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ABSTRACT

This study investigates phenoxystyrenyl-oxazolidino-indole (POl)-based chromogenic probes for B-galactosidase detection from a computational perspective. The
POI probe undergoes a pronounced UV-vis color change (from colorless to red) upon interaction with B-galactosidase, leading to the formation of a
hydroxyethylindolium zwitterion. To elucidate the electronic processes behind this color change, we introduced -H, -CN, and -OCHjs substituents in the phenoxy
moiety and analyzed their electronic properties using TD-DFT, NBO, ELF, and LOL methods. Our findings highlight the critical role of electron-withdrawing
substituents in sensor response. The -CN group reduces electron delocalization, hindering the formation of the colored product, as confirmed by natural resonance
theory (NRT), second-order perturbation, and topological analyses. Conversely, the -OCHjs substituent enhances delocalization, preserving the chromogenic response.
NBO second-order perturbation analysis reveals an electronic delocalization pattern extending from the phenoxy to the indole through the styrenyl moiety. Electron-
donating groups stabilize resonance forms, while electron-withdrawing groups, like the cyano group, decrease the number of resonance forms. Absorption transitions
in the 400-550 nm region explain the characteristic red color of the hydroxyethylindolium zwitterion, involving HOMO-LUMO transitions in delocalized m-orbitals.

Keywords: B-galactosidase detection, DFT, Fused oxazolidine, Chromogenic probe, NBO Second-order perturbation analysis.

INTRODUCTION

The development of new probes for enzyme detection is a highly active area
of research, as detecting clinically relevant enzyme levels provides crucial
insights into human and animal health conditions [1-11]. Among these, B-
galactosidase levels are directly linked to cellular senescence and are
overexpressed in aging-related diseases such as atherosclerosis, cardiovascular
diseases, cancer, arthritis, cataracts, osteoporosis, type 2 diabetes, hypertension,
and Alzheimer’s disease [12,13].

The enzymatic cleavage of the -galactoside bond has been extensively studied
[14]. It proceeds through the classical Koshland double-displacement
mechanism, which involves acid/base catalysis and nucleophilic assistance
provided by two glutamate residues at the enzyme’s active site, thus producing a
B-galactose and the aglycone as the reaction’s products [15,16] (Figure 1).
Structurally, most chromogenic probes for B-galactosidase detection consist of a
B-galactose fragment that reacts with the enzyme and a chromogenic residue
responsible for the color change and signal generation upon enzymatic cleavage.
This study focuses on an oxazolidino-indole-based chromogenic probe initially
reported by Hae-Jo Kim [13,17] (Figure 1). The probe consists of an indole-
fused oxazolidine functionalized with a conjugated styrene-phenol moiety, to
which a galactose unit is attached (1). Upon enzymatic action, the probe
undergoes a dramatic UV-Vis color change (colorless to red) and a fluorescence
turn-on response in basic buffer solutions. The color change originates from the
rapid enzymatic cleavage that generates in basic media a phenoxystyrenyl-
oxazolidino-indole (2), a critical intermediate. This intermediate undergoes a
ring-opening reaction, promoted by resonance in water, to form the red-colored
hydroxyethylindolium zwitterion (4).

In structurally related uncharged molecules, reversible ring-opening of the
oxazolidine moiety, involving cleavage and reformation of the C—O bond at the
indole-oxazolidine junction, has been studied under various pH conditions [18].

This work examines, from a theoretical perspective, the transformation
reaction of phenoxystyrenyl-oxazolidino-indole (2)-to-hydroxyethylindolium
(4) (Figure 1, R = H). Additionally, the effects of introducing cyano (-CN) and
methoxy (-OCHj;) substituents on the phenoxy moiety of the probe are
investigated to deepen our understanding of the electronic processes involved in
the observed color change (Figure 1, R = CN or OCHs).
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Figure 1. Reaction mechanism proposed by Na & Kim [13]. Upon reaction
with the enzyme, the galactoside (1) forms the critical intermediate
phenoxystyrenyl-oxazolidino-indole (2). This intermediate undergoes a ring-
opening reaction in water, promoted by resonance, resulting in the red-colored
hydroxyethylindolium zwitterionic molecule (4).

COMPUTATIONAL DETAILS

All structures were fully optimized using the hybrid B3LYP exchange—
correlation functional [19-21] in combination with the split-valence triple-zeta
basis set Def2-TZVP [22,23]. This computational protocol is well-suited for
providing accurate electronic energies and optimized molecular geometries [24].
The stationary states were confirmed as true minima through harmonic
vibrational analyses. All calculations were carried out using the GAUSSIAN 16
suite of programs [25].

Electronic structure analyses were conducted using Natural Resonance Theory
(NRT) to evaluate the contributing resonance structures of the
hydroxyethylindolium zwitterion and to rationalize its formation [26]. These
NRT calculations were performed at the same level of theory as the geometry
optimizations, utilizing the NBO 7.0 standalone software. The Electron
Localization Function (ELF) and Localized Orbital Locator (LOL) analyses were
performed with the Multiwfn program [27]. Graphical representations were
generated using the Chemcraft suite of programs. Electron delocalization in the
analyzed molecules was studied through a bifurcation scheme, which serves as a
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measure of interactions among different basins and, chemically, as a quantifier
of electron delocalization [28-31].

Excited-state calculations were performed using the time-dependent DFT (TD-
DFT) methodology as implemented in the GAUSSIAN 16 (G16) suite of
programs. Solvent effects were modeled using the polarizable continuum model
(PCM) to simulate the environment of dimethyl sulfoxide (DMSO) [32,33].
Absorption spectra were generated with the GaussSum 3.0 suite of processing
tools [34], using Gaussian convolution curves with a full width at half-maximum
(FWHM) of 3000 cm ™.

RESULTS AND DISCUSSION

The energies, including zero-point energy (ZPE) and Gibbs free energy
corrections, for the optimized structures of the species involved in the final step
(2 - 4) of the proposed mechanism are summarized in Table 1. The reaction
mechanism was analyzed as a thermodynamic process involving a step explicitly
involving a water molecule reacting with the phenoxystyrenyl-oxazolidino-
indole (2), leading to the formation of the hydroxyethylindolium zwitterion (4)
and hydroxyl anion (Figure 2). The energies for this step, including those of the
-CN and -OCHjs substituted analogs, are presented in Table 2.

The formation of zwitterion (4) and the hydroxyl anion is endothermic. This
step involves ring-opening in compound (2), promoted by the nonbonding
electrons of the nitrogen atom and protonation, leading to compound (4) (Figure
2). The ring-opening requires the interaction with a water molecule since the
thermodynamic stability of the open form of compound (2) was less stable than
the cyclic form by 14 kcal/mol for R = H and OCHj substituents. This energy
increases to 20 kcal/mol for the R = CN substituent.

Table 1. Energies (including the ZPE correction and Gibbs) of the optimized
structures participating in the proposed mechanism.
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When compound (4) was subjected to NBO second-order perturbation
analysis, a clear pattern of electronic delocalization was observed, extending
from the carbon atom C20 to the nitrogen atom N7, as depicted along the gray
path in Figure 3.

Figure 3. NBO second-order perturbation analysis illustrating the electronic
delocalization pathway (gray path) and the numbering scheme used.

The analysis revealed (Table 4) that in the absence of methoxy (-OCHj;) and
cyano (-CN) substituents (i.e., compound (4), R = H), the electron lone pair at
the nitrogen atom (N7) stabilizes the bond formed between carbon atoms C8 and
C15 (D24:A102). This bond, in turn, donates charge to stabilize the bond
between carbon atoms C16 and C17 (D48:A121), extending to the aromatic ring.

Further delocalization was observed as the C16-C17 bond (D67) stabilizes
both the C18-C19 bond (A126) and the C21-C22 bond (A134). Reciprocally,
these bonds stabilize the C16-C17 bond (A121). Finally, the C18-C19 and C21-
C22 bonds were shown to stabilize the C20-023 bond, completing the
delocalization pattern observed.

A similar pattern of donor-acceptor pairs was observed in compound (4) when
substituted with methoxy (-OCHs) (Table S1) and cyano (-CN) groups (Table
S2). Changes in the stabilization energy of the first two donor-acceptor pairs

E(@PE)au Gibbs(a)  E@PBRjau  Gibbs @) E(ZPE)au  Gibbs (av) revealed a decrease of approximately 1.1 kcal/mol for the methoxy-substituted
H substituted CN substituted CHsO substituted compound and an increase of about 3.2 kcal/mol for the cyano-substituted
2 -979.413589 -979.461979  -1071.713816 -1071.764865  -1093.949057 -1094.000955 compound.
H:0 -76.441827  -76.459470 -76.441827  -76.459470 -76.441827  -76.459470 . . . .
Table 4. Second-order perturbative analysis of Donor-Acceptor interactions
4 -979.943213 -979.993809  -1072.223328 -1072.276487  -1094.479104 -1094.533010 .
for compound (4) (H-Substituted).
OH- -75.802743  -75.819006 -75.802743  -75.819006 -75.802743  -75.819006
@ Donor (L) NBO Acceptor (NL) NBO E(2) (kcal/mol)
OH -
. °
24.LP (1) N7 102. BD* (2) C8-C15 47.10 ,_{}4 @
"
X ¥ )
b 48. BD* (2) C8-C15 121. BD* (2) C16-C17 20.81 ,{},J
0 @/ﬁ
. ; 67. BD* (2) C16-C17 102. BD* (2) C8-C15 15.14 _C_/;
67. BD* (2) C16-C17 126. BD* (2) C18-C19 17.88 W
Figure 2. Thermodynamic scheme used to evaluate the final step of the
proposed mechanism (R = H, OCHs, CN)
. . 67. BD* (2) C16-C17 134, BD* (2) C21-C22 19.95 ,{: :
Table 2. Energies for the thermodynamic process from 2 to 4.
AE AG AE AG AE AG -
(kcal) (kcal) (kcal)  (kcal) (kcal) (kcal) 72.BD* (2) C18-C19 121. BD* (2) C16-C17 15.57 ..ry
-H substituted -CN substituted -OCHjs Substituted
Step2 - 4 687 8.2 813 208 8.4 68.0 72. BD* (2) C18-C19 132. BD* (2) C20-023 20.00 ,“3—%
The strong electron-withdrawing effect of the CN group destabilized the ;
hydroxyethylindolium zwitterion by ~12 kcal/mol (Table 2). Natural Resonance 80. BD* (2) C21-C22 121 BD* (2) C16-C17 14.00 :i g
Theory (NRT) analysis confirmed this reduction in electron delocalization. .
For the CN-substituted compound (4), only one resonance structure was )
identified, whereas for R = H and OCHs, three and four resonance structures were 80. BD* (2) C21-C22 132. BD* (2) C20-023 221 _

observed, respectively.
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These results suggest that the methoxy group in compound (4) has a
comparable effect on resonance to that observed in the unsubstituted compound,
as both exhibit a similar number of resonance structures. In contrast, the cyano
group exerts a pronounced electron-withdrawing effect, which correlates with
the absence of resonance forms in the NRT analysis. This strong inductive effect
disrupts delocalization, thereby altering the stabilization energy and electronic
properties of the system.

The results mentioned above are supported by topological analyses using ELF
and LOL for compound (4). The isosurfaces and the n-decomposition results are
shown in Figure 4. The analysis reveals three distinct regions capable of
interacting: the indole, vinyl, and phenoxy zones. The highest electron
delocalization was observed in the phenoxystyrenyl region, while the indole
group exhibited the first separation from the delocalized system. A similar
pattern was observed in the substituted compound (4). The electron-withdrawing
effect of the cyano group decreased electron delocalization, whereas the methoxy
group increased delocalization, consistent with the energetic and electronic
observations from NBO analyses. The specific bifurcation patterns of the =-
system in the studied molecules are detailed in Figure S1.
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Figure 4. ELF and LOL isosurfaces (0.65) for the substituted compound (4),
p bifurcation values of the aromatic rings: indole (first bifurcation) and phenoxy
(second bifurcation).

Time-dependent density functional theory (TD-DFT) calculations were used
to obtain the theoretical absorption spectra of all studied chemical species, as
shown in Figure 5. The spectra of compounds (1), (2), and galactose exhibit no
absorption in the visible region, consistent with their colorless characteristics. In
contrast, compound (4) displays absorption transitions in the 400-550 nm region
(blue region), allowing red light to pass through, which explains the
characteristic red color of this compound observed experimentally.

1 2 4
Figure 5. Theoretical absorption spectra of studied chemical species (1, 2, and
4) calculated using TD-DFT

For all studied compounds, the transitions in the UV region involve both c—m*
and m—m* transitions. The primary difference in compound (4), with the
appearance of new transitions in the visible region, can be attributed to the =n-
molecular orbitals involved in the transitions. Strong transitions in compounds
(1) and (2) involve localized molecular orbitals. For instance, in compound (2),
the main absorptions correspond to transitions from the HOMO (H), centered on
the phenoxystyrenyl moiety, to the LUMO (L), localized on the oxazolidine
group.

J. Chil. Chem. Soc., 71, N°2 (2026)

In compound (4), although the absorption corresponds to the transition from H
to L, the molecular orbitals are significantly different, involving delocalized -
molecular orbitals. A detailed molecular orbital diagram of these molecules is
provided in Figure S2.

Finally, the CN substituent was found to exert opposing effects on the spectra
of the studied compounds. It induces a hypochromic shift in the spectra of
compounds (1) and (2), while producing a bathochromic shift in compound (4).
These observations align with the electron delocalization patterns observed in the
molecular orbitals discussed earlier.

CONCLUDING REMARKS

The final step, involving the ring-opening process, was sensitive to the
substituents. The CN substituent, despite aiding bond cleavage, unfavored the
formation of the colored product. Detailed analyses using the NBO methodology,
including natural resonance theory (NRT) and second-order perturbation
analyses, supported by ELF and LOL topological analyses, confirmed the
substituent effects. The NRT analysis demonstrated a clear correlation between
resonance structures and the thermodynamic process, while the topological
analysis revealed reduced electron delocalization with CN substitution,
consistent with the observed colorimetric behavior.

The characteristic red color of compound (4) arises from absorption in the blue
region (400-550 nm), corresponding to HOMO-LUMO transitions within
delocalized w-molecular orbitals. In contrast, other compounds exhibited
transitions involving localized molecular orbitals, correlating with their lack of
visible color.

This computational study provides a deeper understanding of the electronic
processes underlying the chromogenic response of oxazolidino-indole probes for
B-galactosidase detection. The ring-opening step is sensitive to substituents:
electron-donating groups stabilize resonance and preserve color formation, while
electron-withdrawing groups hinder delocalization and destabilize the colored
product. The characteristic red color of compound (4) arises from absorption in
the blue region, corresponding to HOMO-LUMO transitions in delocalized n-
orbitals. These insights may guide the rational design of improved chromogenic
probes for biomedical applications.
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