECR can be overcome by
increasing the concentration of the reactants. Doubling the
concentrations of the reactants (10 mM 1, 2, and 2%) leads to a
fast reaction, where no time-lags are observed, and all
intermediates are in apparent equilibrium with the reactants
(Figure S14). This suggests that the transformation of the
thiirane does not represent a reaction bottleneck under these
conditions. This finding is consistent with the key role of
polysulfide species in the transformation of the thiirane. The
flow experiments showed that the formation of the polysulfide
species is much slower at 5 mM concentration than at 10 mM
concentration (see Figure 5c). Though the results were obtained
under the flow conditions and 1 min reaction time, they capture
the effect of the concentration on the rate of the polysulfide
formation and explain well the striking difference of the
reaction kinetics determined by the DRL at different concen-
trations.

Hence, the results suggest that the thiobenzamide (2) and
3-bromoxindole (1) generate an o-thioiminium species S'4,
which interconverts in the thiirane, detected as protonated S'®.
Next, the polysulfide species, detected as protonated S", react
as thiophiles with the thiirane, generating a molecule of
product and (S"*" - H). The remaining question is about the
initial formation of the S? species. The data imply that (S* - H)
must be generated from a slow bimolecular reaction involving
two thiiranes, as suggested in the literature."®"”'*? Once (S* -
H) is formed, the follow-up reaction with another thiirane,
generating (S* - H) and the product molecule, is fast. A
complete description of the proposed mechanism is shown in
Scheme 2.

Conclusions

In this work, the Eschenmoser coupling reaction between 3-
bromooxindole (1) and thiobenzamide (2) (ECR, Scheme 1),
which proceeds without any base or external thiophilic agent to
assist the sulfur removal, was studied by different mass
spectrometry techniques.">"**” The key reaction intermediates
were trapped and characterized, and the investigation of the
reaction kinetics in solution uncovered the origin of the
autocatalytic nature of this reaction.

The ECR begins with the rapid formation of two isomeric
intermediates, detected as S'™ and S'®, exhibiting different
formation and depletion kinetics. S' was spectroscopically
characterized as an o-thioiminium species, and S'™ was
attributed to the protonated thiirane intermediate. Further-
more, elusive polysulfide species S" were detected, with n
ranging from 2 to 16 sulfur atoms. Flow chemistry experiments
unveiled that the lag phase in the appearance of the ECR
product is correlated with the sequential generation of the
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Figure 6. a) ESI-MS detection of unlabeled and D5-labeled Eschenmoser intermediate S'/S®® (m/z 269.07-274.10) and products 3/3°° (m/z 237.10-242.13)
upon mixing 5 mM of 1 with 1 eq. of 2 and 1 eq. of 2% in DMF; 2® was added with different time delays (indicated in the figure). $/S*® and $*/S*® ions are
also highlighted. Inset: lon mobility separation of S' and S'®. b) Time evolution of the relative intensities of mass- and mobility-selected (top) S'* and S'**,
(middle) S™ and S™®"*, and (bottom) S? and S*™ after adding Ds-thiobenzamide in the delayed reactant labeling experiment. The dots are the experimental
data points; the lines correspond to the fits of the experimental data by the first-order kinetic functions (Equations S1 and S2). The data of the experiments for
which the equilibration of labeled and unlabeled species was nearly immediate were not fitted.
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Scheme 2. Proposed mechanism for the ECR based on the ESI-MS results gathered in this work.

Chem. Eur. J. 2024, 30, €202303619 (7 of 9)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85U8017 SUOWILLOD 3A 18810 3 dfedl|dde 8y} Aq peusenob a1e s9oile O ‘8sn Jose|n. 10} Ariqi8UIUO A1 UO (SUOTIPUOD-PUR-SULIBI WO A8 | 1M AlRIq 1 BUI|UO//SdNL) SUORIPUOD PUe SWIS | 8U1 88S *[7202/2T/20] Uo Akeid18uluo 48| ‘801anpied BlZeAIUN Aq 6TIE0EZ0Z WeYd/Z00T OT/I0p/uoo" A3 |1mAseiq uluoadoine-Ansiueyd//sdny woiy pepeojumod ‘6 ‘4oz ‘S9/ETZST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202303619

polysulfide species. At small reactant concentrations, the
formation of the polysulfide species is slow, resulting in a larger
lag before the product formation. The lag disappears with the
larger reactant concentrations. Furthermore, delayed reactant
labeling experiments showed that the kinetics with which the
thiirane and the thiirane-S-sulfide react in solution accelerated
with the increasing concentration of polysulfides species, thus
indicating that a sulfur abstraction between polysulfides and
the thiirane is the key reaction driving the product formation.

As a summary, the reactants 1 and 2 generate an o-
thioiminium salt S™. The a-thiominium salt then interconverts
in the thiirane intermediate (detected as protonated S'8), which
reacts further with another thiirane to produce (S*> - H) and a
molecule of product 3. This reaction step is slow and represents
the rate-determining step. However, with the increasing
reaction time, the polysulfide intermediates, detected as S,
increase in concentration and react fast with the thiirane to
form the product 3 and larger polysulfides, detected as S"*'.
The reaction with the polysulfide intermediates circumvents the
slow reaction step between two molecules of thiirane
(Scheme 2). Hence, the ECR is autocatalytic, with polysulfide
species acting as internal thiophiles and being the key species
leading to product formation.

Experimental section

Materials. Thiobenzamide is commercially available (Sigma-Aldrich),
and 3-bromoxindole was synthesized using a procedure described
in the literature™ The synthesis and characterization of Ds-
thiobenzamide is described in Supplementary Information.

Mass spectrometry. lon mobility-mass spectrometry experiments
were performed with a timsToF instrument (Bruker, Germany)
equipped with an ESI source. lons were electrosprayed in positive
mode with a source voltage of + 5.5 kV, with a Nebulizer of 0.2 Bar,
a drying gas flow of 2 Lmin™", and the End Plate Offset set to 500 V.

Typical ion transfer voltages were quadrupole ion energy=3eV
and collision energy=5 eV. The mass range scanned by the ToF
analyzer was m/z 100-1000. TIMS experiments were performed in
N, using the imeX Detect mode by scanning ion mobility from
03Vscm™? to 1.5V.s.cm 2 The accumulation time was set to
20 ms in order to minimize ion activation in the ion mobility region.

All the reaction mixtures were prepared in dry DMF (Sigma-Aldrich).
Typically, a 2 mL solution of 3-bromoxindole (5 mM) is continuously
stirred. After one minute, 80 uL of a 250 mM solution of
thiobenzamide is added to the reaction mixture. Final concen-
trations: 4.81 mM of 3-bromoxindole and 9.61 mM of thiobenza-
mide (for 1:2 experiments). Flow chemistry experiments were
carried out using Labm8 syringe pumps. Additional details regard-
ing mass spectrometry, preparation of reaction mixtures, and
infusion in the mass spectrometer can be found in Supplementary
Information, along with details regarding delayed reactant labeling
experiments.

Gas-phase infrared photodissociation (IRPD) experiments were
performed with a custom-built instrument based on a TSQ-7000.5%
In this instrument; the mass-selected ions are guided through a
quadrupole bender and an octupole to a linear wire quadrupole
trap operating at 3 K. The ions are trapped and thermalized by
pulses of helium gas. The thermalized ions form weakly bound
adducts with helium. The trapped ions are irradiated in odd cycles.

Chem. Eur. J. 2024, 30, €202303619 (8 of 9)

Finally, the ions are extracted from the trap, mass-analyzed by a
quadrupole, and detected by a Daly-type detector. The photon
absorption was monitored as the depletion of the number of
helium adducts detected with (Ni(v)) or without (Ny(v)) IR
irradiation. The IR photons were generated by a tunable OPO/ OPA
photon source. The flow setup used for IRPD experiments is shown
in Figure S17.

Computational details. DFT calculations were carried out with
B3LYP-GD3BJ/6-311+G(2d,p)’* as implemented in the Gaussian
16 package.* All reported structures correspond to potential
energy surface minima, as confirmed by analyses of the corre-
sponding Hessian matrixes. Reported energies include zero-point
vibrational energy corrections and thermal corrections calculated at
the same level of theory. The reported IR spectra were scaled by
0.98 for the range below 2500 cm™' and 0.96 for the range above
2500 cm™.

Supporting Information

Additional details about materials and methods are presented
in the Supporting Information, along with additional control
experiments. The authors have cited the following references in
Supporting Information.”'*
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