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Tracking Propagating Perturbations in Chemical Reactions

Charlotte Lefebvre and Quentin Duez*

Periodic perturbations, such as modulations of reactant concen-
tration, propagate through chemical reactions with distinct phase
delays. Tracking the propagation of such perturbations presents a
powerful approach for probing the reaction connectivity and the
rates of individual reaction steps, provided that high-throughput
and information-rich analytical approaches are used. Here, the
online monitoring of periodic perturbations in the organocata-
lytic addition of cyclopentadiene to a, f-unsaturated aldehydes

1. Introduction

Living systems adapt to perturbations in their environment via
their underlying chemical reaction networks, which process
and respond differently to external signals.™ This behavior arises
from an interplay between reaction kinetics and architectures,
enabling dynamic responses. Taking inspiration from biological
systems, a wide range of signal processing capabilities has been
achieved with chemical reactions, ranging from the integrated
response to periodic perturbations® to the execution of compu-
tational tasks by molecular input processing.”

Periodic perturbations, such as oscillating variations in reac-
tant concentration,®# ac voltage or current,”™ or temperature!®
propagate through chemical reaction networks. This is illustrated
by a numerical simulation shown in Figure 1A, where a model
reaction system in continuous flow conditions is subjected to
a sinusoidal modulation of reactant concentration. The perturba-
tion travels through the network, resulting in distinct phase
delays and amplitude dampening in the concentration profile
of other species, which are governed by the connectivity and
kinetics of the individual steps.® For instance, Figure S1, S2,
Supporting Information show the propagation of periodic con-
centration perturbations through idealized reaction networks
with alternative architectures to that shown in Figure 1, while
maintaining identical reaction rates. The resulting patterns
demonstrate that the organization of reaction pathways
strongly influences how perturbations propagate. Tracking the
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by electrospray ionization-mass spectrometry (ESI-MS) is
reported. Upon perturbation of input concentrations, ion intensi-
ties corresponding to substrates and reaction intermediates
detected by ESI-MS exhibit characteristic time delays, providing
insights into the kinetics of individual reaction steps, as supported
by numerical simulations. This study provides a novel framework
for online reaction monitoring and mechanistic analysis in chem-
ical systems.

propagation of oscillating perturbations through chemical reac-
tion networks can thus be a powerful approach to extract mech-
anistic information and obtain direct insights into reaction
connectivity and rates.

This has been demonstrated insilico for idealized reac-
tion systems™ and experimentally for a limited number of
reactions.>¥ In the case of the formose reaction, for instance,
modulating a reactant concentration and analyzing the ampli-
tude responses of products by gas chromatography-mass
spectrometry(MS) enabled to map out reaction pathways.™
However, subtle temporal features such as small differences in
phase delays (~s, min), are beyond the resolution of traditional
low-throughput methods, thereby limiting the mechanistic
insights that can be reached.

Generalizing this approach to a wide range of chemical reac-
tions requires analytical approaches that combine a high
throughput with extensive chemical observability, capable to
capture concentration variations for many stable products and
transient intermediates while maintaining sufficient temporal res-
olution. Electrospray ionization (ESI)-MS is well-suited for the
online monitoring of complex reaction mixtures, as it enables
the detection of individual compounds based on their mass-to-
charge (m/z) ratios. Its high sensitivity and throughput enable the
detection of elusive species such as reactive intermediates that
are typically present at low concentrations in solution.”
However, ESI-MS is not inherently quantitative because the
ion abundances in the gas phase are affected by the ionization
efficiency of their precursors, along with matrix effects arising
from the analysis of crude reaction media.”

Here, we harness the interface between continuous flow
chemistry and ESI-MS® to explore the propagation of periodic
concentration perturbations in a continuous stirred-tank reactor
(CSTR). The organocatalytic Michael-type addition of cyclopenta-
diene to a,f-unsaturated aldehydes (Figure 1B) was selected as a
model reaction, as it is well documented™ and all the intermedi-
ate species are detectable by ESI-MS.'"” Following the mecha-
nism proposed by Hilgers et al,”'® this reaction proceeds
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Figure 1. (Left) Numerical simulation of a model reaction system consisting of five compounds (A, B, C, D, and E) involved in four equilibria reactions with

forward rate constants k;, ka, ks, ks =0.1 min~" and reverse rate constants k_;, k_,, k_3, k_s = 10>min~". The numerical simulation is conducted in the con-
ditions of a continuous stirred-tank reactor (CSTR), with average residence time 7= 30 min. Modulations of the input concentrations of A result in the prop-
agation of the oscillations to the concentrations of all other species. Additional details are provided in Supporting Information. (Right) Proposed reaction

mechanism for the organocatalytic addition of cyclopentadiene to a,f-unsaturated aldehydes, adapted from Hilgers et a

through the formation of a first iminium intermediate (3) by
condensation between an a,f-unsaturated aldehyde (1) and a
pyrrolidine derivative (2) acting as organocatalyst.”'" Michael-
type addition of cyclopentadiene then results in an enamine
intermediate (5) that can be protonated to yield a second
iminium species (5'). Hydrolysis of this final intermediate leads
to the formation of the reaction product (6). Experiments were
performed with para-substituted aldehydes, referred to as (14),
(Tome): (1), (Tnmey2), and (1no2).

2. Results and discussion

We first examined the formation of the iminium intermediate (3)
resulting from the condensation of (1ome) and (2) under continu-
ous flow conditions (Figure 2A). The reagents and solvent were
stored in separate syringe pumps, each delivering a controlled
flow rate to a CSTR (Figure 2B) mixed with a magnetic stirring
bar. In this setup, the average residence time in the reactor
(t=30min) is controlled by the total flow rate and reactor
volume, while the individual inflows of reagents define the
reaction conditions. The reactor outlet is directly connected to
the ESI source of a mass spectrometer, allowing for online moni-
toring of the reaction medium. As shown in Figure 2C, the
reagents (1) and (2) are respectively detected as sodiated
[1Tome + Nal* and protonated [2 + H]" ions or proton-bound
dimers [2, + H]*, along with the proposed iminium species [3]*.

Following an initial steady state, the inflow of (1ome) Was mod-
ulated according to a sine wave function with a period of 120 min,
resulting in periodic concentration perturbations in the reactor.
To maintain a constant residence time, the inflow of solvent
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(MeOH) was dynamically adjusted to compensate for changes
in the reagent flow rate. The ion intensities of the three species
of interest were continuously monitored by ESI-MS, providing
direct insights into the propagation of the input perturbation.
As shown in Figure 2D, the input perturbation resulted in oscil-
lations of ion intensities for all species monitored. Fitting the time
courses with sine functions (Figure S3, Supporting Information)
allowed us to determine both the phase delays and amplitudes
of the observed oscillations. Of note, all experimental datasets
were fitted both in the time and frequency domains. The resulting
parameters can be found in Table S1-6, Supporting Information.
This analysis revealed that the ion intensities of [2 + H]* and [3]*
exhibit distinct time delays relative to the [1ome + Nal™ ions. The
time delay between oscillations of [1ome+ Nal™ and [3]* was
9.1 min, while [2+ H]* and [3]" were found to oscillate with
opposite phases. The opposite phase variations of [2 + H]™
and [3]* directly relate to the underlying reaction mechanism,
since the formation of each molecule of (3) requires the con-
sumption of one molecule of (2). Finally, the oscillation ampli-
tudes of [2+H]" and [3]" are found to be larger than
[1ome -+ Na]™ (see Figure S3, Supporting Information).

To assess whether both time delays and oscillation ampli-
tudes are relevant in the context of solution chemistry, we exam-
ined the concentration modulation of single compounds in a
CSTR. When subjected to the same input perturbations, the
oscillations amplitudes observed by ESI-MS vary significantly
for different compounds (Figure S4, Supporting Information), sug-
gesting that the ion intensity variations relate to concentration
fluctuations in solution but depend also on the ionization efficien-
cies of individual compounds. On the other hand, the time delays
between the observed oscillations should not depend on
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Figure 2. A) Formation of an iminium species by condensation of (1ome) and (2). B) Experimental setup interfacing a CSTR and an ESI-MS instrument.
Three syringe pumps independently deliver the reagents (1ome), (2), and methanol. After an initial steady state, the flowrate of the syringe pump containing
(Tome) is modulated according to a sine wave. To maintain the total flowrate constant and ensure a residence time of 30 min in the reactor, the flowrate
of the solvent pump (MeOH) is dynamically adjusted. C) ESI-MS analysis of the reactor outflow. The reactants (1ome) and (2) are detected, along with an
iminium species (3) resulting from the condensation reaction. D) Time course of ion intensities resulting from the input modulations of aldehyde concentra-
tion. Dots correspond to binned data, and lines correspond to rolling averages (n = 10). lon intensities have been normalized by their mean value for better
visualization. E) Model of a second order equilibrium reaction under oscillating input concentrations of (1). Concentrations obtained by solving the model
with fixed k; and k_; values are shown, along with normalized concentrations. F) Time delays between the species (3) and (1) obtained by solving the
numerical model for many (k;, k_;) pairs. Additional details are provided in Supporting Information.

ionization efficiencies nor on matrix effects, making them a
robust metric to probe reaction kinetics.

To better understand how the observed time delays relate
to the underlying reaction kinetics, we considered a simple
reaction model corresponding to the condensation reaction
(Figure 2E). The model is based on the condensation of (1)
and (2) into (3) with a forward rate constant k;, whereas the
reverse hydrolysis reaction takes place with a rate k_;.
Additional terms were incorporated into the rate equations
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to account for the continuous flow conditions and the oscillat-
ing aldehyde input concentration (see Supporting Information
for model details). Numerical simulations were first performed
with arbitrary rate constants (k; =20 M~ "min~" and k_; = 0.01
min~"), yielding concentration time courses that closely resem-
ble the experimental results. The model captures both the time
delay between (3) and (1) A(1-3) moder Predicted to be 13.6 min,
and the opposite phase oscillations between (2) and (3)
A(2-3)models Se€ Figure 2E.
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The impact of the rate constants on the predicted time delays
between (3) and (1) was then evaluated by repeating the numer-
ical simulations for more than 24,000 combinations of k; and k_;
sampled over a large parameter space. The resulting data shown
in Figure 2F demonstrates that the time delay between oscilla-
tions of (3) and (1) depends on both k; and k_;. As a result, fil-
tering the modeled results for the experimentally observed time
delay of 9.1 min (Figure 2D) yields many (k;, k_;) combinations, as
shown in Figure S5, Supporting Information. This suggests that
individual reaction rates cannot be directly obtained from the rel-
ative time delays alone. Nonetheless, these results indicate that
phase relationships between the observed species constitute fin-
gerprints of the reaction, enabling to confirm the proposed
mechanism.

We next extended the reaction network by introducing
cyclopentadiene (4) as an additional input, thereby enabling
the Michael-type addition between (4) and (3) (Figure 3A).
The experimental design was analogous to the one described
in the previous paragraph, with the difference that the CSTR
was heated to 40°C to accelerate the addition reaction
(Figure 3B). Continuous monitoring of the reactor outflow by
ESI-MS enables the detection of the key species shown in
Figure 2, along with the protonated iminium [5]* formed upon
cyclopentadiene addition (Figure 3C). The final hydrolysis product
(6) was not detected, suggesting that this step proceeds too
slowly to yield a detectable amount within the 30 min residence
time. Note that [5] and [5']" are treated as a single entity as the
detected ions may either correspond to [5']* originating from the
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Figure 3. A) Formation of an iminium intermediate by condensation of (1) and (2), followed by a Michael-type addition of (4). B) Experimental setup inter-
facing a CSTR and an ESI-MS instrument. Syringe pumps independently deliver the reagents (14), (2), (4), and methanol. After an initial steady state, the
flowrate of the syringe pump containing (1) is modulated according to a sine wave function. To maintain the total flowrate constant and ensure a resi-
dence time of 30 min in the reactor, the flowrate of the solvent pump is dynamically adjusted. C) ESI-MS analysis of the reactor outflow. The reactants (1)
and (2) are detected, along with iminium species resulting from the condensation reaction (3) and from the subsequent addition of cyclopentadiene (57).
D) Time course of ion intensities resulting from the input modulations of aldehyde concentration. Dots correspond to binned data, and lines correspond to
rolling averages (n = 10). The intensities have been normalized by their mean value for better visualization. E) Molecular structures and Hammett parame-
ters of para-substituted a,f-unsaturated aldehydes. F) Correlation of the time delay between species (3) and (1) (A(1-3)) and (5') and (1) A(1-5)) with the
Hammett parameter (o,). The time delays shown here are obtained by fitting the experimental data in the time domain. Grey dashed lines correspond to

linear fits.
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solution, or arise from the protonation of [5] in the ESI source of
the instrument.

Modulation of the aldehyde (1) concentration following a
sine wave function leads to periodic perturbations that propagate
through the reaction network, evidenced by time-delayed oscil-
lations in the ion intensities of [3]* and [5']" relative to [1 + Na]*,
respectively denoted A(1-3) and A(1-5’) (Figure 3D). Note that in
experiments involving (4), the large ion current of the protonated
pyrrolidine derivative [2 + H]™ oversaturated the instrument
detector and the proton-bound dimer of (2) ([2, + H]") was mon-
itored instead.

Because the relative time delays between propagating oscilla-
tions are proposed to reflect the reaction kinetics in solution, we
next examined the effect of para-substituents on these delays.
To this end, we repeated the experiment shown in Figure 3B with
a series of four para-substituted cinnamaldehydes (Figure 3E; data-
sets in Figure S6-10, Supporting Information), with substituents
ranging from strongly electron-donating (p-dimethylamino) to
electron-withdrawing (p-nitro) groups. Substituent variation is
expected to influence the reaction kinetics, as supported by batch
conversion measurements for all five aldehydes (Figure S11,512,

Supporting Information); electron-withdrawing substituents lead
to significantly higher conversion, consistent with a faster nucleo-
philic attack of cyclopentadiene (4) on the iminium intermediate (3).

As shown in Figure 3F, A(1-3) showed no correlation with the
Hammett parameter o, (R*=0.11). In contrast, the strong corre-
lation (R* = 0.93) observed between g, and A(1-5') demonstrates
that para-substituents have a direct impact on the Michael-type
addition between (3) and (4); electron-donating groups result in
shorter delays, while electron-withdrawing groups exhibit longer
A(1-5’). Hammett plots obtained by fitting ESI-MS data in the
frequency domain can be found in Figure S13, Supporting
Information and show a similar trend.

The longer A(1-5') time delays observed for electron-
withdrawing substituents are somewhat counterintuitive, as
these substituents show significantly higher conversion. To ratio-
nalize the observed trends, we constructed a numerical model
describing the reaction in continuous flow conditions (details in
Supporting Information). The model considers the condensation
of (1) with (2), yielding a first intermediate (3), which subsequently
reacts with (4) to form (5). Since the hydrolyzed products were not
detected experimentally, this step was omitted in the model. The
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Figure 4. A) Model of two consecutive second order equilibrium reactions under oscillating input concentrations of (1). Concentrations obtained by solving
the model with fixed (ki, k_;, k,, and k_,) values are shown, along with normalized concentrations. B) Time delays between the species (3) and (1) obtained
by solving the numerical model for many (k,, k_;, k, and k_,) values, as a function of the equilibrium constants K, and K,. Additional details are provided
in Supporting Information. C) Time delays between the species (5) and (1) obtained by solving the numerical model for many (k;, k_, k,, and k_,) values,
as a function of the equilibrium constants K; and K,. Additional details are provided in Supporting Information.
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two consecutive equilibria are characterized by forward rate con-
stants k; and k, and reverse rate constants k_; and k_,, respectively.
Solving the model for fixed (k;, k_;, k; and k_,) values produces
simulated concentration time courses shown in Figure 4A, which
can be fitted with sine functions to yield the relative time delays
between (1) and (3) A(1-3)model and between (1) and (5) A(1-5)model-
For arbitrarily selected rate constants (k;=k,=10M 'min~";
k_;=k_;=0.01Tmin™"), A(1-3)moger aNd A(1-5)noqe, Fespectively,
amount to 2 min and 18.8 min.

We next solved the numerical model for over 80,000 combi-
nations of fixed rate constants (k;, k_;, k; and k_,) to evaluate
how the A(1-3)moder and A(1-5)m04er Values depend on the rate
constants of individual reaction steps. Given the 4D nature of
the parameter space, we simplified the analysis by focusing on
the equilibrium constants K; and K, (Kx = kx/kx). This allowed
us to represent the modeled time delays A(1-3)moder and
A(1-5)moder @s a function of K; and K, as shown in Figure 4B,C.
While A(1-3)m0der does not show any correlation with K; and
K5 A(1-5)model Values are larger with growing K, regardless of
K;. The model thus suggests that large A(1-5) values are charac-
teristic of strongly forward-driven reactions on the second step
(Figure 4C), in good agreement with the larger time delays
observed for electron-withdrawing substituents in Figure 3F.

3. Conclusion

In summary, tracking the propagation of periodic concentration
perturbations through chemical reaction networks by ESI-MS is
presented here as a powerful strategy for online reaction moni-
toring. The phase delays between key species provide insights
into solution-phase kinetics, as demonstrated by probing substit-
uent effects on the relative rates of individual reaction steps.
The experimental observations are supported by numerical sim-
ulations, providing a blueprint for future mechanistic investiga-
tions on the impact of reaction conditions, such as substrate
nature, solvent, or temperature, on the kinetics of individual reac-
tion steps. This proof of concept paves the way for the analysis of
large chemical reaction networks, which are often challenging to
deconvolute with traditional analytical approaches.
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