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The incorporation of a guest, with different basic sites, into an organized system (host), such as
macrocycles, could stabilize, detect, or promote the formation of a certain protomer. In this
context, this work aimed to study the influence of cucurbit[7]uril (CB7) on dyes such as 7-
(dimethylamino)-aza-coumarins, which have more than one basic site along their molecular
structure. For this, three 3-styryl derivatives of 7-(dialkylamino)-aza-coumarin dyes (SAC1-3)
were synthesized and characterized byNMR, ESI-HRMSand IR. The spectral behaviour of the
SACs in the absence and presence of CB7was studied. The results showed large shifts in the
UV-vis spectrum in acid medium: a hypsochromic shift of ≈5400 cm−1 (SAC1-2) and
≈3500 cm−1 (SAC3) in the absence of CB7 and a bathochromic shift of ≈4500 cm−1

(SAC1-3) in the presence of CB7. The new absorptions at long and short wavelengths
were assigned to the corresponding protomers by computational calculations at the density
functional theory (DFT) level. Additionally, the binding mode was corroborated by molecular
dynamics simulations. Findings revealed that in the presence of CB7 the heterocyclic nitrogen
was preferably protonated instead of the dialkylamino group. Namely, CB7 induces a change
in the protonation preference at the basic sites of the SACs, as consequence of the molecular
recognition by the macrocycle.

Keywords: heterocyclic nitrogen protonation, 7-dialkylamino-aza-coumarin dyes, protonation induced by cucurbit
[7]uril, molecular recognition by cucurbit[7]uril, spectral behaviour of protomers

INTRODUCTION

The structure of a molecule in solution depends on the intrinsic properties of the molecule itself as
well as its interactions with the surrounding solvent. The properties of a charged molecule, including
its structure and reactivity, are influenced by the location of the charge, such as the protonation
site(s) (Cox et al., 1996; Graton et al., 2002; Tu, 2006; Wu andMcMahon, 2007; Bull et al., 2017). The
existence of so-called protomers (Demireva and Armentrout, 2021), molecular isomers that only
differ in the site of protonation, is therefore of great importance for both fundamental research and
applications.

The site of protonation in solution of a compound depends not only on their relative intrinsic
strengths but also on the different stabilizations by the solvent of the different protonated forms
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(Demireva and Armentrout, 2021). As an example, protonation
of p-aminobenzoic acid derivatives (Bagno and Scorrano, 2000;
Demireva and Armentrout, 2021) which has been widely studied
in solution and gas-phase. Although the amine nitrogen is the
most basic site in aqueous environments, the carbonyl oxygen
becomes energetically favorable for protonation when the relative
permittivity decreases.

The solvation shell of a solute dissolved in a solvent mixture is
generally selectively enriched in one cosolvent.When this happens,
the solute is said to be preferentially solvated, and this has an
obvious bearing on all its solvation-related properties, since its
immediate surroundings may be substantially different from the
bulk solution. Preferential solvation may be achieved by formation
of host:guest complexes. Guest incorporation into an organized
system (supramolecular receptor) originates a nonhomogeneous
solvation shell in such a way that different parts of the substrate are
sensing different microenvironments (Pereira-Vilar et al., 2016).

In particular, synthetic organic dyes are widely used as
pigments in many commercial products (Ziarani et al., 2018).
These dyes have been widely studied in supramolecular
chemistry, either by analyzing fundamental chemical
interactions, tautomeric equilibrium related to guest solvation
or as components of assemblies in different applications (Dsouza
et al., 2011; Ziarani et al., 2018).

Among organic dyes, those containing 7-dialkylamino-
2H-chromen-2-one scaffolds with 3-substituted electron
acceptor moieties have had numerous applications, due to
their optical and fluorescent properties: large Stokes shifts,
emissions in the visible light range, and high quantum yields
(Cao et al., 2019). However, they usually have short wavelength
(UV) excitation, making them less than ideal for cell assays or
imaging (Fu and Finney, 2018). This problem seems to be solved
by replacing the CH group in position 4 of the scaffold with a
nitrogen atom, allowing it to absorb longer wavelengths (Trebaul
et al., 1987). This new family of structures is known as 7-
(dialkylamino)-4-azacoumarin, also called aminobenzoxazinone.

The styryl derivatives of 7-(dimethylamino)-aza-coumarin in
different solvents, were photophysically studied by Fery-Forgue
(Fery-Forgues et al., 1992), demonstrating the importance of the
main chromophore, 7-(dialkylamino)-aza-coumarin moiety, and
the p-substituted styryl moiety. The authors reported that some of
these derivatives could potentially be used to probe hydrophobic
regions in biological media.

Accordingly, the 7-(dialkylamino)-aza-coumarins, in general,
have been shown to possess similar, or more suitable
photophysical properties than their analogue coumarin (Le
Bris, 1985; Trebaul et al., 1987; Fery-Forgues et al., 1992).
These derivatives have been used in the detection of analytes
in biological systems such as bisulfite/sulfite (Agarwalla et al.,
2016; Li et al., 2017; Chen et al., 2020; Lu et al., 2020), biothiols
(Liu et al., 2013; Agarwalla et al., 2018), arginine (Yu et al., 2017),
cysteine (Hu et al., 2011), cyanide and hypochlorite ion
(Agarwalla et al., 2015; Fan et al., 2015), among others
(Depierreux et al., 1990; Monsigny et al., 1990; Fan et al.,
2012), and some have been reported with excellent cell
imaging. For this purpose, 7-(dialkylamino)-aza-coumarins are
designed with receptors at carbon 3, inspired by their coumarin

analogues (Kwon et al., 2011; Anila et al., 2015; Han et al., 2020).
Recently, the importance of designing new molecular systems
that facilitate the participation of heterocyclic nitrogen as
ionophores for heavy metal ion recognition has been discussed
(Nagarajan et al., 2021). These designs can be associated with
changes in the scaffold of the N-heterocyclic molecule which,
using supramolecular host-guest systems, could act as a
differential metal ion sensing (Xu et al., 2010; Selvan et al.,
2018), or in a synergetic binding mode (Xu et al., 2010).

Among the hosts capable of harboring molecules of an
aromatic nature, cucurbit[7]uril (CB7) stands out (Barrow
et al., 2015). This macrocycle has been used in different
studies due to its structural dimensions and its high affinity
for electron-poor sites (Assaf and Nau, 2015; Macartney,
2018). In this context, dialkylamino substituted coumarins or
other dialkylamino substituted chromophores have played a
leading role in several studies in the presence of CB7, forming
stable inclusion complexes on the side of the dialkylamino group
in its protonated or deprotonated form (Barooah et al., 2012,
2014; Manna and Chakravorti, 2015; Aliaga et al., 2017; Basílio
et al., 2017; Jana et al., 2019; Paudics et al., 2020; Alcázar et al.,
2021). On the other hand, the pyridinium group has also shown a
remarkable affinity for CB7 (Manna and Chakravorti, 2015; Jana
et al., 2019; Paudics et al., 2020). The interaction of CB7 with
these two groups can substantially increase their pKa values by
stabilizing the conjugated acid (Basarić et al., 2015; Basílio et al.,
2017; Behera and Krishnamoorthy, 2017).

Therefore, of special interest is the influence of CB7 on organic
synthetic dyes with more than one basic site, as occurs in the
derivatives of 7-(dialkylamino)-aza-coumarins where the 7-
dialkylamino group and the heterocyclic nitrogen could be
competing for the acceptance of a proton in an acid medium.
In this context, this work combined experimental and theoretical
study of the spectrophotometric and fluorometric
characterization of the protomeric forms of the 3-styryl
derivatives of 7-(dialkylamino)-aza-coumarins (SAC1-3) in the
absence and presence of CB7 (Figure 1).

RESULTS AND DISCUSSION

Synthesis of 3-Styryl Derivatives of
7-(dialkylamino)aza-coumarins (SAC)
In order to carry out the synthesis of SACs, the original
methodology described by Bris et al. was modified (as shown
in Scheme 1). Among the most relevant modifications was the
substitution of acetic anhydride as solvent by 1,4-dioxane, to
obtain the hydroxylated SAC (SAC3) from 7-(dimethylamino)-3-
methyl-aza-coumarin and 2,4-dihydroxybenzaldehyde, thus
avoiding the acetylation reaction. Since the reaction occurs at
temperatures above the boiling point of dioxane, a reaction tube
was used. This new methodology was also tested for the synthesis
of the substrates SAC1 and SAC2 (not hydroxylated), but the
yields were lower than those reported by Bris et al., (Le Bris,
1985).

The SAC homologous series were synthesized according to
Scheme 1, see synthesis details and characterization by NMR
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(Supplementary Figures S1–S6), IR and ESI-HRMS in
experimental section.

pKa Values for SAC1-3 From Titration Data:
An Experimental and Density Functional
Theory Study
pKa values for SAC1-3 were determined by UV-vis spectroscopy
using the acid-base titration method in a methanolic solution (3:7
v/v) followed by a fit of the titration data to equation Eq. 1 (see
experimental section).

As shown in Figure 2, the SAC1-3 compounds exhibited a
similar λmax (around 488 nm) at pH close to 4, while at pH close to
0.5 λmax appeared at 380 nm for the compounds SAC1 and SAC2.
Interestingly, SAC3 presented two λmax (431 and 625 nm) at pH
close to 0.7, suggesting two possible protonation sites.

The pKa determined for the protonated form of SAC2 is 2.35
(Table 1). This pKa value is similar to that reported for the
diethylaminio group for series of 7-diethylamino-substituted
coumarins (Kirpichënok et al., 1991; Patalakha et al., 1991).
This suggests the pKa obtained for SAC2 is associated with

the diethylamino group. Consequently, it can be deduced that the
pKa found for SAC1 (pKa = 1.30) is linked to the dimethylamino
group. This difference in pKa between both groups (dimethyl- and
diethylamino) was also observed in derivatives of dialkylamino
substituted chalcones (Basílio et al., 2017).

In this context, DFT calculations confirmed that this
protonation equilibrium corresponds to the dialkylamino group.
In fact, a λmax just above 380 nm corresponds to SAC1 and SAC2
when protonated on the dialkylamino nitrogen (Table 1). Hence, it
can be reasonably deduced that the obtained pKa for SAC1 and
SAC2 correspond to the respective dialkylammonium group,
where the highest value of pKa for SAC2 is a consequence of
greater stabilization by hyperconjugation of the substituent N,N-
diethyl compared to the substituent N,N-dimethyl of SAC1.

On the other hand, the band corresponding to the
protonation of the dimethylamino group for the SAC3
compound is centered at 431 nm (not at 380 nm, as in
SAC1-2). This would be due to the presence of the hydroxyl
groups in the phenyl group. Furthermore, the same
bathochromic shift was obtained through DFT calculations,
as shown in Table 1. Moreover, the band centered at 625 nm

FIGURE 1 | Representation of: (A) Series of 3-styryl derivatives of 7-(dialkylamino)-aza-coumarins (SAC1-3) and (B) cucurbit[7]uril (CB7).

SCHEME 1 | Synthetic routes to obtain the SAC series (SAC1-3).
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for the SAC3 compound was reproduced by DFT calculations
(with a difference of 9 nm) when SAC3 was protonated only in
the heterocyclic nitrogen. Lastly, UV-vis theoretical calculations
for di-protonated SAC3 did not produce a λmax beyond 467 nm,
ruling out the di-protonated form (Supplementary Table S1).
Therefore, it can be deduced that, with a pH close to 0.7, SAC3
presents two non-consecutive protonations: one on the nitrogen
of the dimethylamino group (pKa = 1.75) and the other on the
heterocyclic nitrogen (pKa = 1.67).

Feasibility for the Formation of Complexes
Containing SACDyes and the cucurbit[7]uril
(CB7): A Molecular Dynamic Study
Based on the equilibrium between the protonated form and non-
protonated form of SAC dyes, we studied the feasibility of including

this organic dyes into the hydrophobic macrocycle of CB7, by use of
molecular dynamic simulations. Due to complexation-induced pKa
shifts, it is reasonable to consider the protonation of
N,N-dialkylamino moiety of the dyes inside of CB7. However,
illustrative data of molecular dynamic simulations for non-
protonated form of SAC within CB7, were also carried out.

Figure 3 shows the results obtained from molecular dynamic
simulations for the plausible conformations of representative
complexes between CB7 and SAC3 (non-protonated and
protonated and forms). The non-protonated form of SAC3 in
CB7 (Figure 3A) shows stabilization by a hydrogen bond
network involving a permanent exposure of the aza-coumarin
moiety at the solvent during the molecular dynamic simulation.
On the other hand, the protonated form of SAC3 (Figure 3B)
localizes the aza-coumarin fragment immersed into the non-
polar segment of the macrocycle while the alkylammonium
segment, which during the simulation remains close to the
CB7 portal, is stabilized by water molecules. In addition, a
Coulombic interaction generated by the protonated nitrogen
in N,N-diethyl ammonium group and the negative electronic
density from the carbonyl groups from themacrocycle during 100
ns (Supplementary Figure S7) was observed. Thus, our results
show that, whilst SAC3@CB7 is stabilized by a hydrogen bond
network, the charge on the ammonium group in SAC3+H@CB7
contributes significantly to the final binding free energy
(Figure 3, bottom).

Interestingly, all results obtained provide evidence of the
formation and stabilization of these inclusion complexes via a

TABLE 1 | Experimental and theoretical pKa values and maximum absorption
lengths of the neutral (λabs) and protonated (λabsH) SACs.a

Substrates Experimental Theoretical

pKa λabs
H (nm) λabs (nm) λabs

H (nm) λabs (nm)

SAC1 1.30 ± 0.01 380 483 383b 469
SAC2 2.35 ± 0.01 380 493 384b 473
SAC3 1.75 ± 0.05 431 487 424b 480

1.67 ± 0.03 625 − 634c −

aIn methanolic solution (3:7 v/v) at 25.0°C.
bMono-protonated substrate on the dialkylamino nitrogen.
cMono-protonated substrate on the heterocyclic nitrogen.

FIGURE 2 | Top:Modifications of the absorption spectra by acid-base titrations at different pH values (0.5–3.9) for SAC1-3 (1.5 μM; T = 25.0°C) in methanol/water,
3/7 (v/v): (A) SAC1, (B) SAC2 and (C) SAC3. Bottom: Acid base titration curves at different absorption wavelengths (represented by different symbols) and the fitting of
Eq. 1 to experimental data (represented by red continuous lines): (D) SAC1, (E) SAC2 and (F) SAC3.
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FIGURE 3 | Final conformations from molecular dynamic simulations of the CB7 containing complexes with the non-protonated form of SAC3 (A) and the
protonated form (on the dialkylamino nitrogen) ofSAC3 (B). In the middle panel, histograms of the number of hydrogen bonds during the simulation are displayed. On the
bottom panel, a free energy distribution from MM/PBSA calculations is shown.

FIGURE 4 | ESI-HRMS (Ionization voltage: 3.5 kV and negative polarity) for 1.5 µM of SAC1 in the presence of 1mM of CB7, dissolved in a methanolic solution at
30% (v/v) and pH 2.5. Scan parameters: Resolution: 140000, AGC target: 1 × 106, Max. inject time: 200. HESI source: Sheath gas flow: 25, Aux gas flow rate: 3, Sweep
gas flow rate: 0, Capillary temp.: 250°C, S-lens RF level: 100, Heater temp: 100°C.
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favorable free energy distribution (−14.5 kcal mol−1 and
−9.2 kcalmol−1 for protonated and non-protonated forms,
respectively).

Inclusion Effects of SAC1-3 dyes Into CB7
Host
To study the effect on the physicochemical properties of the
inclusion of SAC1-3 in CB7, combined experimental (UV-vis
spectroscopy and HRMS) and theoretical studies (DFT) were
carried out. As shown in Supplementary Figure S8, the SAC1
dye presented a new band at longer wavelengths (λmax = 611 nm)
in presence of CB7, indicating the formation of an inclusion
complex. In fact, the mass spectrum suggests the formation of 1:1
stoichiometry complexes (Figure 4 and Supplementary
Figure S9).

As shown in Supplementary Figure S8B, the intensity of the
band at 611 nm increases as the pH decreases. From this
relation it is inferred that the formed complex would be
favored by the protonation of the substrate. Figure 5
depicts the titration curves with CB7 for SAC1-3, showing
similar spectroscopic behavior for all compounds at
wavelengths close to 620 nm and confirming the formation
of complexes with the macrocycle.

The band at 611 nm (Figure 5A) could be associated with the
protonation, induced by CB7, of the heterocyclic nitrogen of
SAC1, from the neutral species. In this way, the shift would be
4447 cm−1 (483 nm → 611 nm), in line with the literature for
proton transfer reactions (Mohanty et al., 2006; Wu and Isaacs,
2009; Barooah et al., 2012, 2014) or iminium ion formation
reactions (Zhang et al., 2020). For the free compound SAC3,
the protonation established for the heterocyclic nitrogen was
previously discussed and assigned to the band at 625 nm
(Figure 2C), which is a λmax close to that observed for the
SAC1 in the presence of CB7 (Figure 5A).

Binding constants were estimated by non-linear regression
approach from absorption titrations fitting the experimental data
to a simple 1:1 stoichiometry model (see experimental section).
The results indicate that substrates SAC1 and SAC2 present
similar binding constants (≈3000 M−1; Supplementary Table
S2). The SAC2 compound exhibited an additional gradual
shift, in relation to UV-vis spectral of SAC1, from the band
located at 493 nm towards ≈540 nm.

The mass spectrum for SAC2 in the presence of an excess of
CB7 suggests only the formation of a 1:1 stoichiometry complex
(Supplementary Figure S9), so it is unlikely that such shift is
associated with a second 2:1 stoichiometry complex.
Unfortunately, due to the high insolubility of the substrates
(SAC1-3) in the experimental conditions (30% MeOH, T =
25.0°C), the analysis by NMR of the structure of the formed
inclusion complexes could not be carried out.

It is important to mention that the fitting of binding
constants was satisfactorily obtained from 1:1 stoichiometry
model. In the presence of CB7, SAC3 presented a
constant (412 M−1) which is 7.2 times lower than the
estimated for SAC1 and SAC2. Considering all above
mentioned the binding mechanism illustrated in Scheme 2
is proposed.

In the proposed mechanism (Scheme 2), complexes A and
C would be favored over complex B, due to ion-dipole
interactions and the formation of hydrogen bonds, which

FIGURE 5 |Modification of the UV-vis spectra by titrations with CB7 for
the SAC compounds (1.5 μM at pH 2.5 in 30% methanol and T = 25.0°C): (A)
SAC1, (B) SAC2 and (C) SAC3.
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allow protonated species to form complexes ≈1000 times more
stable than the complexes formed by neutral substrates
(Moghaddam et al., 2011). Complex C would be formed due
to the protonation of heterocyclic nitrogen from complex B
and would be responsible for the absorption band observed in
the region from 610 to 640 nm. This protonation would be
unfavored at pH 5.3 and 10, as shown in Supplementary
Figure S8B. In addition, complexes A and B would
maintain the same optical properties of the free substrate.
The DFT calculations (theoretical values in parentheses)
support this deduction, reproducing the λmax observed
experimentally (see Scheme 2).

On the other hand, the gradual shift from 493 nm towards
≈540 nm (Figure 5B), would be related to the neutral complex
formed (complex B), since at lower pH values (specifically at pH
0.5) such shift was not observed (Supplementary Figure S10). In
fact, this shift corresponds to 1902 cm−1, similar to that observed
in non-protonated diethylamino substituted chalcones
(2235 cm−1) (Basílio et al., 2017).

The explanation as to why this shift is only observed with the
SAC2 substrate and not with the SAC1 substrate (Figure 5) could
lie in a difference of pKa values for the equilibrium between
complex A and B (pKa(AB), Scheme 2). For SAC1, this
equilibrium should be more displaced towards complex A
compared to when the guest is SAC2. In this sense, the
concentration of complex B (when the guest is SAC1) should
not be sufficient to produce a UV-vis signal like that observed in
the case of SAC2 (Figure 5B). This is supported by that reported
by Basílio et al., where the observed pKa for the complex formed
between chalcones and CB7 is much higher when the substituent
present in the substrate is dimethylamino (pKa = 6.22) in
comparison with the substituent diethylamino (pKa = 4.71)
(Basílio et al., 2017).

Lastly, the lower K1:1 binding constant value observed for the
SAC3 substrate compared to that observed for SAC1 and SAC2
(in the presence of CB7), may be due to the formation of an
additional complex (complex D) as a result of an exclusion
process between SAC3 and CB7 (on the phenyl group side).
Unfortunately, fitting the data obtained to the mechanism
proposed in Scheme 2 is not possible without knowing at least
all the pKas involved. Therefore, the estimated binding
constant K1:1, in the presence of CB7, is obtained from a
simple 1:1 stoichiometry model, where the proposed
mechanism is not considered. However, the analysis of the
data obtained lead to propose an association mechanism such
as Scheme 2.

It is interesting to note that in the proposed mechanism, there
is a change of the preferred protonation site in SAC1-3 in the
presence of CB7, which was demonstrated through the optical
response associated with the protonation of heterocyclic
nitrogen, which until now was unknown. Both observations
are summarized for SAC1 in Scheme 3.

Thus, the protonation would be induced by the CB7 portals
and would be responsible for the larger bathochromic
effect (≈4500 cm−1). Furthermore, the theoretical analysis of
the boundary orbitals for SAC1, SAC2 and SAC3
(Supplementary Table S1) showed that the atom contributing

the most to the LUMO orbital is precisely the heterocyclic
nitrogen; the LUMO being the unoccupied orbital that
contributes the most in the main electronic transition from
the HOMO orbital with 71%. This supports the larger optical
response observed, associated with the protonation of
heterocyclic nitrogen.

CONCLUSION
We demonstrated that the synthesis of 7-dialkylamino-aza-

coumarin dyes (SAC1-3) can be obtained from modifications of
the classical methodologies reported.

Protonation in the dialkylamino group in SAC1 (pKa =
1.30) and SAC2 (pKa = 2.35) was favored compared to the
other basic sites present in the molecule. Interestingly, for the
SAC3 substrate, the protonation took place both in the
dialkylamino group (pKa = 1.75) and in the heterocyclic
nitrogen (pKa = 1.67) independently and not consecutively.
The different protomers of the SACs studied were strongly
supported by the theoretical analysis of the corresponding
maximum absorption wavelengths.

In the presence of CB7, the large bathochromic effect observed
in the studied aza-coumarins, is due to the protonation of
heterocyclic nitrogen when interacting with the CB7 portals,
forming an inclusion complex with 1:1 stoichiometry.

Considering the optical response of heterocyclic nitrogen of
the studied aza-coumarins, greater attention is required towards
this point, especially in designing new systems that promote the
participation of heterocyclic nitrogen as part of the binding unit,
directed towards the development of probes containing this
relevant moiety.

EXPERIMENTAL SECTION

All solvents and Reagents were purchased from Sigma-Aldrich
and used as received.

Synthesis and Characterization Data
Synthesis of the Intermediates
5-(Dimethylamino)-2-Nitrosophenol (b, R1 = CH3) and
5-(Diethylamino)-2-Nitrosophenol (b, R1 = CH2CH3)
These were obtained following the methodology of Hu et al., (Hu
et al., 2011). The yields obtained in this case were 86 and 83% for
5-(dimethylamino)-2-nitrosophenol and for 5-(diethylamino)-2-
nitrosophenol, respectively.

Synthesis of 7-(Dimethylamino)-3-Methyl-2H-benzo[b][1,4]
oxazin-2-one (e, R1 = CH3)
To carry this out, modifications were made to the original
methodology proposed in the literature (Le Bris, 1985; Hu
et al., 2011). For this study, 1.2 g of the previously synthesized
compound (b, R1 = CH3) and 0.1 eq of Pd-C were added to
100 ml of ethanol. Subsequently, the solution was treated with H2,
under vacuum, overnight, and at room temperature. The excess of
H2 was then extracted from the reaction mixture and replaced
with N2. Then, the mixture was left to reactin situ with methyl
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pyruvate (1.6 eq) under reflux for 3 h. The residue was filtered,
and the ethanol was removed under reduced pressure. Then, the
solid was purified by flash column chromatography using silica as
the stationary phase and petroleum ether/ethyl acetate (3:1) as the
eluent. (0.96 g, yield: 65%; yellow solid). 1H-NMR (400 MHz,
CDCl3): δ (ppm) 7.46 (d, J = 9.0 Hz, 1H), 6.63 (dd, J = 9.1, 2.8 Hz,
1H), 6.38 (d, J = 2.8 Hz, 1H), 3.05 (s, 6H), 2.46 (s, 3H). 13C-NMR
(101 MHz, CDCl3): δ (ppm) 154.4; 151.7; 148.6; 147.4; 128.9;
122.7; 109.5; 97.3; 40.3; 20.7.

Synthesis of 7-(Diethylamino)-3-Methyl-2H-benzo[b][1,4]
oxazin-2-one (e, R1 = CH2CH3

This was synthesized from b (R1 = CH2CH3), in an analogous way
to the previously described methodology. (Yield: 66%; yellow
solid). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.45 (d, J = 9.0 Hz,
1H), 6.61 (dd, J = 9.0; 2.5 Hz, 1H), 6.38 (d, J = 2.5 Hz, 1H), 3.40 (q,
J = 7.1 Hz, 4H), 2.45 (s, 3H), 1.20 (t, J = 7.1 Hz, 6H). 13C-NMR
(101 MHz, CDCl3): δ (ppm) 154.5, 149.5, 149.1, 146.7, 129.2,
122.3, 109.2, 96.7, 44.9, 20.7, 12.5.

SCHEME 3 | UV-vis spectra of SAC1 (1.5 µM) at: pH = 2.5 (grey line), pH
= 2.5 in presence of 1.2 mM CB7 (red line) and pH = 0 (blue line). All in 30%
methanol at 25.0°C.

SCHEME 2 |Representation of the proposedmechanism for the formation of the inclusion complex between CB7 and SAC1-3 at pH 2.5. The values in nm are the
maximum absorption wavelengths. The values in parentheses are the theoretical wavelengths calculated by DFT theory for SAC1 and its host-guest complexes.
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Synthesis of (E)-7-(Dimethylamino)-3-Styryl-2H-benzo[b]
[1,4]oxazin-2-one (SAC1)
To carry this out, modifications were made to the original
methodology proposed by Bris et al., (Le Bris, 1985). 200 mg of
e (R1 = CH3), 0.2 ml of benzaldehyde (2 eq) and 4 ml of 1,4-
dioxane were added in a reaction tube. The mixture was
brought to 160°C for 39 h, monitored by TLC. Subsequently,
1,4-dioxane was removed under reduced pressure and the
residue purified by chromatography with silica column, the
first run using dichloromethane and a second one with
petroleum ether/ethyl acetate (5:1). (174 mg, yield: 61%; red
solid). 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.94 (d, J =
16.3 Hz, 1H), 7.62 (d, J = 7.3 Hz, 2H), 7.55 (d, J = 9.0 Hz,
1H), 7.42 (d, J = 16.3 Hz, 1H), 7.40–7.35 (m, 2H), 7.34–7.29 (m,
1H), 6.68 (dd, J = 9.0, 2.7 Hz, 1H), 6.42 (d, J = 2.7 Hz, 1H), 3.08
(s, 6H). 13C-NMR (101 MHz, CDCl3): δ (ppm) 154.1, 151.9,
148.4, 142.5, 136.6, 136.4, 129.7, 128.9, 128.8, 127.6, 123.8,
122.3, 110.1, 97.2, 40.3. IR υmax: 2904 (NC-H), 1715 (C=O),
1618 (HC = CH, trans) cm−1. ESI-HRMS: m/z calculated for
C18H16N2O2

.-, [M].- = 292.1217; found 292.1219.

Synthesis of (E)-7-(Diethylamino)-3-Styryl-2H-benzo[b][1,4]
oxazin-2-one (SAC2)
100 mg of e (R1 = CH2CH3), 0.1 ml of benzaldehyde (2 eq) and
4 ml of 1,4-dioxane were added in a reaction tube. The mixture
was brought to 140°C and after 39 h TLC indicated the end of the
reaction. Subsequently, the 1,4-dioxane was removed under
reduced pressure and the residue purified in the same way as
described above for SAC1. (59 mg, yield: 43%; solid red).
1H-NMR (400 MHz, CDCl3): δ (ppm) 7.94 (d, J = 16.3 Hz,
1H), 7.62 (d, J = 7.3 Hz, 2H), 7.53 (d, J = 9.1 Hz, 1H), 7.42 (d,
J = 16.2 Hz, 1H), 7.40–7.35 (m, 2H), 7.35–7.27 (m, 1H), 6.66 (dd,
J = 9.1, 2.7 Hz, 1H), 6.42 (d, J = 2.7 Hz, 1H), 3.44 (q, J = 7.1 Hz,
4H), 1.23 (t, J = 7.1 Hz, 6H). 13C-NMR (101 MHz, CDCl3): δ
(ppm) 154.2, 149.9, 148.8, 141.9, 136.7, 136.1, 129.9, 128.8, 128.8,
127.5, 123.5, 122.5, 109.9, 96.7, 45.0, 12.5. IR υmax: 2963 (NC-H),
1718 (C=O), 1620 (HC = CH, trans) cm−1. ESI-HRMS: m/z
calculated for C20H20N2O2

.-, [M].- = 320,1530; found 320,1531.

Synthesis of
(E)-3-(2,4-Dihydroxystyryl)-7-(Dimethylamino)-2H-benzo[b]
[1,4]oxazin-2-one (SAC3)
200 mg of e (R1 = CH3), 271 mg of 2,4-
dihydroxybenzaldehyde (2 eq) and 4 ml of 1,4-dioxane
were added in a reaction tube. The mixture was brought to
150°C for 80 h (monitored by TLC). Then, 1,4-dioxane was
removed under reduced pressure and the residue purified by
chromatography with silica column, the first one using
acetone/hexane (1: 1) and a second chromatography with
dichloromethane/ethyl acetate (2: 1). (96 mg, yield: 30%;
wine-red solid). 1H-NMR (400 MHz, DMSO-d6): δ (ppm)
9.97 (s, 1H), 9.72 (s, 1H), 7.99 (d, J = 16.3 Hz, 1H), 7.48 (d, J =
9.0 Hz, 1H), 7.42 (d, J = 8.6 Hz, 1H), 7.23 (d, J = 16.3 Hz, 1H),
6.73 (dd, J = 9.1, 2.7 Hz, 1H), 6.51 (d, J = 2.7 Hz, 1H), 6.40 (d,
J = 2.3 Hz, 1H), 6.31 (dd, J = 8.5, 2.4 Hz, 1H), 3.01 (s, 6H).
13C-NMR (101 MHz, DMSO-d6): δ (ppm) 160.3, 158.3, 154.2,

151.7, 148.1, 143.4, 131.9, 129.4, 129.2, 123.6, 117.9, 115.4,
110.5, 108.3, 103.1, 97.5, 40.4. IR υmax: 3060-3302 (OH,
bonded), 2903 (NC-H), 1700 (C=O), 1599 (HC = CH,
trans) cm−1. ESI-HRMS: m/z calculated for C18H15N2O4

−,
[M-H]- = 323,1037; found 323,1037.

Determination of pKa Values for the SAC1-3
1 L of a 30.6% (v/v) methanolic solution was prepared. The
solution was divided into two 500 ml solutions. 16.6 ml were
extracted from both solutions with the help of a propipette. For
the first solution (Solution A) the extracted volume was replaced
by Milli-Q water while the second solution (Solution B) was
replaced with an HCl solution (11.96 M). Thus, two methanolic
solutions were obtained at 29.6% (v/v), one in the absence of HCl
and the other at 0.40 M of HCl. Various 2.5 ml solutions of
different pH values were prepared by diluting Solution A and
Solution B in photometric cells. These small solutions were
prepared considering 10 µL of the substrate (375 µM)
previously prepared in methanol. The solutions at pH 2.5 to
3.0 were confirmed by an Adwa AD1030 pH-meter. This implied
that the HCl concentration of the stock solution was correct,
validating the dissolution method used.

The pKa values were determined by the non-linear regression
method to fit the UV-vis absorptions and the pH involved in the
prepared solutions. The equation used in the adjustment of the
experimental data was:

Abs � (εS+H+ − εS)
2

{([S]0 + 10−pH + 10−pKa)
−

������������������������������
([S]0 + 10−pH + 10−pKa)2 − 4[S]010−pH

√ } + εS[S]0
(1)

where [S]0 is the initial substrate concentration, and ϵS and εS+H+

are the molar absorptivities of the non-protonated and
protonated substrate, respectively.

Determination of Binding Constants of SAC1-3 in
Presence of CB7
An estimated 1250 µM concentration of commercial CB7 (Sigma-
Aldrich) was prepared in methanolic solution (3:7 v/v). The exact
concentration of the previously prepared solution was
determined by titration with cobaltocene hexafluorophosphate,
as detailed in the work carried out by Kaifer et al. (Yi and Kaifer,
2011). The preparation of the solutions (including the CB7
solution) at different pHs was carried out as described in the
previous item. Thus, for a specific pH, different methanolic
solutions (3:7 v/v) were prepared at different concentrations of
CB7 with 1.5 µM of substrate. Spectrophotometric measurements
were performed and the data obtained were adjusted to the
binding model of 1:1 stoichiometry (Scheme 4), making use of
Eq. 2 (Thordarson, 2011).

Abs � (εHG − εG)
2

(–b − �������������
b2 − 4[H]0[G]0

√ ) + εG[G]0;

with b � −([H]0 + [G]0 + 1
K1: 1

) (2)
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where [H]0 and [G]0 are the initial molar concentrations of the
host and guest, and εG and εHG the absorptivities of the guest and
complex at the measurement wavelength, respectively.

Computational Methodology
DFT Calculations
The electronic structure calculations for the excited and ground state
of the SAC1-3 and complexes (Scheme 1) were carried out using
density functional theory (DFT). Two different levels of theory were
used: B3LYP-D3/6-31G(d,p) for non- andmono-protonated (on the
heterocyclic nitrogen) SACs and ωB97X-D/PBE0/6-31G(d,p) for di-
and mono-protonated (on the dialkylamino nitrogen) SACs. The
environment (methanol/water) was simulated by use of the solvation
model based on density (SMD) (Marenich et al., 2009). All
calculations were carried out using the Gaussian 09 package
(Frisch et al., 2009). The default parameters for convergence in
the optimization routine were used: convergence on the density
matrix was 10−9 atomic units, the threshold value for maximum
displacement was 0.0018 Å, and the maximum force was 0.00045
Hartree/Bohr.

Molecular Dynamic Simulations
CB7 and SAC3 were prepared using B3LYP-D3/6-31G(d,p)
basis set in Gaussian 09 package (Frisch et al., 2009).
Macrocycle/SACs Complexes were obtained as described in
the literature (Aliaga et al., 2017; Fierro et al., 2021).
Subsequently, MD simulations were carried out using the
Amber16 suite of programs (Case et al., 2016) and the
AMBER ff14SB (Hornak et al., 2006) as force field.
Parameters of macrocycles and ligands were obtained using
antechamber in the LEAP module of AmberTools.

Each system was solvated in a periodic box using TIP3P
explicit water molecules (Mark and Nilsson, 2001). All systems
were neutralized by adding counter ions (Na+ or Cl−) and the

molecular dynamic simulations were carried out during 100 ns as
described in Momin et al., (Momin et al., 2018). The MM/PBSA
approach (Kollman et al., 2000) was used to estimate the binding
affinity for each complex.
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