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Abstract

This work presents a comparative quantum-chemical investigation of the electronic structure
and chemical reactivity descriptors of the free heterocyclic carbonyl ligand X-4-one and its
complexes with the transition-metal ions Cu(II), Co(II), and Mn(II). The systems considered are
[CuCl,(X-4-one),], [CoCl, (2,3M-X-4-0ne),], and [MnCl,-(2,3dM-X-4-one),]. Density functional
theory (DFT) calculations were used to examine the relationship between the identity of the central
metal ion, electron-density distribution, frontier molecular-orbital energies, and the predicted
reactivity of the compounds.

The comparison involved the HOMO and LUMO energies, the HOMO-LUMO energy gap
(AE), ionization potential, electron affinity, electronegativity, chemical hardness and softness,
chemical potential, and electrophilicity index. The calculated AE values are 1.39 eV for the Cu(Il)
complex, 3.05 eV for the Co(II) complex, 3.07 eV for the Mn(II) complex, and 4.38 eV for the free
X-4-one ligand.

The copper complex has the smallest energy gap, suggesting, within the framework of the
descriptors applied, a greater ease of electronic excitation and comparatively higher chemical
reactivity. The cobalt and manganese complexes exhibit wider energy gaps and higher chemical-
hardness values, consistent with comparatively lower electronic softness. Among the investigated
complexes, the Cu(Il) system also displays the highest electron affinity, softness, and
electrophilicity index.

Overall, the results indicate that the identity of the central metal ion substantially affects the
electronic properties of these complexes. The calculated descriptors provide a theoretical basis for
further investigation and may help guide experimental assessment of their potential biological,
antibacterial, and antiseptic properties. These biological effects are considered potential research
directions and require independent experimental validation.

AHHOTanusA

B pabore TipoBeeHO CpaBHUTE/IbLHOE KBAHTOBO-XMMHUECKOE HWCC/IeZOBaHWe 3TeKTPOHHOU
CTPYKTypbl ¥ XapaKTePUCTHK XMMHUYECKOW DPeaKIMOHHOW  CIIOCOOHOCTH  CBOOOJHOTO
reTepOUK/INYeCKOT0 KapOOHUIBHOTO /MraHa X-4-one M ero KOMIUIEKCOB C MOHAMU TIePeXOHbIX
Meta/uioB Cu(Il), Co(Il) u Mn(Il). B kauecTBe ucc/iefyeMbIX CUCTEM PaCCMOTPEHbI KOMILIEKCHI
[CuCl,(X-4-one),], [CoCl,"(2,3M-X-4-one),] u [MnCl,-(2,3dM-X-4-one),]. PacuéTHbiii aHamM3
BLIMIOJIHEH B paMKax Teopud (GyHKIMoHasma TtwiotHoctd (DFT) U HampaBieH Ha BbIsIB/IeHHUE
B3aMMOCBSI3U MKy TPHUPOJOM IIeHTPa/JbHOTO WOHA, pacripefiesieHMeM 371eKTPOHHOM TIIOTHOCTH,
JHEepPreTUUeCKUMHU XapaKTepUCTUKaMU I'DaHUYHBIX MOJIEKY/ISIPHBIX opOvTanell v mperoaraeMoun
PeaKI[MOHHOM CIIOCOOHOCTBIO COeITUHEHUH.

Ins corocraB/ieHUss CUCTeM ucnonb3oBaHbl 3Heprud HOMO u LUMO, sHepreTtuueckuii
3a30p HOMO-LUMO (AE), moTeHIMa/l  MWOHM3aldHd, CpPOJCTBO K  3JIEKTPOHY,
3/1IeKTPOOTPHULIATE/IbHOCTh, XMMUUeCKast XKECTKOCTb U MITKOCTh, XMMUUeCKUI TOTeHL[Mal U UHJEKC
snekTpoduibHOCTA. COIVIaCHO TIOMy4YeHHBIM JaHHbIM, BenuuuHa AE cocraBnsier 1,39 3B s
komruiekca Cu(Il), 3,05 3B gns komruiekca Co(Il), 3,07 3B anisa kommnekca Mn(I1) u 4,38 3B ans
cBOOOAHOrO Mranaa X-4-one.
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HavMeHbIMii 3HepreTHUeCcKuid 3a30p OOHapy)KeH y KOMIUIeKCa Me[H, UTO B paMKax
UCIIO/Tb3yeMbIX /IeCKPUIITOPOB YKa3biBaeT Ha Oosee JIETKOe 37eKTPOHHOe BO30yXKJeHWe W
CPaBHUTE/ILHO BBICOKYI0 XHMHUECKYIO PEeaKI[MOHHYI0 CrocOOHOCTb. Komruiekchl kobanbTa U
MapraHila XapakTepHu3yloTCsi 0Oojee IMIMPOKUMU SHEPreTUYeCKMMU 3a30paMu U 0Oojiee BBICOKMMU
3HaUeHUsIMU XMMUUEeCKOW »KECTKOCTH, UYTO COIJIaCyeTCsl C UX CPAaBHUTE/IbHO MeHbLIeH 3/1eKTPOHHOU
MOJIAT/IMBOCThI0.  Haubosblliie 3HAUeHHs CPOACTBA K 37IeKTPOHY, MSTKOCTU U WHZEKCa
3/1IeKTPO(PUILHOCTU Cpe/id PACCMOTPEHHBIX KOMIT/IEKCOB To/yueHsl s cucteMbl Cu(Il).

B 1ie/10M pe3ysibTaThl MOKA3bIBAIOT, YTO 3aMeHa 1[eHTPaJTbHOTO MeTa/UIMYeCKOro HOHA 3aMeTHO
H3MEeHSIeT 3/IeKTPOHHbIe XapaKTePUCTUKUA KOMILIEKCOB. DTH PacCuéTHble [JaHHble MOTYT CJIY>KUTh
TeOpeTUUeCKOM OCHOBOW /[ig JajbHEWIIero W3yueHus COeJVWHEeHWM, B TOM 4uC/le JJis
TJIAaHUPOBaHUS  SKCIIEPUMEHTA/IbHOM OLeHKM WX OWOJIOTUYeCKOW, aHTHOAKTepuaabHON U
AQHTHUCENITUUECKOW aKTUBHOCTU. [Ipu 3TOoM Ouosornueckue 3ddekTel B HacTosied pabore
pPacCMaTpPUBAKOTCA KaK IIOTEHI[MA/IbHOE HarpaBeHue ajbHeUIINX WCCAe0BaHUH W TpeOyroT
OT[|e/TbHOTO 3KCIepUMeHTaIbHOTO MOATBEePKeHUSI.

Keywords: Density functional theory (DFT), HOMO-LUMO energy gap, heterocyclic
carbonyl ligands, global chemical reactivity descriptors, electronic stability, antibacterial activity,
antiseptic activity.

KiroueBbie coBa: Teopuss ¢yHkiuoHana tiotHocTy (DFT), sHepreTuueckuii 3a3op
HOMO-LUMO, rerepouyKnnyeckie KapOOHWIbHBIE JITAHABIL, T7100ajbHbIE [1eCKPUIITOPBI
XUMHUYECKOM pPeakLMOHHOM CMOCOOHOCTH, S/M1eKTPOHHAasi yCTOWYMBOCTb, aHTHOAKTepHasbHast
aKTUBHOCTb, aHTHUCENTHYeCKasi akTUBHOCTb.

Introduction

In modern chemistry and pharmaceutical science, quantum chemical calculations, especially
density functional theory (DFT), are widely used worldwide as an important tool that allows the
electronic structure, stability, and reactivity of molecules to be predicted with high accuracy before
synthesis. When HOMO-LUMO frontier orbitals and global reactivity descriptors are used together
with molecular docking and in silico ADME screening, they significantly save time and resources in
selecting candidate compounds and evaluating their biological activity. For this reason, complexes
of biogenic 3d metals — copper(II), cobalt(IT), and manganese(II) — with heterocyclic carbonyl (-4-
one) ligands are of great interest, since chelation alters lipophilicity and charge distribution and
enhances the antibacterial, antifungal, antioxidant, and antiseptic activity of the free ligand. This is
usually explained by Tweedy's chelation theory, the binding of the metal center to enzymes and
nucleic acids, and the generation of reactive oxygen species. Under conditions of increasing
pathogen resistance to traditional antiseptics, such metal-based agents are considered a promising
alternative. This work presents a DFT study of the complexes [CuCl,(X-4-on),], [CoCl,(2,3M-
X-4-on),], and [MnCl,-(2,3dM-X-4-on),], with the aim of comparing their stability and chemical

activity with the free ligand and evaluating their potential biological and antiseptic activity.
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Materials and Methods

The HOMO (highest occupied molecular orbital) and LUMO (lowest unoccupied molecular
orbital), determined by DFT calculation methods, provide important information about the
electronic structure and chemical properties of a molecule. The HOMO is the highest-energy orbital
in the molecule that is filled with electrons; it indicates the molecule's ability to donate electrons,
i.e., its tendency toward oxidation. The higher the HOMO energy, the more easily the molecule
donates an electron and the higher its reactivity. The LUMO is the lowest-energy empty orbital and
expresses the molecule's ability to accept electrons, i.e., its reduction property; likewise, the lower
the LUMO energy, the more easily the molecule accepts an electron (Fig. 2).

[CuCly (X-4-o0n)2], [MnCl-(2,3dM-X-4on)] [CoCly*(2,3M-X-40n) 1]

Figure 1. Optimized molecular structure of the complex (DFT result)

Results and Discussion

The calculated molecular orbital (HOMO-LUMO) energies of the three complexes —
[CuCl,(X-4-0n),], [CoCl,(2,3M-X-4-0n),] and [MnCl,*(2,3dM-X-4-on),] — and the key reactivity
parameters derived from them provided important information about the electronic structure and
chemical properties of the molecules (Fig. 1).
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[CuCl4(X-4-0on),]
Evusmor € Eqemor €V
-3.2404 eV -4.6331 eV

"y .

[MnCl;+(2,3dM-X-40n),]

Evuamor €V Eqamor €V
-4.75 eV -1.70 eV
' d |AE| 3.05 eV

Evuemor €V Eqamor eV
-4.97 eV

[CoCls- (2 3M-X-40n)2] -1.90 eV
§ 0 IAEI 3.07 eV $

Figure 2. HOMO and LUMO energy values of the complex compounds

First of all, the HOMO-LUMO energy gap (AE) is the main indicator for assessing the kinetic
stability and chemical activity of the complexes. According to the calculation results, the AE value
is 1.4 eV for the Cu complex, 3.05 eV for the Co complex, and 3.07 eV for the Mn complex. A
small AE indicates a high probability of electron excitation and that the substance is chemically

more active.
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[MnCly+(2,3dM-X-4-o0n):] [CoCls-(2,3M-X-4-o0n):]

Figure 3. Frontier electron densities of the complex compounds

Accordingly, the [CuCl, (X-4-on),] complex has the smallest energy gap and exhibits
relatively high activity and lower kinetic stability. In contrast, in the Co and Mn complexes the
energy gap is almost twice as large, which indicated the stability of their electronic structure. The
ionization potential values are 4.63, 4.75 and 4.97 eV for the Cu, Co and Mn complexes,
respectively.

An increase in the ionization potential means that it becomes more difficult to remove an
electron from the molecule. Thus, the Mn complex loses an electron with the greatest difficulty and,
in this respect, has a relatively stable electronic configuration. The electron affinity of the Cu
complex is 3.24 eV, which is significantly higher than those of the Co (1.70 eV) and Mn (1.90 eV)
complexes. This shows that the Cu complex has a high tendency to accept an additional electron
(Fig. 3).

The electronegativity value is also the largest for the Cu complex (3.94 eV), which reflects its
stronger ability to attract electron density. The chemical hardness of the Cu complex is 0.70 eV,
whereas it is considerably higher in the Co and Mn complexes (1.53-1.54 eV). A small hardness
value means that the system is highly sensitive to external influences and that its electron cloud is
highly deformable. For this reason, the Cu complex is characterized as a chemically “unstable”
system. For the Cu complex, o = 0.718 eV-!, which is almost twice as large as for the Co and Mn
complexes.
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Table 1. Quantum-chemical parameters of the complex compounds [CuCl4(X-4-on)2],
[CoCl4-(2,3M-X-4-on)2] and [MnClI4-(2,3dM-X-4-on)2]

Quantum-chemical parameters [CuCl, (X-4- [CoCl" (2,3M- [MnCl, (2,3dM- X-4on
on),] X-40n),] X-4on),]
Eomor €V -3.2404 eV -4.75 eV -4.97 eV —6.8489 eV
E ymo €V -4.6331 eV -1.70 eV -1.90 eV —2.4657 eV
IAE| = Eyomo — ELumos (€Y) 1,3927 eV 3.05eV 3.07 eV 4.3832 eV
Ionization potential, [=4.6331 eV 4.75 eV 4.97 eV 6.8489 eV
[=-E om0 €V I=-EYuBMO, eV
Electron affinity, A=3.2404 eV 1.70 eV 1.90 eV 2.4657 eV
A=-E, juo €V A=-EQBMO, eV
Electronegativity, X=3.9368 eV 3.23 eV 3.44 eV 4.6573 eV
Xx=0+A)2(eV)I+A)2(eV)
Chemical hardness, n=0.6963 eV 1.53 eV 1.54 eV 2.1916 eV
n=>0-A)2EV)n=(1-A)2(eV)
Chemical potential, p=-3.9368 eV -3.23 eV -3.44eV —4.6573 eV
p,=—(+ A)/2 (eV) up=-(1 + A)/2
(eV)
Chemical softness, o = 1/(2n) (eV), | 0=0.718 eV-1 0.33eV-1 0.325eV-1 0.2281 (eV)t
Electrophilicity index, @ = pp2/2n w=11.14 eV 3.42eV 3.84eV 4.95 eV
(eV)

The electrophilicity index () of the Cu complex is 11.14 eV, which is considerably higher
than those of the Co (3.42 eV) and Mn (3.84 eV) complexes. This shows that the Cu complex has
strong electrophilic properties, i.e., a high probability of interacting with nucleophilic reagents. The
Co and Mn complexes, in turn, show moderate values of the electrophilicity index (Table 1).

As a result of the quantum-chemical analysis, the nature of the metal center has a significant
effect on the outer orbital energies and on the indicators of high activity. The Cu(II)-based complex
has the smallest HOMO-LUMO gap and the highest softness and electrophilicity index, and is
characterized as the chemically most active system. The Co(II) and Mn(II) complexes, on the other
hand, are distinguished by a large energy gap and high hardness values, which indicates that they
are relatively stable and less active.

Conclusion

[MnCl,-(2,3dM-X-4-on),] (3.05 eV) ~ [MnCl,These results were explained by the electronic

structure of the complexes, the influence of the ligand field, and the d-orbital configuration of the
metal center, and are important for predicting their potential chemical and biological activity in
advance. According to the obtained quantum-chemical analysis results, the values of the HOMO-
LUMO energy gap (AE) increase in the following order: [CuCl,(X-4-on),] (1.39 eV) <

[CoCl,(2,3M-X-4-0n),] / [MnCl,(2,3dM-X-4-0n),] (3.07 eV) < ligand X-4-on (4.38 eV).
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