
Çäàòí³ñòü ì³äü-âì³ñíèõ ìåòàëîïðîòå¿í³â çâî-
ðîòíî çâ’ÿçóâàòè êèñåíü çàëèøàºòüñÿ â³äêðèòîþ
òåìîþ â á³îíåîðãàí³÷í³é õ³ì³¿. Ïðèêëàäàìè ôåð-
ìåíò³â, ùî ì³ñòÿòü ì³äü ³ ðåàãóþòü ç êèñíåì, ìî-
æóòü áóòè ãåìîöèàí³í, òèðîçèíàçà òà òàê³ ìóëü-
òè-Cu îêñèäàçè ÿê ëàêêàçà, öåðóëîïëàçì³í [1].

Îêñèãåíîâàí³ ôîðìè ãåìîö³àí³íó ³ òèðîçèíà-
çè º ºäèíèìè äîñòàòíüî îõàðàêòåðèçîâàíèìè
ì³äü-ïåðîêñèäíèìè ìåòàëîïðîòå¿íîâèìè ñèñòå-
ìàìè. Àêòèâíèé ñàéò îêñèãåìîöèàí³íó ì³ñòèòü
äâà òåòðàãîíàëüí³ ³îíè ì³ä³, â³äñòàíü ì³æ ÿêèìè
3,6 À, ç ìîëåêóëîþ êèñíþ, ùî ó âèãëÿä³ ïåðîê-
ñèäíîãî ì³ñòêà êîîðäèíóºòüñÿ ì³æ íèìè. ßê ïî-
êàçàâ Êîëìåí ó ñâî¿é ðîáîòi [2], ïîñèëàþ÷èñü íà
Ðàìàí-ñïåêòðè, ïåðîêñèä â îêñèãåìîöèàí³í³ ñè-
ìåòðè÷íî ç’ºäíàíèé ç îáîìà ³îíàìè ì³ä³. Òàêîæ
çàçíà÷åíî, ùî ñïåêòð îêñèãåìîöèàí³íó ìàº óí³-
êàëüí³ ï³êè ³íòåíñèâíîñò³ ïðè 345 nm, ùî â³äïî-
â³äàº çì³ùåííþ çàðÿäó ç ïåðîêñèäó íà ì³äü. Äàí³
ðåíòãåíîñòðóêòóðíîãî àíàë³çó òà ñïåêòðîñêîï³¿
äîçâîëèëè çáóäóâàòè åôåêòèâíó ìîäåëü àêòèâ-
íîãî öåíòðó ãåìîöèàí³íó, àíàë³ç åëåêòðîííî¿
ñòðóêòóðè òà ïðîñòîðîâî¿ ãåîìåòð³¿ ÿêî¿ áóâ çä³é-
ñíåíèé ìåòîäîì SCF-Xa-SW [2]. Ó ðàìêàõ äàíî¿
ðîáîòè ðîçøèðåíî ê³ëüê³ñòü ìîäåëåé àêòèâíîãî
öåíòðó, ïðîâåäåíî íååìï³ðè÷í³ ðîçðàõóíêè òà
â³áðàö³éíèé àíàë³ç äëÿ ïîð³âíÿííÿ ç ðåçóëüòà-
òàìè, îòðèìàíèìè åêñïåðèìåíòàëüíî.

Ìåòîä. Ðîçðàõóíêè ïðîâåäåíî â áàçèñ³ 6—
31G îáìåæåíèì ìåòîäîì Õàðòð³-Ôîêà, âèêîðè-
ñòîâóþ÷è çà åôåêòèâíèé êîð ïîòåíö³àë SBK (ïî-
òåíö³àë Ñò³âåíñà, Êðàóñà, Äæàñüºíà, Êóíäàð³ äëÿ
âàæêèõ ìåòàë³â (Cu(II)). Ðîçðàõóíêè âèêîíàíî
çà äîïîìîãîþ ïðîãðàìè GAMESS [3].

Àíàë³ç ³ âèñíîâêè. Îñíîâíèìè ïðîòîòèïàìè
ñëóãóâàëè òàê³ êîîðäèíàö³éí³ ñïîëóêè:
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Ðîçãëÿíåìî åëåêòðîííó áóäîâó îäí³º¿ ç íàé-
ïðîñò³øèõ ñïîëóê [(NH

3
)
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2
], íà ïðèêëàä³ ÿêî¿

äîñèòü çðó÷íî îõàðàêòåðèçóâàòè ïðîöåñè, ùî
â³äáóâàþòüñÿ ïðè ïðèºäíàíí³ êèñíþ äî àêòèâ-
íîãî öåíòðó ôåðìåíòà (ðèñ. 1).
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åíåðãåòè÷í³ ð³âí³ òà ðîçïîä³ë çàðÿäó â ñïîëóö³.
Â íåçáóäæåíîìó ñòàí³ d

x2-y2
 îðá³òàëü ì³ä³ ìàº íàé-

âèù³é ³ç çàñåëåíèõ åíåðãåòè÷íèé ð³âåíü. Öÿ îð-
á³òàëü äåëîêàë³çîâàíà ó íàïðÿìêó ñóñ³äíüîãî
àçîòó ³ ïåðîêñèäíèõ ë³ãàíä³â ³ º àíòèçâ’ÿçóþ÷îþ
â³äíîñíî îðá³òàëåé ë³ãàíä³â. Íàñòóïíèì çà åíåð-
ã³ºþ ð³âíåì º π*

v 
îðá³òàëü ïåðîêñèäó, ÿêà ðîçòà-

øîâàíà ïåðïåíäèêóëÿðíî äî ïëîùèíè Cu-O-O.
Ç òàáëèö³ 2 âèäíî, ùî öÿ îðá³òàëü ñëàáêî âçàº-
ìîä³º ç d îðá³òàëÿìè ì³ä³ ³ çäåá³ëüøîãî ëîêàë³-
çîâàíà íà ïåðîêñèä³, ïðè÷îìó ð³âíîì³ðíî ðîç-
ïîä³ëåíà ì³æ àòîìàìè êèñíþ. Íàñòóïíèé åíåð-
ãåòè÷íèé ð³âåíü íàëåæèòü πσ

* ïåðîêñèäîâ³. Âîíà
çíàõîäèòüñÿ â ïëîùèí³ Cu-O-O ³ ñòàá³ë³çóºòüñÿ
çàâäÿêè ñèëüí³é âçàºìîä³¿ ç d

x2-y2
 îðá³òàëÿìè ì³ä³.

Àíàë³ç ðîçïîä³ëó çàðÿäó ñâ³ä÷èòü, ùî åëåêòðîííà
ãóñòèíà á³ëüøà íà ê³íöåâîìó àòîì³ ïîð³âíÿíî ç
àòîìîì, ÿêèé áåçïîñåðåäíüî çâ’ÿçàíèé ç ì³ääþ.

ÌÎÄÅËÞÂÀÍÍß ÀÊÒÈÂÍÈÕ ÖÅÍÒÐ²Â Ì²ÄÜ-ÂÌ²ÑÍÈÕ
Á²ËÊ²Â ÍÀ ÎÑÍÎÂ² ÊÎÎÐÄÈÍÀÖ²ÉÍÈÕ ÑÏÎËÓÊ Ì²Ä²

Âèêîíàíî ab initio êâàíòîâîõ³ì³÷í³ ðîçðàõóíêè ñåð³¿ ì³äü-ïåðîêñèäíèõ êîìïëåêñ³â ç ìåòîþ âè-
çíà÷åííÿ åôåêòó ïðèºäíàííÿ êèñíþ ó âèãëÿä³ ïåðîêñèäó òà ñóïåðîêñèäó íà åëåêòðîííó òà ïðîñòî-
ðîâó ñòðóêòóðó ³ çâ’ÿçêè ó êîìïëåêñàõ Cu(²²). Çàïðîïîíîâàíî ìîäåëü àêòèâíîãî öåíòðó òà ìåõàí³çì
ðåàêö³¿ îðòîã³äðîêñèëþâàííÿ òîëóîëó.
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ONE ELECTRON ENERGY   -978.8502765285

NUCLEUS-ELECTRON POTENTIAL ENERGY -1144.2124739411

TWO ELECTRON ENERGY     447.2348422243

ELECTRON-ELECTRON POTENTIAL ENERGY     447.2348422243

NUCLEAR REPULSION ENERGY     276.2449476826

NUCLEUS-NUCLEUS POTENTIAL ENERGY     276.2449476826

TOTAL ENERGY   -255.3704866215

TOTAL POTENTIAL ENERGY   -420.7326840341

TOTAL KINETIC ENERGY     165.3621974126
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Ñàìå çàâäÿêè âçàºìîä³¿ d
x2-y2

 îðá³òàëåé ì³ä³ ç
πσ

*îðá³òàëÿìè ïåðîêñèäó óòâîðþºòüñÿ õ³ì³÷íèé
çâ’ÿçîê ì³ä³ ç ïåðîêñèäîì. σ-çâ’ÿçîê Cu-O ñòàá³-
ë³çóº πσ

* îðá³òàëü ïåðîêñèäó, à d
x2-y2 

ó ñâîþ ÷åðãó
äåñòàá³ë³çóºòüñÿ çà ðàõóíîê ðåöèïðîêíî¿ âçàºìî-
ä³¿ àíòèçâ’ÿçóþ÷èõ σ–îðá³òàëåé. Íàñòóïíèé åíåð-
ãåòè÷íèé ð³âåíü çàéìàþòü çàïîâíåí³ d îðá³òàë³ ì³ä³,
ÿê³ äóæå ñëàáêî âçàºìîä³þòü ç îðá³òàëÿìè ë³ãàíä³â.

Àíàë³çóþ÷è çáóäæåíèé ñòàí (NH
3
)
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ÑuO

2, 
ìî-

æíà ñêàçàòè, ùî îêèñíåííÿ (ó âèïàäêó òèðîçè-
íàçè — òîëóîëó) â³äáóâàºòüñÿ çà íàâåäåíèì ìå-
õàí³çìîì: âíàñë³äîê çì³ùåííÿ åëåêòðîííî¿ ãóñ-
òèíè íà àòîì³ êèñíþ (³ ï³äâèùåííÿ îêèñíþâàëü-
íî¿ çäàòíîñò³ ïåðîêñèäó (ñóïåðîêñèäó)), ì³äü íà-
áóâàº ÷àñòêîâî äîäàòíüîãî çàðÿäó ³ ïðèòÿãóº
â³ä’ºìíî çàðÿäæåíó ãðóïó. Â ìîìåíò çáëèæåííÿ
àòîì³â êèñíþ òà áåíçîëüíîãî ê³ëüöÿ òîëóîëó â³ä-
áóâàºòüñÿ îêèñíåííÿ.

Zub Yu. L., Grebenyuk A. G., Trygubenko S. A., Bogdan T. V.

SIMULATION OF ACTIVE SITES OF COPPER-
CONTAINING PROTEINES VIA COORDINATION

COMPOUNDS OF COPPER

Ab initio calculations have been performed on a series of copper (II) peroxide
structures in order to monitor the effect of peroxide adding on the electronic and spacial
structure of complexes and bonding in them. A model for active site has been proposed
as well as a mechanism of toluene orthohydroxylation reaction.
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