Open Access Article. Published on 02 October 2024. Downloaded on 10/6/2025 5:37:42 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

NJC

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: New J. Chem., 2024,
48, 17605

Received 23rd July 2024,
Accepted 19th September 2024

DOI: 10.1039/d4nj03295k

rsc.li/njc

1. Introduction

Quinolin-2(1H-)-one-isoxazole dye as an acceptor
for mild addition of bisulfite in cationic or
zwitterionic aqueous micellar solutionsy

Guillermo E. Quintero, (22 Catalina Espinoza,® Jhesua Valencia,” Daniel Insuasty,”

William Tiznado, €2 ¢ Luis Leiva-Parra, (2 ° José G. Santos,® Edwin G. Pérez (9° and
Margarita E. Aliaga (2 *?
(E)-6-Methoxy-1-methyl-3-(2-(3-methyl-4-nitroisoxazol-5-yl)vinyl)quinolin-2(1H)-one dye (MQIl) has

been synthesized, and its structural and electronic properties have been characterized by employing
UV-vis spectroscopy in combination with computational methods. The MQI dye has been assessed
as an activated Michael acceptor-type probe toward bisulfite ions. This reaction was kinetically tested
in different mild, cationic (cetyltrimethylammonium bromide, cetyltrimethylammonium chloride, and
cetylpyridinium bromide), and zwitterionic (N-decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate, N-tetra-
decyl-N,N-dimethyl-3-ammonio-1-propanesulfonate, and N-hexacyl-N,N-dimethyl-3-ammonio-1-propane-
sulfonate) micellar solutions at pH ~ 5.5. Both micellar media remarkably allow the addition reactions,
increasing the reactivity of MQI towards bisulfite ions, the biggest effects were found in the presence of
cationic micelles. The binding constants of MQI with the micelles and the rate constants were determined
from kinetic data, which were interpreted on the basis of the pseudophase kinetic model. The kinetic study
and the product analysis allow us to highlight the relevant role of the association between MQI dye and the
micellized surfactant, allowing efficient nucleophilic addition of bisulfite ions. The findings of this work will be
valuable for the use of micellar solutions as an alternative medium to replace the use of toxic solvents to carry
out organic reactions to perform nucleophilic addition reactions of bisulfite.

Cationic cetyltrimethylammonium bromide (CTABr) and
tetradecyltrimethylammonium bromide (TTABr) micelles have

Micelles are nanosized structures of amphiphilic nature that
self-assemble in aqueous solutions into core-shell structures
composed of hydrophobic cores stabilized by the hydrophilic
heads and can solubilize molecules with poor solubility in
water." In this context, the use of micellar solutions is parti-
cularly interesting in a variety of chemical transformations,
ranging from C-C cross-couplings,” to oxidation reactions,’
acyl transfer,” click reactions,’ etc., as it provides a sustainable
alternative to some of the undesirable solvents classically used.
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been used to modulate the photophysical properties of 7-(diethyl-
amino)coumarin derivatives and their reactivity towards nucleo-
philic agents.®™

In this sense, zwitterionic surfactants, such as sulfobetaine,
can also modulate the physicochemical properties and reac-
tivity of organic compounds toward anionic nucleophiles in a
similar way as cationic surfactants do,'®'* because of the
specific interactions between nucleophilic anions and the
zwitterionic interface."

On the other hand, organic dyes such as quinolin-2(1H)-ones
have been a fashionable class of compound because of their
similarity to the very popular coumarins; in fact, quinolin-
2(1H)-ones are the aza-analogs of coumarins. Like coumarins,
quinolinones can be functionalized by adding molecular moi-
eties to broaden their applicability range, taking advantage of
the photophysical properties of these derivatives.'* In this
context, the presence of a carbon-carbon double bond results
in a new reactive site within the molecule towards nucleophilic
analytes via Michael additions, as it has already been reported
in other studies."”™"”
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Particular attention has been focused on developing probes for
detecting bisulfite (HSO;~) based on Michael addition.’® The
reactivity towards HSO;  may also be affected when micelles are
present in the medium. In fact, it has been reported that a
coumarin derivative can detect bisulfite by Michael addition'®*®
in aqueous matrices in the presence of a cationic micellar medium
such as CTABr by increasing the reactivity towards this analyte
through the use of micelles."®*® Zwitterionic micelles of sulfobe-
taine have also been considered as a strategy for optimizing the
detection of sulfite via its addition reaction to activated olefins
containing, for example, an isoxazole moiety.'®

Thus, bearing in mind the catalytic effect that cationic and
zwitterionic micelles would have on different organic reactions™
and expanding the current knowledge on bisulfite addition reac-
tions, we undertook a kinetic and theoretical study with the aim of
understanding the kinetics and mechanism of this relevant reac-
tion in the presence of micelles. In the present work, we investi-
gated, for the first time, the effects of a micellar medium on the
reactivity of a new acceptor (E)-6-methoxy-1-methyl-3-(2-(3-methyl-4-
nitroisoxazol-5-yljvinyl)quinolin-2(1H)-one (MQI) (see structure
Scheme 1) toward bisulfite in the presence of cationic and zwitter-
ionic surfactants. Our aim is to contribute to developing new
strategies for the addition reaction of HSO; ™, taking advantage of
the micellar effects on chemical reactivity. We also aim to promote
the use of micellar solutions as an alternative reaction medium to
carry out this reaction under mild conditions, replacing the use of
potentially toxic solvents.

2. Materials and methods
2.1. Materials

All reagents were purchased from Sigma-Aldrich and employed
as received. The preparation of the intermediate 3-formyl-6-
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methoxy-2-quinolone (4) was carried out according to the
methodology reported by Meth-Cohn et al.?* (Scheme 2). In
the first step, commercial 4-methoxyaniline (1) was acetylated
with acetic anhydride to give the respective acetanilide (2).
Cyclization and hydroformylation (in situ) were performed
using the Vilsmeier-Haack reagent to give 2-chloro-3-formyl-6-
methoxyquinoline (3). Subsequently, acid hydrolysis with 70%
acetic acid leads to the formation of methoxy quinolone 4.
Compound 4 was methylated using NaH as the base and CH;-1
in DMF, furnishing the N-methylated derivative (5). In the final
step to obtain the desired MQI, intermediate 5 was coupled
with 4-nitro-3,5-dimethylisoxazole in ethanol and using cataly-
tic quantities of piperidine.

The structure of MQI was confirmed by 'H- and *C-NMR
spectroscopy (Fig. S1 and S2, ESIf).

2.2. High resolution (HR) QTOF-MS studies

Mass spectrometry (HR-MS) experiments were carried out using
a compact QTOF instrument (Bruker), ionization voltage of
6 kv, and negative polarity. Scan parameters: mass range:
50-3000 m/z, spectra rate: 2 Hz, capillary voltage: 6000 V,
nebulizer: 0.6 bar, dry gas: 5 L min~*, dry temp: 200 °C.

2.3. Kinetic measurements

Stock solutions of MQI in dimethyl sulfoxide and surfactants in
aqueous solutions were prepared daily. The percentage of
organic solvent in the working solution was 1% by volume.
The absorption spectra were recorded on a Cary 60 UV-visible
spectrophotometer. The kinetics of the addition reactions of
MQI were monitored by an HP8453 UV-vis spectrophotometer
with the aid of a 1 cm quartz cuvette at T = 25.0 + 0.1 °C.
The reactions were followed in the 300 to 800 nm wavelength
range, with the initial concentration of the substrate
ranging from 3-8 x 10> M. Reactions were carried out under
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Scheme 1 Chemical structures of dye (E)-6-methoxy-1-methyl-3-(2-(3-methyl-4-nitroisoxazol-5-yl)vinyl)quinolin-2(1H)-one (MQI) and the cationic

and zwitterionic surfactants employed in this work.
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Scheme 2 Methodology for MQI formation. Reagents and conditions: (i) acetic anhydride, 1 h, rt; (ii) POCls/DMF, 18 h, 80 °C; (iii) acetic acid 70%, 8 h,
reflux; (iv) NaH, Mel, DMF, 2 h, 0 °C; (v) 4-nitro-3,5-dimethylisoxazole, piperidine, EtOH, 24 h, 65 °C.

pseudo-first-order conditions ([MQI] « [Bisulfite]), and the
pseudo-first-order rate coefficients (kopsq) were obtained by
fitting the experimental (absorbance, time) data with the aid
of the pre-loaded spectrophotometer kinetic software.

Quantitative treatment of the kinetics of the reaction in
micellar systems was carried out in terms of the pseudophase
kinetic model according to eqn (1):>

kY [Ny] + kP K Ny Dy
1+ KD,

kobsd = (1)
where kopsq is the rate constant observed, subscripts m and w
indicate micellar and aqueous pseudophases, respectively, &3 and
5" are second-order rate constants expressed in units of M~ * s,
K is the binding constant written in terms of micellized surfactant
expressed in units of M, N, is the concentration of nucleophilic
analyte (HSO; ™) in aqueous pseudophases, and D, is the concen-
tration of micellized surfactant denoted as:

D, = Dy — CMC (2)

where Dy is the stoichiometric surfactant concentration. In the
case of cationic micelles, the participation of the bisulfite anion
in the reaction occurs through an ion exchange process in the
Stern layer with the bromide or chloride ions of the micelles,
such that the term Ny, in eqn (1) is the local molar concen-
tration of HSO;~ within the micellar pseudo phase (depending
on the ion exchange), and it is denoted according to eqn (3):**

Nm =

1/2
{= (4 + INaXIp) + [ (41 + [NaX])*+4(1 = Kuso, /x-)HSOs™|rKuso, x (1 =)Dy }

On the other hand, zwitterionic sulfobetaine micelles are
formally uncharged, with the quaternary ammonium groups
covalently bonded to sulfonate groups. Therefore, there is no
presence of counterion in the Stern layer. Consequently, there
are no ion exchanges of a reactive nucleophile with the counter-
ion of the surfactants, as in the case of cationic surfactants. In
the case of sulfobetaine, the interaction of the ions with
micelles is rather a kind of ion absorption that is an ion
exchange on the micellar surface. So, the equilibrium constant
K, for ion absorption is defined employing eqn (5):*°

* [HSO37]m
v (monem=y) O

where [HSO; |, and [HSO;™ ], are the molar concentrations of
micelle-associated and free bisulfite, respectively, and [SB3 —
n]|m are the concentration micellization of SB3 — 7 used in this
work. Considering that the reaction of MQI and bisulfite
doesn’t exist due to the insolubility of the dye in aqueous
solution and the binding constant is bigger than 1, assuming
that [HSO; ™ ],, is equal to the total bisulfite concentration, and
combining eqn (1) and (5) results in eqn (6):

km *

kobsd = 2_—ads [HSO;]TD" (6)
Vm

where V;, is the molar volume in liters/mole of the reactive
region.

where Kyso,-/x- corresponds to the ion exchange constant, X is
Cl” or Br™ anion from the counterion of the surfactants, |NaX|
is the stoichiometric salt concentration produced from the
counterion surfactants and sodium, |HSO; |1 is the stoichio-
metric concentration of bisulfite from Na,SO; added, « is the
degree of ionization and 4, is defined according to eqn (4):

A1 = och + CMC + KHsos’/X’|HSO37|T + (1 — OC)DnKHsos—/X—

(4)

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

[2(1 - KHSOf/X’)]

2.4. DFT calculations

The molecular geometry of the MQI molecule in its ground
state was optimized using density functional theory (DFT),
utilizing the PBE0®® functional and the 6-311G(d,p)*’ basis
set. This methodology was selected based on evidence from
previous studies demonstrating the accuracy of the PBEO func-
tional in predicting the ground state geometry of organic
molecules.”® The UV-visible spectra of MQI were subsequently
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analyzed employing time-dependent density functional theory
(TD-DFT)*® at the same level of theory, specifically targeting
the first twenty electronic excitations (td = (nstates = 20)). The
polarizable continuum model (PCM)*® was incorporated into
the calculations to model solvent effects accurately. Electro-
static potential (ESP) surface maps of the optimized geometries
were generated and visualized with Multiwfn®' and VMD??
software, at an isovalue of 0.05, enabling detailed insights
into the distribution of molecular electrostatic potential.
All other computations were performed using the Gaussian
16/B.01 program suite.** Additionally, the Fukui function, a key
descriptor in understanding the reactivity of molecules, was
evaluated. This was done by analyzing atom condensed values
of the Fukui funtion computed using three different approx-
imations, finite difference, fi, as the square of the HOMO
(highest molecular orbital), fs i, >** and utilizing an orbital-
weighted approximation, fi,1,>>%" within the Multiwfn soft-
ware. This approach provides insight into the reactive sites of
the molecule, highlighting areas prone to nucleophilic and
electrophilic attacks, thereby offering a deeper understanding
of the molecule’s chemical reactivity and stability under various
conditions. We calculated local and total dipole moments using
the Multiwfn software (at the PBE0/6-311G** level). The wave-
function was analyzed in Multiwfn to obtain the local and total
dipole moments.

This integration of advanced computational methodologies
underscores the detailed analysis of both the structural and
electronic properties of the MQI molecule, ensuring a compre-
hensive investigation of its physicochemical characteristics.

3. Results and discussion

3.1. Synthesis and characterization

Different 2-quinolones and 3,5-dimethyl-4-nitroisooxazoles
have been used as sensors for diverse metabolites, but this
is the first time that the combination of these two molecules
is reported for kinetics purposes with potential for chemical
sensing.

The synthesis of 2-quinolone was carried out by following
the method reported by Meth-Cohn et al.,”* while 3,5-dimethyl-
4-nitroisooxazole was synthesized by employing the method
reported by Wang et al.®® The synthesis of the novel MQI,
was achieved through the coupling of the methoxyquinolone
5 and 3,5-dimethyl-4-nitroisooxazole, with a yield of 83% (see
Scheme 2).

MQI was successfully characterized by 'H and *C NMR
spectroscopy (see Fig. S1 and S2, ESIt). The UV-vis spectra of
MQI in various solvents, including tetrahydrofuran (THF), ethyl
acetate (AcOEt), dichloromethane (DCM), ethanol (EtOH),
dimethyl sulfoxide (DMSO), acetonitrile (ACN), acetone, water
and CTABr micellar solution are shown in Fig. 1. The spectra
depict a similar wavelength, showing a slight bathochromic
movement of 10 nm when varying the polarity of the solvent
from tetrahydrofuran (THF) to water, being the latter solvent
where MQI presented a maximum wavelength of 376 nm.

17608 | New J. Chem., 2024, 48,17605-17615
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Fig. 1 UV-vis spectra of MQI (5 uM), 1% DMSO, in different representative
solvents, at 25 °C. Inset shows the UV-vis of MQI in CTABr (0.01 M) micellar
solution.

Similar wavelengths are reported in the literature for coumari-
nic systems.>>*" On the other hand, fluorescence studies
showed that the compound MQI presented low fluorescence
in the various solvents employed; emission bands and fluores-
cence quantum yields could not be obtained due to the
presence of a nitro group within the molecule. The presence
of this group favors cross-system crossover from an excited
singlet state to a triplet, preventing deactivation by fluores-
cence.*>** Therefore, subsequent kinetic studies were carried
out using UV-vis spectroscopy.

The UV-visible absorption spectrum of MQI in the presence
of CTABr micelles (inset Fig. 1) displayed bathochromic shift
with maximum absorbance at 480 nm compared to that in the
absence of CTABr in keeping with literature reports demon-
strating the effects of CTABr micelles on UV-vis spectra of other
dyeS.7’45‘46

3.2. DFT calculations

The time-dependent density functional theory (TD-DFT)
methodology is an excellent tool for predicting the UV-Vis
spectra.*”*® Fig. 2a shows the results of the TD-DFT calcula-
tions, confirming that both the dominant and the minor bands
come from © — 7* transitions. This finding is significant as it
underscores the electronic nature of the transitions observed in
the UV-vis spectra of MQI. Furthermore, Fig. 2A demonstrates a
bathochromic shift attributed to the solvent effect.

The solvent effect was modeled using the implicit solvent
approach provided by the polarizable continuum model (PCM).
In addition, we evaluated the effect of explicitly including
solvent molecules alongside PCM. We added 1-6 molecules of
water at the locations most prone to electrostatic interactions
(Fig. 2B and Fig. S3, ESIT). As shown in Fig. S4 (ESIT), a small
bathochromic shift is observed; however, the property
remained unchanged after adding three water molecules,
indicating that further additions had no significant impact.
PCM qualitatively captures the bathochromic shifts observed

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 2 (A) Computed UV-vis spectra of MQI in various solvents, illustrating
n — n* transitions and solvent-induced spectral shifts. (B) ESP distribution
maps of MQI, with electron density set at 0.002 a.u., showing maximum
and minimum potential values.

experimentally due to the solvent’s nature; for this reason, we
consider PCM sufficient to explain the solvent effects observed
experimentally. Although some discrepancy exists between the
computational and experimental values, these theoretical
results nonetheless validate the influence of solvent inter-
actions on the spectral shift observed in MQI. Moreover, the
explicit inclusion of solvent molecules in the computational
model provides a deeper understanding of how solvent polarity
and specific solvent-molecule interactions can influence the
electronic absorption spectrum of MQI, offering a more com-
prehensive view of the solvent’s impact on the molecule’s
spectral behavior. The differences between the experimental
and computed UV-vis band values may also be attributed to the
absence of surfactant molecules in our model. These surfac-
tants likely engage in important intermolecular interactions
with the MQI molecule, which could further affect the UV-vis
signals and lead to deviations from the experimentally observed
values.

3.2.1. Chemical reactivity using DFT methodology. Preli-
minary theoretical insights into the regioselectivity of the
addition reaction were obtained through the Fukui function
analysis, as illustrated in Fig. 3. The Fukui function, calculated
using three different approaches, finite differences (f}), orbital-
weighted (f;,1), and with frozen internal orbitals (fis), ™" >
consistently identified the unsaturated carbon adjacent to the
quinolinone ring as the most reactive site for nucleophilic
attack.

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 3 Computed Fukui function for the MQI molecule using three
different methods—finite differences (f;), orbital-weighted (f;,), and with
frozen internal orbitals (fs)—specifically highlighting regions with the
highest reactivity towards nucleophilic attacks.

However, it is important to note that despite the Fukui
function highlighting the oxygens of the nitro group as reactive
centres, their reactivity is predominantly aligned with electro-
static interactions rather than direct engagement in bond-
forming processes.

3.3. Evidence of Michael’s adduct formation by mass
spectrometry

The product of the reaction obtained after the Michael-type
reaction between MQI and NaSO; was confirmed by mass
spectrometry. In the first instance, the mass of MQI
(IM + H]) corresponding to 342.106 m/z (calculated to be
342.108 m/z) was obtained (Fig. 4A), corroborating the for-
mation of MQI after the synthesis. In the presence of bisulfite
in the medium, the carbon—-carbon double bond would act as
an electrophile, adding bisulfite into the MQI structure. This
was confirmed by mass spectrometry, which is shown in
Fig. 4B. The calculated theoretical m/z ratio value for [M-SO;H
+ H]" is 424.080, which resembles the one obtained experimen-
tally after the Michael reaction of 424.005 m/z. This shows that
MQI is suitable to generate the desired product in the presence
of bisulfite (see Scheme 3), which is the starting point for the
kinetic studies of this reaction in different cationic and zwitter-
ionic micellar systems.

New J. Chem., 2024, 48,17605-17615 | 17609
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Fig. 4 HR-MS of MQI dye in the absence (A) and presence (B) of Na,SO3
(10 eq.) in DMSO/CTABr (0.01 M) 1:1.

Addition of bisulfite

MQI-HSO;

Scheme 3 The proposed reaction of MQI with bisulfite.

3.4. Kinetic studies

We investigated kinetically if the tested MQI dye is more
reactive towards the nucleophilic attack of bisulfite in the
presence of cationic and zwitterionic micelles (see structures
in Scheme 1), hence increasing their effective concentration in
the Stern layer.”?

3.4.1. Kinetic effects of cationic and zwitterionic surfac-
tants. Fig. 5 shows the effects of surfactant concentration on
the observed k,psq rate constant for the reaction between MQI
and bisulfite in the presence of the cationic micelles CTACI
(Fig. 5A), CTABr (Fig. 5B) and CPBr (Fig. 5C). It can be observed
that, at a fixed bisulfite concentration, k,,sq values increase

17610 | New J. Chem., 2024, 48,17605-17615
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upon increasing surfactant concentrations reaching a maxi-
mum; further addition of surfactant makes the kg,sq values
decrease. This parabolic-like behavior is typical of micelle-
assisted bimolecular reactions; upon the addition of surfactant,
the effective concentration of the substrate and bisulfite ions in
the “Stern layer” increases, thereby raising the observed rate
until all reactants have been incorporated into the Stern layer.
Further addition of surfactant increases the number of micelles
in the system, increasing the volume of the Stern layer and
thereby diluting the reactants, making k.. decrease.'>?*>

The k.hsq values with the added surfactant variation were
adjusted assuming the kinetic pseudophase model and eqn (1)-(4),
and assuming equilibrium ion exchange constant in the 0.064-
0.086 range are summarized in Table 1.

In Table 1, it is possible to observe that there are no
significant differences between the values of k3", a factor of
two between the highest and the lowest of the cationic micelles
studied. Regarding the association constant of the substrate
with the two micelles, it is possible to observe that the value of
K; is 4 times higher for CTACI than for CTABr and that CPBr is 5
times higher for CPBr than for CTABr.

Fig. 6 shows the behavior of the zwitterionic micelles as a
reaction medium. The plots of k,psa against micelle concen-
tration, at constant [HSO; ] = 3 x 10~* M, were found to be
linear. Table 1 summarizes the kinetic parameters obtained
from the slopes of these plots.

According to eqn (6), the slope of these graphs, along with

m *
ads

the bisulfite concentration, was obtained for each

m
zwitterionic micellar solution.

A similar effect has been reported for the bimolecular
reaction between the iodide ion and methyl naphthalene-2-
sulfonate. The authors demonstrated that the reaction is accel-
erated by the micellized sulfobetaine surfactants.>” This kinetic
behavior observed was an initial steep increase in kqpsq due to
the incorporation of the substrate and ion, followed by an
approximately linear increase at higher concentrations corres-
ponding to saturation on the Stern layer.>

3.4.2. Bisulfite effect on micellar medium. Fig. 7 shows the
concentration-dependent effect of bisulfite on k,,sq Obtained
for the interaction between bisulfite and MQI at a fixed concen-
tration of cationic (A) and zwitterionic (B) micellar medium.
According to the results, the effects of a cationic micelle in the
medium generate a steeper slope than that observed for zwit-
terionic micelles.

The linear behavior of the k,psq against [HSO; |r in the
reactions in the cationic micelles (Fig. 7A) are in accordance
with the predicted eqn (1). Bearing in mind that the reaction in
water is negligible due to the poor solubility of MQI in water,
the dye should be exclusively micellar-bound in our experi-
mental conditions, KDy, » 1,D, =1 x 107 >-1 x 10"* M and
the K, are greater than 1000 M~ " (see Table 1), so the plot k,psq
against [HSO;™ |y must be linear.

On the other hand, the linearity of the kopsq against [HSO3 |r
obtained for the reactions in the zwitterionic micelles (Fig. 7B)
can be explained considering the linear eqn (6). As discussed

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 5 Dependence of the observed rate constant for the reaction MQI (25 pM) and bisulfite (3 x 10~* M) on the cationic micellar concentration (D,.): (A)

CTACL, (B) CTABr, and (C) CPBr. The correlation coefficients (R?) for fitting the data exceeded 95%.

Table 1 Kinetic parameters of MQI in different surfactants

lelK’* .

Surfactants m Mt Ky, M ™! Slope® %7 M-ts! CMC, mM
CTACI 0.0096 6434 — — 1.25%*
CTABr 0.0121 1492 — — 0.96°
CPBr 0.0189 7300 — — 0.71°¢
SB3-10 - - 0.0117 + 2.6 x 10 * 39.0 25-40°
SB3-14 — — 1.2341 + 3.3 x 1072 4114 2.0%°
SB3-16 — — 1.4348 + 6.0 x 10> 4783 0.2%°

“ Values from Fig. 6 plots. ” Values from the Sigma-Aldrich catalog.

above, for the condition KD, » 1, D, = 1 x 102 M, K,
somewhat larger than 100 M~" would suffice, and assuming
that [HSO; |, is equal to [HSO; ]r, the plot kopsa versus

m

KK
~2adspy  The values
Vin

[HSO; ]y is a straight line with slope =

kITIK* m *
of 234 gre summarized in Table 2. Values of —2—24 are
m m

somewhat higher in the experiments performed at a constant
D, (Table 2) than those performed at constant bisulfite
(Table 1). These differences are between 3 to 6 times attribu-
table to different approaches.

The slope, in the case of sulfobetaine also involves a product
of constants, and the difference between the two types of
micelles is 73-fold. In fact, an approximately 200-fold difference
in CTABr was observed. From a kinetic point of view, the
reaction between MQI and bisulfite is faster in the presence
of cationic micelles than in the presence of the zwitterionic

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

micelles due to the presence of the cationic head, which generates
an electrostatic effect promoting the negatively charged bisulfite
molecules to be attracted to the positive head of the surfactant,
promoting Michael-type reaction.'®*”®" This effect is anion
exchange between the surfactant counterion and bisulfite, a phe-
nomenon commonly observed in cationic micelles when reactive
counterions are present.”*® The results depicted in Table 2 also
align with early reports, which indicate that overall reactions are
generally faster in cationic than in zwitterionic micelles.®” In fact,
Bunton et al.®” reported that the reactivity could be higher in
cationic than in zwitterionic micelles due to some factors: (i)
anionic reagents are bound more strongly by cationic than zwitter-
ionic micelles.®® (ii) For some nucleophiles, deprotonation may be
incomplete in zwitterionic micelles. In our case, (i) and (ii) would be
associated with the observed kinetic effect.

However, sulfobetaines have sulfonate groups in the struc-
ture, generating electrostatic repulsions with the bisulfite

New J. Chem., 2024, 48,17605-17615 | 17611
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Fig. 7 Plot pseudo first-order rate constant of MQI (25 uM) versus bisulfite concentration in (A) cationic micelles and (B) zwitterionic micelles at 25 °C.

The correlation coefficients (R?) for fitting the data exceeded 97%.

molecules, promoting decreased rate constants, and thus slow-
ing down the Michael reaction.*””* The way the micelle
increases the reaction rate is clearly due to the interaction of
the micelles with the MQI. The molecule partially enters the
micelle by lodging itself mostly in the Stern layer, leaving
the double bond exposed outside the Stern layer, promoting
the cationic head of the surfactant, which is bisulfite anionic, to
interact with the carbon-carbon double bond. In fact, only a
part of the molecule enters the micelle, and the other part

17612 | New J. Chem., 2024, 48,17605-17615

would be lodged in the micellar interface. Based on the above,
the C—C double bond should be located outside the interface,
more specifically in the Stern layer, facilitating, through elec-
trostatic interactions, the approach of the bisulfite anions from
the bulk solution to the Stern layer, promoting the Michael-type
reaction.

The hypothesis has been proven by computational studies
with another molecule that is poorly soluble in water® " and
does not enter completely into the micelle core but rather

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 2 Rate constants for the reaction of MQI? and bisulfite in different
micellar media

b ¢ 1 1 kg‘K;ds M—l —1
Surfactant koobsa's, M~ s 7 s
m

CTACI 73.1 + 3.71 —

CTABr 204.9 + 12.5 —

CPCl 87.2 £ 3.30 —

SB3-10 0.74 + 0.03 7.4

SB3-14 0.80 + 0.02 80

SB3-16 1.28 £ 0.06 128

@25 uM of probe in 1% DMSO in the cell. ? All surfactant concentra-
tions in the cell are 0.01 M except for SB3-10 with 0.1 M. ¢ Second order
rate constant obtained from the slope of the k,psq plots versus bisulfite
concentration.

lodges in the interfacial zone of the micelle. Interestingly, our
theoretical calculations of local dipole moments indicate that
the quinoline fragment of MQI has the highest local dipole
moment (6.8 Debye) compared to the total dipole moment of
the molecule (8.6 Debye), as shown in Fig. S5 (ESIt). This
suggests that the MQI molecule orients itself with the quinoline
fragment interacting with the high polar outer layer of the
micelle. Consequently, it is expected that, due to molecular
movement, this fragment will preferentially position itself
inside the micelle, favoring the interaction of bisulfite with
the C—C double bond in the Stern layer.

4. Conclusions

Micellar cationic and zwitterionic media have been demon-
strated to enable nucleophilic addition reactions of bisulfite to
an activated Michael acceptor-type probe to be performed in
water under mild conditions. Considering that the chemical
reaction does not take place in only water, cationic micelles,
such as CTABr, in water serve as nanoreactors that can be
viewed as a ‘“‘green” replacement for organic solvents in addi-
tion to Michael reaction type on the novel quinoline-2 (1H)-one
derivative MQIL.

The MQI dye is experimental and theoretically (DFT)
proposed as an efficient acceptor toward bisulfite addition. It
displays up to 200-fold rate acceleration in CTABr micellar
media compared with zwitterionic media. TD-DFT and DFT-
reactivity simulations were able to predict batochromic shift by
the solvent effects and the regioselectivity predicted for the
formation of the Michael adduct. Thus, we believe that the
strategy of reactivity modulation (using a micellar media as an
assistant reagent) for quinolin-2(1H)-one dyes can be further
developed and has extensive potential applications in synthesis
and chemical sensing.
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