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Abstract

The nitrophenyl-substituted azo-thienochromenone ligand 3-amino-1-[(E)-(4-nitrophenyl)diazenyl]-
4H-thieno[3,4-c]chromen-4-one (2), obtained by diazo coupling on 3-amino-4H-thieno[3,4-
c]chromen-4-one prepared via a modified Gewald cyclisation, was reacted with MnClz.-4H-0,
CoCl2:6H20 and FeSO4:7H20 to give three new complexes, 3 (Mn), 4 (Co) and 5 (Fe), characterised

by HRESI-MS, UV-Vis, FT-IR, multinuclear/2D NMR and powder X-ray diffraction (PXRD), which
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together established bidentate coordination of the ligand through the lactone carbonyl oxygen and the
deprotonated aromatic amine nitrogen, leaving the azo bridge and nitro group uncoordinated. DFT
calculations (B3LYP/6-311++G(d,p)) showed the HOMO-LUMO gap narrowing on complexation in
the order 4 (1.679 eV) <5 (2.085 eV) < 3 (2.513 eV) < 2 (2.737 eV), with 4 showing the highest
electrophilicity index (o = 16.143 eV). Molecular docking against E. coli DNA gyrase (7AB4), S.
aureus DNA gyrase (IMWT) and P. aeruginosa lectin LecB (4NG2) ranked 3 as the most promising
candidate, outperforming ciprofloxacin on 7AB4 and IMWT, and broth microdilution confirmed this
trend, with 3 giving the lowest MICs of the series (16 pg/mL against E. coli and S. aureus) while 5
was the only bactericidal compound against P. aeruginosa (MBC/MIC = 1). Overall, complexation of
2 with Mn(II), Co(II) and Fe(II) consistently enhanced antibacterial activity relative to the free ligand,
with the manganese complex 3 standing out as the most active and computationally consistent
candidate, supporting azo-thienochromenone metal complexes as a viable platform for antibacterial

drug development.

Keywords: Azo dye; thienochromenone; manganese complex; cobalt complex, iron complex;, DFT;

molecular docking; DNA gyrase, antibacterial activity
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Introduction

The continuing rise of antimicrobial resistance among clinically relevant Gram-positive and Gram-
negative bacterial pathogens has renewed interest in metal-based antibacterial agents as an alternative,
or complement, to conventional antibiotics [1,2]. Coordination compounds act through mechanisms
distinct from those of classical organic antibiotics. Due to their ability to induce membrane disruption,
redox generation of reactive oxygen species, and interference with bacterial DNA-replication
enzymes they are less susceptible to the efflux-pump and target-mutation mechanisms underlying

resistance to many organic drugs [3].



Azo compounds, characterised by the -N=N- chromophore, are recognised as versatile ligands in
coordination chemistry owing to the additional donor atoms (N, O) usually located close to the azo
bridge [4]. Combined with a coumarin fragment itself a privileged scaffold in medicinal chemistry on
account of documented antibacterial, antioxidant and anticoagulant properties [5] azo-coumarin
hybrids constitute an attractive platform for the design of new bioactive ligands. Thienochromenones,
represent a group of bicyclic systems formed by fusion of a thiophene ring onto the coumarin core
may be synthesized by a modified Gewald reaction. Previously been shown to give access, once
diazotised and coupled to phenolic or amino partners the compound class has, to azo dyes with

antibacterial and antifungal activity [6,7].

Recent work from our research group and from related teams has shown that complexation of such
azo-thienochromenone ligands with first-row transition metals, notably Co(II) and Mg(II), enhances
antibacterial potency relative to the free ligand, in agreement with Tweedy's chelation theory,
according to which metal coordination lowers the polarity of the metal ion and favours penetration
across the bacterial membrane [8-10]. Fondjo et al. have recently reported two Co(Il) complexes of a
structurally related azo-thienochromenone ligand, active against Staphylococcus aureus and

Escherichia coli [9].

The present study concerns a new nitrophenyl-substituted azo-thienochromenone ligand, compound 2
3-amino-1-[(E)-(4-nitrophenyl)diazenyl]-4H-thieno[ 3,4-c]chromen-4-one obtained by diazo coupling
of 4-nitroaniline onto a 2-aminothiophene-thienochromenone precursor, together with its
complexation by three divalent metal ions of biological relevance: Mn(Il), Co(Il) and Fe(Il). The
aminothienochromenone precursor 3-amino-4H-thieno[3,4-c]chromen-4-one was prepared following
a modified Gewald route already established and validated by our group for this class of scaffold
[6,7]. The nitrophenyl-coupled product itself corresponds structurally to a disperse azo dye previously
reported by Al-Mousawi and El-Apasery for the dyeing of polyester fabric [11]; to best of our
knowledge, the present work is the first to examine this compound as a coordinating ligand, and
reports its complexation chemistry, DFT reactivity profile, molecular-docking behaviour and

antibacterial activity. The choice of a nitro-substituted coupling partner was motivated by the



intention to build a push-pull electronic architecture, with the coumarin-thiophene-azo system acting
as the electron donor and the nitrophenyl ring as the acceptor an arrangement also exploited in
coumarin-based azo dyes described by Ayare et al. for their multifunctional properties [22]. The
ligand and its three complexes were fully characterised by spectroscopic and computational methods,
and their antibacterial potential was evaluated through a combined in silico/in vitro approach against

three reference bacterial strains and their corresponding therapeutic targets.

Results and discussion

Chemistry

Synthesis and structural characterisation of ligand and complexes

The 3-amino-4H-thieno[3,4-c]chromen-4-one precursor 10 was obtained in two steps from 1-(2-
hydroxyphenyl)ethan-1-one (2'-hydroxyacetophenone), by Knoevenagel condensation with ethyl 2-
cyanoacetate (65.9%), followed by a Gewald-type cyclisation in the presence of elemental sulfur and
diethylamine (93%). This protocol reproduces, without substantial modification, the synthetic route
previously described and validated by our laboratory for access to 3-amino-4H-thieno| 3,4-c]chromen-
4-one derivatives [6,7], and the yields obtained here are consistent with those reported in that earlier
work. The compound 2 ligand was then obtained by diazotisation of 4-nitroaniline in H2SO+/DMSQO at
0-5 °C, followed by coupling with 10 and neutralisation with sodium acetate, giving a brown solid
(Rf = 0.6, hexane/ethyl acetate 50:50). The synthetic route leading to ligand 2 is summarised in Fig. 1.
It should be noted, for the sake of proper attribution, that the nitrophenyl-substituted product obtained
through this route is structurally identical to a disperse azo dye reported by Al-Mousawi and El-

Apasery in their study of arylazothienochromene dyes for polyester dyeing [11].

The synthetic route used for the preparation of coordination compounds 3, 4 and 5 is summarised in

Fig. 2.
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Figure 1: reaction scheme for the preparation of compound 2
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Figure 2: reaction scheme for the preparation of coordination compounds 3, 4 and 5

The HRESI(+) mass spectrum of compound 2 (Supplementary Material, S1) showed the protonated
molecular ion [M+H]" at m/z 367.05, in agreement with the proposed formula (calcd 366.04 g/mol;
C17H10N4O4S). The UV-Visible spectrum (ethanol) displayed two absorption bands at Amax = 266 nm
(m—7* transitions of the aromatic rings) and 318 nm (n—w* transitions of the azo/carbonyl
chromophoric system), consistent with values reported for structurally related heterocyclic azo dyes

[12].

The FT-IR spectrum (Fig. 3) confirmed the proposed structure: symmetric and asymmetric N-H
stretching of the free primary amine at 3344 and 3311 cm™, lactone carbonyl (C=0) stretching at 1686
cm’!, aromatic C=C stretching at 1585 cm™, the azo bridge (N=N) at 1416 cm™!, and asymmetric nitro-
group (NO») stretching at 1341 cm™ [13,14]. A complex absorption envelope between 3480 and 3400
cm’!, most likely arising from overlapping conjugated O-H (enol tautomer) and imine (=NH) signals,

points to partial azo-hydrazone tautomerism in the solid state.
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Figure 3 : FT-IR spectrum of compound 2 with band assignments

The '"H NMR spectrum (DMSO-d6) (Fig. 4) confirmed successful diazo coupling through the
disappearance of the amine signal of 4-nitroaniline (6.71 ppm) and of the H-9 singlet of the 2-
aminothiophene precursor (6.87 ppm), replaced by a new set of signals: the residual thiophene amine
(2-NH>) as a singlet at 7.75 ppm, the coumarin-ring protons at 7.83 (H-8, dd), 7.32 (H-6, m) and 7.17-
7.19 ppm (H-5/H-7, m), and the nitrophenyl-ring protons at 7.85 (H-14/H-14") and 6.86 ppm (H-13/H-
13"). The *C NMR spectrum (15 signals) showed shielding of C-2’ (118.1—98.3 ppm), C-8' and C-9,
attributable to the neighbouring amine, and marked deshielding of the nitrophenyl carbons C-13/13’,
C-14/14" and C-15 (135.8—151.3 ppm), consistent with the electron-withdrawing nitro substituent.
Two-dimensional experiments (HSQC, HMBC, COSY 'H-'H cf. Supplementary Material) allowed
too strong reconstruction of the molecular skeleton, notably through the HMBC correlation between
2-NH> (7.75 ppm) and C-2' (98.3 ppm), which confirms connectivity across the azo bridge. The
powder X-ray diffractogram of compound 2 showed intense, well-resolved peaks, consistent with a
crystalline compound.
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Figure 4: 1H (a) and 13C (b) NMR spectra of compound 2, DMSO-d6, 400 MHz

Structural characterisation of the metal complexes

The UV-Vis spectra of the three complexes show a consistent bathochromic shift of both bands of
free compound 2 (7—7*: 266—280-283 nm; n—7n*: 318—364-368 nm), together with new ligand-to-
metal charge-transfer bands (454-460 nm) and weak d-d transitions characteristic of each metal ion
(567/679 nm for compound 3, 534 nm for compound 4), consistent with the extension of =-

conjugation induced by coordination [15].

FT-IR spectroscopy (Fig. 5) provides direct evidence for coordination through the lactone oxygen and
the deprotonated aromatic amine nitrogen in all three complexes. The two N-H; bands of the free
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ligand (3344/3311 cm™) disappear and are replaced by a single N-H band (3265, 3326 and 3249 cm’!

for compound 3, 4 and 5, respectively), consistent with deprotonation of the primary aromatic amine

upon complexation [16]. The lactone carbonyl shifts from 1686 cm™ in the free ligand to 1718 cm™!

(3), 1675 cm™ (4) and 1670 cm™ (5), confirming the involvement of the carbonyl oxygen in

coordination. The azo band, by contrast, remains unchanged at 1416 cm’!

in all three complexes,

indicating that the azo bridge does not participate in metal binding. New low-frequency bands

(528/400 ¢cm-1 for compound 3; 521 cm™ for compounds 4 and 5) are assigned to M-X stretching

vibrations (M-N/O/Cl) [17,18]. For compound 5, a broad band between 3422 and 3249 cm’!

associated with a bending mode at 842 cm™! indicates the presence of coordinated water molecules.
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Figure 5 : Overlaid FT-IR spectra of compound 2 and the three complexes

HRESI mass spectrometry (Fig. 6) confirmed the proposed stoichiometries: a 2:1 (2:M) ratio for

compound 3 ([MHC34H22N90882]
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*, m/z 803.0428) and for compound 5 (Fe(C34H20N509S2)(H,0),, m/z
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Figure 6: HRESI(+) mass spectra of compounds 2, 3, 4 and 5

The 'H and *C NMR signals in the diamagnetic region (Supplementary Material) retain the overall
pattern of the free ligand, with minor diagnostic shifts: 2-NH> (7.75—7.74 ppm in the compound 3;
7.75/7.76—7.75/7.77 ppm in the compound 4) and splitting of the C-3 (166.9 ppm) and C-2 (159.3
ppm) signals in the compound 3, consistent with coordination of the heteroatoms attached to these
carbons. An unassigned HSQC correlation at 3.13 ppm in the compound 3 spectrum was attributed to
coordinated water. The powder diffractograms of the three complexes are clearly distinct from that of

free compound 2, confirming the formation of new crystalline phases upon complexation.

The powder XRD pattern of VTR (26 = 5 -130°, CuKa, Rigaku SmartLab, Bragg-Brentano geometry)
shows sharp, well-resolved peaks, confirming the crystalline character of the ligand; this profile

served as the reference against which the effect of complexation was assessed [32,33].

The diffractograms of compounds 3, 4 and 5 are each clearly distinct from that of 2 : the free-ligand

peaks disappear and are replaced by new reflections specific to each complex, with no residual peaks
attributable to either the ligand or the starting metal salt. This change confirms the formation of new,
pure crystalline phases and is consistent with the geometries proposed from the UV-Vis and IR data:

tetrahedral for 3 and 4, octahedral for 5 [32,34].

DFT study: frontier orbitals and global reactivity descriptors

DFT-optimised geometries (Fig. 7) indicate a tetrahedral coordination for compound 3 (two bidentate

compound 2 units surrounding Mn*") and for compound 4 (one bidentate compound 2 unit and two

12



axial CI" ligands surrounding Co*"), and an octahedral geometry for compound 5 (two bidentate

compound 2 units and two axial water molecules surrounding Fe?*), consistent with the d5, d7 and d6

electronic configurations, respectively, and with the spectroscopic data discussed above.

Figure 7 : DFT-optimised structures (B3LYP/6-311++G(d,p)) of compounds 2, 3, 4 and 5

The HOMO of free compound 2 (EHOMO = -6.054 V) is delocalised over the coumarin-thiophene-
azo system, whereas the LUMO (ELUMO = -3.317 eV) is concentrated on the nitrophenyl ring and

the adjacent azo bridge a signature of intramolecular push-pull charge transfers typical of para-nitro-

13



substituted azo dyes. An electronic architecture of this type has previously been described by Ayare et
al. for a series of coumarin-cored, thiophene-bridged disperse azo dyes, whose photostability and
antimicrobial activity on dyed fabric were rationalised using global reactivity descriptors derived from
conceptual DFT, with a direct relationship reported between HOMO-LUMO (Fig. 8) gap narrowing

and the intensity of the measured antimicrobial activity [22].
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Figure 8 : Frontier molecular orbital diagrams (HOMO/LUMO) of compound 2, 3, 4 and 5

Complexation systematically narrows the HOMO-LUMO gap (AE) relative to the free ligand (2.737
eV), in the order 4 (1.679 eV) < 5 (2.085 eV) < 3 (2.513 eV) < 2. For compound 4, the LUMO
migrates almost entirely onto the Co-Cl, coordination sphere, a shift we attribute to the weak-field
character of the chloride ligands, which lowers the metal d-levels in the tetrahedral environment. For
compound 5, the LUMO shows a notable asymmetric distribution, localised on only one of the two
equivalent compound 2- fragments; we attribute this to a Jahn-Teller-type distortion or to an uneven
vibronic coupling between the two ligand units and the axial water molecules [19]. For the compound
3, by contrast, the HOMO and LUMO remain symmetrically delocalised over both ligand fragments,

consistent with the weak-field, high-spin, d5 character of Mn(II) in a tetrahedral N,O environment.

The global reactivity descriptors (Table 1), calculated within the conceptual DFT formalism [20,21],
confirm this hierarchy: chemical hardness decreases in the order 2 (1.369 eV) > 3 (1.256 ¢V) > 5
(1.043 eV) > 4 (0.840 eV), while the electrophilicity index of compound 4 (o = 16.143 eV) is roughly
twice that of the other three compounds (8.0-8.9 eV), a direct reflection of LUMO localisation at the

Co-Cl; site.

Table 1. Global reactivity descriptors of compound 2 and its Mn(IT), Co(IT) and Fe(II) complexes

Compound I(eV) A (eV) x (eV) p(ev) n (eV) S eV o (eV)
2 6.054 3.317 4.685 -4.685 1.369 0.365 8.019
3 5.838 3.325 4.581 -4.581 1.256 0.398 8.353
4 6.046 4.367 5.206 -5.206 0.840 0.596 16.143
5 5.348 3.262 4.305 -4.305 1.043 0.480 8.888




This high electrophilicity of the compound 4, however, does not translate into superior antibacterial
activity (see below), a point worth emphasising: unlike the series reported by Ayare et al., in which
HOMO-LUMO gap narrowing directly tracked a measured gain in activity on dyed fabric [22], the
present system comprises three coordination spheres of different nature (tetrahedral N,O,Cly; bis-
chelated tetrahedral N,O; octahedral N,O,H,0). It should be noted that these electronic descriptors
capture the intrinsic propensity of the isolated molecule to accept electrons but does not, on its own,
predict membrane permeability or complementarity with a biological target a limitation increasingly
discussed in the recent literature on metal-azo complexes [23,24]. The pronounced electrophilic
character and narrow gap of compound 4 nonetheless bring this compound closer to a push-pull
chromophore with strong acceptor character, which could justify, in a follow-up study, an evaluation
of its optoelectronic properties (nonlinear absorption, dye-sensitised solar cell response) in the manner

already applied to other donor-acceptor azo-coumarin dyes [22].

Molecular electrostatic potential (MEP) (Fig. 9) maps locate the most electron-rich regions of
compound 2 on the lactone oxygen and, to a lesser extent, on the azo nitrogen atoms, consistent with
the N, O coordination mode deduced from the IR and NMR data. In all three complexes, a new region
of positive potential appears centred on the metal diffuse and shared between the two chloride ligands
in compound 4, sharply localised around the iron centre and its two axial water molecules in
compound 5 while the nitro group retains an unchanged signature in every case, confirming its non-

participation in coordination.
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Figure 9: molecular electrostatic potential (MEP) maps of compounds 2, 3, 4 and 5
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Molecular docking against bacterial enzymatic targets

The molecular docking analysis suggests that metal coordination substantially influences the
interaction of the compounds with selected bacterial targets, although the results should be
interpreted cautiously. The docking scores obtained for compounds 2-5 and ciprofloxacin
against the three selected bacterial targets are summarised in Table 2. Against 7AB4 (E. coli)
and IMWT (S. aureus), the Mn(II) complex 3 displayed the most favorable docking scores
(—8.70 and —7.02 kcal/mol, respectively), indicating potentially enhanced binding compared
with the parent ligand. However, its interaction with 7AB4 is less conclusive because it did
not engage the catalytic residues and exhibited an RMSD of 3.72 A, above the commonly
adopted 2 A reliability threshold. In contrast, its interactions with Ser403 and Ser462 in
IMWT provide a more structurally consistent binding mode. For 4NG2 (P. aeruginosa), the
generally weak or unfavorable scores and the absence of interactions with the key binding-
site residues suggest limited suitability of this compound series for LecB inhibition. Overall,
the docking results support a possible beneficial effect of Mn(Il) coordination on target
recognition, particularly against bacterial DNA gyrases, but they should be regarded as
supportive evidence rather than definitive proof of the underlying antibacterial mechanism.

Table 2. Docking scores (kcal/mol) of compounds 2, 3, 4, 5, and ciprofloxacin against three bacterial
targets

Compound 7AB4 (E. coli) IMWT (8. aureus) 4NG2 (P. aeruginosa)
2 -7.35 -5.42 -4.73
3 -8.70 -7.02 +9.72
4 -7.90 -5.30 -2.66
5 -5.61 -5.54 +0.26
Ciprofloxacin -7.29 -5.43 +3.57

Antibacterial activity and in silico/in vitro correlation

MIC values (Table 3) ranged from 16 to 128 ug/mL, these values are typical for related azo-
thienochromenone metal complexes against the same bacterial species [9,25]. Compound 3 emerged
as the most active compound of the series: MIC = 16 pg/mL against E. coli and S. aureus, matching
ciprofloxacin on E. coli, and the only complex with a determined MBC against E. coli (128 ug/mL).

Compound 4 was active against S. aureus (MIC = 16 pg/mL) but markedly less effective against .



coli (MIC = 128 pg/mL), consistent with the additional permeability barrier imposed by the outer
membrane of Gram-negative bacteria. Compound S was the only compound with a determined MBC
against two strains P. aeruginosa and S. aureus (both at 64 pg/mL) and the only complex strictly
bactericidal against P. aeruginosa (MBC/MIC = 1), a profile we attribute to the Fe**/Fe** redox cycle
generating reactive oxygen species at the bacterial membrane [26]. The free ligand 2 remained
moderately active across all strains (MIC = 32-64 ug/mL) without a determined MBC, confirming
that metal coordination improved activity two- to four-fold in every case, consistent with Tweedy's

chelation theory [8] and with recent reports on related azo-metal systems [9,10,27].

Table 3. Minimum inhibitory (MIC) and bactericidal (MBC) concentrations (ng/mL)

"Compound ~ MICPa  MBCPa  MICSa  MBCSa  MICEc  MBCEc
2 64 - 32 - 64 -
3 32 - 16 - 16 128
4 32 - 16 - 128 -
5 64 64 16 64 128 128
Ciprofloxacin 8 16 8 16 16 32

Comparison of docking scores with experimental MIC values (Table 4) revealed a partial but
informative qualitative agreement. Compound 3 showed the strongest concordance: the best docking
score on both gyrase targets and the best experimental MIC on the corresponding strains, with near-
equivalence to ciprofloxacin against E. coli at both levels (docking: -8.70 vs -7.29 kcal/mol; MIC: 16
vs 16 pg/mL). Such a degree of in silico/in vitro agreement across an entire compound series is
uncommon and has recently been documented for structurally related heterocyclic metal complexes

[28-30].

Two notable discrepancies were observed. compound 4 obtained the second-best score on 7AB4 (-
7.90 kcal/mol) but showed weak activity against £. coli (MIC = 128 ng/mL), which we attribute to the
absence of catalytic-residue contacts in its docking pose, combined with reduced membrane

penetration in Gram-negative bacteria. Compound 5, with the weakest 7AB4 score (-5.61 kcal/mol),



accordingly showed no notable inhibition of E. coli (MIC = 128 pg/mL); its bactericidal activity
against P. aeruginosa and S. aureus, however, was not predicted by the repulsive score obtained on
4NG2, suggesting a secondary, redox-mediated mechanism independent of the enzymatic targets
examined here [26]. On 4NG2, the correlation was negatively consistent: all compounds obtained
unfavourable scores, and the corresponding MIC values against P. aeruginosa were indeed the
weakest of the series (32-64 ug/mL), correctly identifying this strain as the most refractory target for

the compound 2 family.

Table 4. Comparison of docking scores and experimental MIC values on matching target/strain pairs

Compound 7AB4 MIC E. IMWT MIC S. 4NG2 MIC P.
score coli score aureus score aeruginosa
2 -7.35 64 -5.42 32 -4.73 64
3 -8.70 16 -7.02 16 +9.72 32
4 -7.90 128 -5.30 16 -2.66 32
5 -5.61 128 -5.54 16 +0.26 64
Ciprofloxacin -7.29 16 -5.43 8 +3.57 8

Taken together, these results indicate that compound 3 combines the most favourable electronic
profile (moderate HOMO-LUMO gap, symmetric delocalisation of the frontier orbitals), the strongest
predicted affinity for both bacterial gyrase targets, and the best experimentally measured antibacterial
activity of the series making it the most promising candidate to emerge from this study. Several
methodological caveats nonetheless deserve mention: the relatively high RMSD values obtained for
compound 3 across the three targets (3.15-4.86 A) call for validation by molecular dynamics
simulation before mechanistic conclusions can be drawn, and the absence of direct engagement with
catalytic residues on 7AB4 tempers the interpretation of its favourable docking score. All complexes
remained less active than ciprofloxacin (MIC 8-16 ug/mL), an expected outcome for first-generation

metal complexes not yet optimised.

Conclusions



A nitrophenyl-substituted azo-thienochromenone ligand, compound 2, was obtained by diazo
coupling of 4-nitroaniline onto an aminothienochromenone precursor prepared according to a
modified Gewald route, and used to prepare three new Mn(Il), Co(Il) and Fe(Il) complexes. The
nitrophenyl-coupled ligand corresponds structurally to a disperse azo dye previously reported in the
literature; the present study reports, for the first time, its behaviour as a coordinating ligand. The
spectroscopic data converge on bidentate N,O coordination through the lactone carbonyl oxygen and
the deprotonated aromatic amine, with the azo bridge and the nitro group remaining uncoordinated.
DFT calculations reveal a systematic narrowing of the HOMO-LUMO gap upon complexation, most
pronounced for compound 4 owing to LUMO migration toward the Co-Cl, sphere, and an asymmetric

LUMO distribution in 5 attributed to vibronic or Jahn-Teller-type effects.

Molecular docking against the E. coli and S. aureus DNA gyrases identifies compound 3 as the best
binder of the series, a prediction corroborated by in vitro susceptibility testing, in which compound 3
displayed the lowest overall MIC values (16 ug/mL against both organisms). Compound 5 displayed a
distinct bactericidal profile, associated with a redox mechanism, against P. aeruginosa. These
findings support the interest of the azo-thienochromenone scaffold as a viable platform for metal-
based antibacterial agents, and underline the value of an approach combining DFT-derived reactivity
descriptors, structured docking and experimental microbiology for candidate prioritisation an
approach already fruitful for other families of heterocyclic azo dyes [22]. Future work should address
molecular-dynamics validation of the most promising docking poses, broader susceptibility screening
against multidrug-resistant clinical isolates, cytotoxicity profiling to establish a selectivity index for
the most active complexes, and, given the pronounced push-pull character of the compound 2
chromophore, complementary optoelectronic characterisation (nonlinear absorption, dye-sensitised
solar-cell response) that could position this scaffold as a multifunctional material beyond its

antibacterial application.

Materials and methods

Materials and instrumentation
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All reagents and solvents were of analytical grade (Sigma-Aldrich, Merck, Fisher Scientific) and were
used without further purification unless otherwise stated. Reaction progress was monitored by thin-
layer chromatography (silica gel 60F254, Merck), using hexane/ethyl acetate (50:50, v/v) as eluent,

with visualisation by spraying with 10% HCI and heating at 90-100 °C.

HRESI mass spectra were recorded in positive-ion mode on a Bruker MicrOTOF-Q spectrometer
coupled to a Dionex Ultimate 3000 LC system (Ecole Normale Supérieure de Yaoundé), and
processed with Bruker DataAnalysis 4.3. UV-Visible spectra (200-800 nm, 1 cm quartz cuvette,
ethanol) were recorded on a Thermo Scientific Genesys 10S spectrophotometer (URCNGE,
University of Dschang). FT-IR spectra were recorded in ATR mode (germanium crystal, 4000-400
cm’!, extended to 300 cm™ for far-IR metal-ligand vibrations) on a Thermo Scientific Nicolet iS5
instrument (University of Yaoundé I). '"H and *C NMR spectra (400 and 100 MHz, respectively,
DMSO0-d6), including 2D experiments (HSQC, HMBC, COSY 'H-'H), were recorded on a JEOL
ECZ 400 spectrometer (Carleton University, Ottawa, Canada). Powder diffractograms were collected
on a Rigaku SmartLab diffractometer (Cu Ko radiation, 40 kV/135 mA, 20 = 5-130°) at the

University of Finland.

Synthetic procedures

Synthesis of 4-methyl-2-0x0-2H-chromene-3-carbonitrile

1-(2-Hydroxyphenyl)ethan-1-one (2'-hydroxyacetophenone, 13.6 g, 0.10 mol) was dissolved in
absolute ethanol (30 mL) and treated with ethyl 2-cyanoacetate (11.3 g, 0.10 mol). The mixture was
cooled to 0-5 °C and diethylamine (7.3 g) was added dropwise over 10 min while keeping the
temperature below 5 °C. After stirring for 2 h at 0-5 °C, the mixture was allowed to warm to room
temperature, and the resulting pale-green crystals were collected by filtration, washed with cold

ethanol and dried (12.2 g, 65.9%).

Synthesis of 3-amino-4H-thieno[3,4-c]chromen-4-one
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This compound was prepared following an adaptation of the modified Gewald route previously
described by our group for access to 3-amino-4H-thieno[3,4-c]chromen-4-one derivatives [6,7].The 3-
amino-4H-thieno[3,4-c]chromen-4-one (4.65 g, 25.1 mmol) was dissolved in absolute ethanol (30
mL) and treated with elemental sulfur (1.22 g, 38.2 mmol). The mixture, heated to 60 °C, received a
solution of diethylamine (6 mL) in ethanol (5 mL) added dropwise over 10 min, and was then
maintained at 45-50 °C for 6 h with TLC monitoring. The resulting yellow precipitate was filtered,
washed with cold ethanol and recrystallised from ethanol (4.65 g, ca. 93%), a yield consistent with the

values reported in this earlier work.

Synthesis of the azo ligand

4-Nitroaniline (0.64 g, 4.63 mmol) was dissolved in DMSO (5 mL) and cooled to 0-5 °C.
Concentrated sulfuric acid (5 mL) was added dropwise over 30 min at 0-5 °C, followed by portion-
wise addition of sodium nitrite (1.2 g) until a positive starch-iodide test confirmed complete
diazotisation. A solution of 3-amino-4H-thieno[3,4-c]chromen-4-one (1.0 g, 4.61 mmol) in DMSO (5
mL) was then added dropwise at 0-5 °C, and the mixture was stirred for 30 min. The reaction was
neutralised with 10% aqueous sodium acetate to pH =~ 5-6, diluted with cold water (50 mL), and left to
stand for 30 min. The resulting brown precipitate was filtered, washed with cold water and air-dried,
affording compound 2 (1.96 g crude; a further 0.08 g was recovered from the filtrate after
recrystallisation from ethanol). Rf = 0.6 (hexane/ethyl acetate, 50:50); soluble in DMSO, partially
soluble in ethanol. As noted above, this compound corresponds structurally to the previously reported
disperse dye of Al-Mousawi and El-Apasery [11]; the spectroscopic data recorded here (HRESI-MS,
UV-Vis, FT-IR, 1D/2D NMR, powder XRD) are nonetheless reported in the Supplementary Material,

as they underpin the coordination chemistry and computational analysis that follow.

General procedure for the synthesis of the metal complexes

Compound 2 (0.18 g, 0.50 mmol) was dissolved in methanol (10 mL). The corresponding metal salt
manganese(Il) chloride tetrahydrate (0.10 g, 0.50 mmol) for compound 3, cobalt(Il) chloride

hexahydrate (0.15 g, 0.50 mmol) for compound 4, or iron(Il) sulfate heptahydrate (0.14 g, 0.50 mmol)
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for compound 5 was dissolved separately in methanol (5 mL) and added dropwise to the ligand
solution under stirring. Each mixture was refluxed at 70 °C for 6 h, filtered hot, and the filtrate was
allowed to evaporate slowly at room temperature over 14 days. The resulting maroon precipitates

were collected by filtration (compound 3: 45 mg; compound 4: 55 mg; compound 5: 58 mg).

Compound 3: HRESI(+) m/z = 803.0428 [M+NH4]" (calcd 803.0413) for [MnC3sH2:NoOsS,]".
Compound 4: HRESI(+) m/z = 525.9297 [M+CH3;0H]" (calcd 525.9316) for Co(Ci7HoN4O4S)(Cl).,
M = 493.91 g/mol. Compound 5: HRESI(+) m/z = 872.0592 [M+CH3;0H]" (calcd 872.0617) for

FC(C34H20N30982)(H20)2, M = 840.04 g/mol.

Computational methods

DFT calculations

Geometry optimisations were carried out at the DFT level using the B3LYP hybrid exchange-
correlation functional with the 6-311++G(d,p) basis set for all atoms, using Gaussian 09 (Revision
D.01-SMP) [40] with structures built in GaussView 6.0. The absence of imaginary frequencies
confirmed that all optimised geometries corresponded to genuine energy minima. The frontier
molecular orbitals (HOMO, LUMO), the HOMO-LUMO gap (AE), the global reactivity descriptors
(ionisation potential I, electron affinity A, electronegativity x, chemical potential p, hardness m,
softness S, electrophilicity index ®) [20,21] and the molecular electrostatic potential (MEP) maps

(isodensity surface p = 0.0004 a.u.) were derived from the optimised geometries.

Molecular docking

Docking studies were performed with Molecular Operating Environment (MOE 2019.0102) in semi-
flexible mode (rigid protein, flexible ligand), with results visualised in Discovery Studio 2019. Three
bacterial protein targets were retrieved from the Protein Data Bank (https://www.rcsb.org/): the GyrB
subunit of E. coli DNA gyrase (PDB: 7AB4), S. aureus DNA gyrase (PDB: IMWT), and P.
aeruginosa lectin LecB (PDB: 4NG?2). Co-crystallised ligands and water molecules were removed

prior to docking; partial charges were assigned and the energy of each receptor was minimised in
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MOE before active-site selection. DFT-optimised geometries of compounds 2, 3, 4 and 5 (saved in sdf
format) were used as docking ligands; ciprofloxacin, retrieved from PubChem, served as the reference
inhibitor. Poses with an RMSD < 2 A relative to the lowest-energy conformation were retained as

geometrically reliable.

Antibacterial evaluation

Three reference bacterial strains were used: Staphylococcus aureus ATCC 25923 (Gram-positive),
Escherichia coli ATCC 25922 (Gram-negative) and Pseudomonas aeruginosa 4C76110 (Gram-
negative), selected to correspond to the organisms carrying the docking targets described above.
Minimum inhibitory concentrations (MICs) were determined by broth microdilution in Mueller-
Hinton broth (MHB) following the protocol of Tamokou et al. [25], adapted to CLSI standards, over a
concentration range of 0.125 to 256 pg/mL; ciprofloxacin served as the positive control. Minimum
bactericidal concentrations (MBCs) were determined by subculturing the contents of wells showing
no visible growth onto Mueller-Hinton agar (MHA); the MBC was defined as the lowest

concentration yielding no colony growth, or a single colony. All assays were performed in triplicate.
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