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çíà÷åííÿ åíåðã³¿ àêòèâàö³¿ äàíèõ ïðîöåñ³â 2,6-äèìåòèë-N-êàðáàìî¿ë-1,4-áåíçîõ³íîí-
ìîíî³ì³íó (∆G≠

298): 67,21 ³ 62,05 êÄæ/ìîëü, â³äïîâ³äíî. Âñòàíîâëåíî, ùî
Z,E-³çîìåðèçàö³ÿ â³äíîñíî çâ’ÿçêó Ñ=N ïåðåá³ãàº çà ³íâåðñ³éíèì ìåõàí³çìîì. Çà
äîïîìîãîþ êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â âñòàíîâëåíî òåîðåòè÷í³ çíà÷åííÿ
áàð’ºð³â 3,5-äèìåòèë-N-êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³íó ³ 2,6-äèìåòèë-N-êàð-
áàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³íó, ÿê³ äîáðå óçãîäæóþòüñÿ ç åêñïåðèìåíòàëüíèìè
äàíèìè.
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Âñòóï
Ïðåäñòàâíèêè êëàñó N-çàì³ùåíèõ 1,4-áåí-

çîõ³íîíìîíî³ì³í³â º ãàðíèìè ñèíòîíàìè äëÿ ñïðÿ-
ìîâàíîãî ñèíòåçó íà ¿õ îñíîâ³ á³îëîã³÷íî àêòèâ-
íèõ ñïîëóê [1]. Îñîáëèâî öå ñòîñóºòüñÿ N-êàðáà-
ìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³í³â [2], ÿê³ ìàþòü â
ñâî¿é ñòðóêòóð³ â³ëüíó ãðóïó NH2, ùî çíà÷íî ðîç-
øèðþº ìîæëèâîñò³ îäåðæàííÿ íîâèõ ïîõ³äíèõ íà
¿õ îñíîâ³. Ñïðÿìîâàíèé ñèíòåç ìîæëèâèé çà óìî-
âè òî÷íîãî ðîçóì³ííÿ âïëèâó ñòðóêòóðíèõ ³ åëåê-
òðîííèõ ôàêòîð³â çàì³ñíèê³â á³ëÿ àòîìà àçîòó òà â
õ³íî¿äíîìó ÿäð³ íà îñîáëèâîñò³ áóäîâè ³ ðåàêö³é-
íî¿ çäàòíîñò³ äàíèõ ñïîëóê. Âåëèêå çíà÷åííÿ ó
âèð³øåííÿ öüîãî ïèòàííÿ ìàº äîñë³äæåííÿ êîí-
ôîðìàö³éíèõ ïåðåòâîðåíü ó ðîç÷èíàõ öèõ ñïîëóê
³, çîêðåìà, Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó C=N
õ³íî¿äíîãî ÿäðà, à òàêîæ ³ âèçíà÷åííÿ åíåðã³¿ àê-
òèâàö³¿ öüîãî ïðîöåñó.

N-Çàì³ùåí³ 1,4-áåíçîõ³íîíìîíî³ì³íè â³äíî-
ñÿòüñÿ äî ³ì³ííèõ ñèñòåì çàãàëüíî¿ ôîðìóëè
R1R2C=NX, âèâ÷åííþ ìåõàí³çìó Z,E-³çîìåðèçàö³¿
ÿêèõ ïðèñâÿ÷åíî áàãàòî ïóáë³êàö³é [3–6]. Z,E-

³çîìåðèçàö³ÿ â ³ì³íàõ ìîæå çä³éñíþâàòèñü ÷åðåç
îáåðòàííÿ íàâêîëî çâ’ÿçêó C=N (ïåðåõ³äíèé ñòàí
C íà ñõåì³ 1), ÷åðåç ë³í³éíèé ïåðåõ³äíèé ñòàí
âíàñë³äîê ³íâåðñ³¿ àòîìà àçîòó, ÿêèé ñòàº sp-ã³áðè-
äèçîâàíèì (ïåðåõ³äíèé ñòàí D) (ñõåìà 1), àáî ÷å-
ðåç êîìá³íàö³ºþ öèõ îáîõ ïðîöåñ³â [7]. ßêùî
R1=R2, òî îñíîâí³ ñòàíè A ³ B º ³äåíòè÷íèìè, ³
ñïîñòåð³ãàºòüñÿ âèðîäæåíà ³çîìåðèçàö³ÿ (òîïîìå-
ðèçàö³ÿ).

Òåðìîäèíàì³÷í³ àêòèâàö³éí³ ïàðàìåòðè Z,E-
³çîìåðèçàö³¿ çàëåæàòü â³ä áàãàòüîõ ôàêòîð³â, ùî
âêëþ÷àþòü ïðîñòîðîâó áóäîâó ãðóï R1, R2, Y, ïðè-
ðîäó ðîç÷èííèê³â òà âíóòð³øíüîìîëåêóëÿðí³ åôåê-
òè çàì³ñíèê³â [3–9].

Ñèíòåçîâàí³ ðàí³øå N-êàðáàìî¿ë-1,4-áåíçî-
õ³íîíìîíî³ì³íè [2], ç îäíîãî áîêó, º õ³íîí³ì³íà-
ìè, à ç ³íøîãî – ïîõ³äíèìè ñå÷îâèíè. Âîíè ïðî-
ÿâëÿþòü ïîäâ³éíó ðåàêö³éíó çäàòí³ñòü [2], õàðàê-
òåðíó ÿê äëÿ õ³íîí³ì³í³â, òàê ³ äëÿ ñå÷îâèí, ùî
çíà÷íî ðîçøèðþº ìîæëèâîñò³ ñèíòåçó íîâèõ ïî-
õ³äíèõ íà ¿õ îñíîâ³.
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Ìåòîþ äàíî¿ ðîáîòè º âñòàíîâëåííÿ ìîæëè-
âèõ êîíôîðìàö³éíèõ ïåðåòâîðåíü â ðîç÷èíàõ N-
êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³í³â, ÿê³ ìîæíà
çàðåºñòðóâàòè ìåòîäîì ñïåêòðîñêîï³¿ ßÌÐ 1Í, òà
âèçíà÷åííÿ ìåõàí³çìó ³ åíåðã³é àêòèâàö³¿ äàíèõ
ïðîöåñ³â.

Ìåòîäèêà åêñïåðèìåíòó
2,6-äèìåòèë-N-êàðáàìî¿ë-1,4-áåíçîõ³íîíìî-

íî³ì³í 1a ñèíòåçîâàíî çà ìåòîäèêîþ [2]. Õàðàêòå-
ðèñòèêè õ³íîí³ì³íó 1a â³äïîâ³äàþòü ë³òåðàòóðíèì
äàíèì [2].

Ñïåêòðè ßÌÐ 1Í ðåºñòðóâàëè íà ñïåêòðî-
ìåòðàõ Varian VXR-300 òà GEMINI-400 ç ðîáî-
÷îþ ÷àñòîòîþ 300 ÌÃö òà 400 ÌÃö, â³äïîâ³äíî,
â³äíîñíî ÒÌÑ (âíóòð³øí³é ñòàíäàðò) â CDCl3 òà
CDBr3.

Êâàíòîâî-õ³ì³÷í³ ðîçðàõóíêè âèêîíóâàëè ³ç
âèêîðèñòàííÿì ïðîãðàìè Firefly version 8 [10], ÿêà
÷àñòêîâî çàñíîâàíà íà âèõ³äíîìó êîä³ GAMESS
(US) [11]. Ìîëåêóëÿðíà ñòðóêòóðà äîñë³äæóâàíèõ
ñïîëóê ðîçðàõîâàíà çà äîïîìîãîþ ìåòîäó DFT ³ç
çàñòîñóâàííÿì ôóíêö³îíàëó B3LYP [12] ³ ñòàí-
äàðòíîãî áàçèñíîãî íàáîðó 6-31+G(d) [13].

Ðåçóëüòàòè òà îáãîâîðåííÿ
Ç ìåòîþ âèÿâëåííÿ ìîæëèâèõ äèíàì³÷íèõ

ïðîöåñ³â êîíô³ãóðàö³éíèõ ïåðåòâîðåíü ó ðîç÷è-
íàõ N-êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³í³â ³ âèç-
íà÷åííÿ åêñïåðèìåíòàëüíèõ çíà÷åíü â³äïîâ³äíèõ
áàð’ºð³â áóëî äîñë³äæåíî ñïåêòðè ßÌÐ 1Í 2,6-
äèìåòèë-N-êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³íó 1a
(ñõåìà 2) â ðîç÷èí³ õëîðîôîðìó â ³íòåðâàë³ òåì-
ïåðàòóð â³ä –390C äî +610C.

Íà îñíîâ³ àíàë³çó ñïåêòð³â ßÌÐ 1Í, áóëî
âñòàíîâëåíî, ùî â ðîç÷èí³ ñïîëóêè 1a ïåðåá³ãà-
þòü äâà ïðîöåñè: Z,E-³çîìåðèçàö³ÿ â³äíîñíî çâ’ÿç-
êó Ñ=N ³ ïðîöåñ çàãàëüìîâàíîãî îáåðòàííÿ íà-
âêîëî çâ’ÿçêó NH2–C(O)–.

Äèíàì³÷íèé ïðîöåñ Z,E-³çîìåðèçàö³¿ â³äíîñ-
íî çâ’ÿçêó Ñ=N ïðîÿâëÿºòüñÿ â òîìó, ùî õ³íî¿äí³
ïðîòîíè H3,5 çà ê³ìíàòíî¿ òåìïåðàòóðè ïðîÿâëÿ-
þòüñÿ îêðåìèìè äàëåêî ðîçòàøîâàíèìè ñèãíàëà-
ìè (ðèñ. 1), à ïðè òåìïåðàòóð³ +610Ñ ïî÷èíàþòü
çëèâàòèñÿ. Àëå ïðè äàí³é òåìïåðàòóð³ çëèòòÿ ò³ëüêè
ïî÷èíàºòüñÿ, ³ ïîòð³áíå ïîäàëüøå ï³äâèùåííÿ òåì-
ïåðàòóðè, ùî íåìîæëèâî ÷åðåç ïî÷àòîê êèï³ííÿ
õëîðîôîðìó. Òîìó äîñë³äæåííÿ ñïåêòð³â ßÌÐ 1Í
ñïîëóêè 1a áóëî òàêîæ âèêîíàíî â ðîç÷èí³ áðî-
ìîôîðìó â ³íòåðâàë³ òåìïåðàòóð â³ä +170C äî
+900C (ðèñ. 2), àëå ñêëàäí³ñòü âèêîðèñòàííÿ áðî-
ìîôîðìó ïîëÿãàº â òîìó, ùî éîãî òåìïåðàòóðà
ïëàâëåííÿ ñêëàäàº +80Ñ, ³ â äàíîìó ðîç÷èííèêó
íåìîæëèâî âèì³ðþâàòè ñïåêòðè ïðè íåãàòèâíèõ
òåìïåðàòóðàõ.

Âèçíà÷åííÿ êîíñòàíòè øâèäêîñò³ Z,E-³çîìå-
ðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N áóëî âèêîíàíî çà
äîïîìîãîþ ìåòîäó àíàë³çó ïîâíî¿ ôîðìè ë³í³¿ ó
ñïåêòðàõ ßÌÐ 1Í, àëå öåé ìåòîä âèìàãàº âèì³-
ðþâàííÿ ñïåêòð³â â ³íòåðâàë³ òåìïåðàòóð, ÿêèé
îõîïëþº ÿê â³äñóòí³ñòü ïðîöåñó ³çîìåðèçàö³¿, òàê
³ ïîâíå çëèòòÿ ñèãíàë³â õ³íî¿äíèõ ïðîòîí³â. Âèì³-
ðþâàííÿ ñïåêòð³â â õëîðîôîðìå äîçâîëÿº âèçíà-
÷èòè òåìïåðàòóðó â³äñóòíîñò³ ïðîöåñó Z,E-³çîìå-
ðèçàö³¿, çà ÿêó áóëî ïðèéíÿòî òåìïåðàòóðó –500C
(ðèñ. 1), îäíàê ïðè âèêîðèñòàíí³ öüîãî ðîç÷èí-
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íèêà íåìîæëèâî âèì³ðÿòè ñïåêòð ïðè ïîâíîìó
çëèòò³ ñèãíàë³â. Ó âèïàäêó áðîìîôîðìó ñïîñòåð³-
ãàºòüñÿ çâîðîòíà êàðòèíà: º ìîæëèâ³ñòü âèçíà÷è-
òè òåìïåðàòóðó ïîâíîãî çëèòòÿ ñèãíàë³â (ðèñ. 2),
àëå íåìîæëèâî âèçíà÷èòè, ÿêó ôîðìó ë³í³¿
ìàþòü ñèãíàëè çà â³äñóòíîñò³ îáì³ííèõ ïðîöåñ³â.

Òîìó âèçíà÷åííÿ êîíñòàíòè øâèäêîñò³ Z,E-
³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N áóëî âèêîíà-
íî çà äîïîìîãîþ ìåòîäó àíàë³çó ïîâíî¿ ôîðìè
ë³í³¿ ó ñïåêòðàõ ßÌÐ 1Í ÿê ó õëîðîôîðì³, òàê ³ ó
áðîìîôîðì³. Ó áðîìîôîðì³ ðåçóëüòàòè îòðèìàíî
ç óðàõóâàííÿì ïðèïóùåííÿ, ùî ïàðàìåòðè
ñïåêòð³â ó íüîìó (ï³âøèðèíà ë³í³é òà êîíñòàíòè
ñï³í-ñï³íîâî¿ âçàºìîä³¿) º òàê³ æ ñàì³, ÿê ³ ó õëî-
ðîôîðì³.

Â³ëüíó åíåðã³þ àêòèâàö³¿ Z,E-³çîìåðèçàö³¿
â³äíîñíî çâ’ÿçêó Ñ=N ∆G≠

298 áóëî ðîçðàõîâàíî çà
ð³âíÿííÿì Åéð³íãà [14]:

∆G≠
298=19,14 ⋅Tç⋅[10,32–lg(k/Tç)],  (1)

äå Òç – òåìïåðàòóðà ïðîöåñó òîïîìåðèçàö³¿ àáî
çëèòòÿ ñèãíàë³â, k – êîíñòàíòà øâèäêîñò³ îáì³íó
ïðè òåìïåðàòóð³ çëèòòÿ.

Çíàéäåíà êîíñòàíòà øâèäêîñò³ ó ðîç÷èí³ õëî-
ðîôîðìó, ïðèâåäåíà äî òåìïåðàòóðè 298 Ê, äîð³-
âíþº 14,011, ó áðîìîôîðì³ – 10,376. Îòðèìàí³
òåðìîäèíàì³÷í³ àêòèâàö³éí³ ïàðàìåòðè Z,E-³çîìå-
ðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N íàâåäåíî â òàáëèö³.

Çà ê³íöåâèé ðåçóëüòàò â³ëüíî¿ åíåðã³¿ àêòè-
âàö³¿ Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N ñïî-
ëóêè 1à ïðèéíÿòî çíà÷åííÿ, ùî îòðèìàíå ó áðî-
ìîôîðì³, ∆G≠

298=67,21 êÄæ/ìoëü.
Çàãàëüìîâàíå îáåðòàííÿ íàâêîëî çâ’ÿçêó

NH2–C(O)– ñïîëóêè 1à ìîæíà ðîçãëÿíóòè íà
ïðèêëàä³ ñèãíàë³â ïðîòîí³â ãðóïè NH2. Ïðè
ê³ìíàòí³é ³ íèæ÷èõ òåìïåðàòóðàõ ïðîòîíè ãðóïè
NÍ2 â ñïåêòð³ ßÌÐ 1Í âèÿâëÿþòüñÿ îêðåìèìè
ñèíãëåòàìè. Ç ï³äâèùåííÿì òåìïåðàòóðè ö³ ñèã-
íàëè ðîçøèðþþòüñÿ, à ïîò³ì çëèâàþòüñÿ â îäèí
øèðîêèé ñèãíàë, ÿêèé ïðè ïîäàëüøîìó ï³äâè-
ùåíí³ òåìïåðàòóðè ñòàº äåäàë³ âóæ÷èì (ðèñ. 1, 2).
Îäíàê âèçíà÷åííÿ àêòèâàö³éíîãî áàð’ºðó çàãàëü-
ìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó NH2–C(O)–
çà äîïîìîãîþ ìåòîäó àíàë³çó ïîâíî¿ ôîðìè ë³í³¿
ó ñïåêòðàõ ßÌÐ 1Í òðåáà âðàõîâóâàòè, ùî ïðè

òåìïåðàòóð³ –390Ñ ñèãíàëè ïðîòîí³â ãðóïè NÍ2

ìàþòü íåâåëèêå ðîçùåïëåííÿ ³ ùå çàëèøàþòüñÿ
øèðîêèìè, ùî ï³äòâåðäæóº íàÿâí³ñòü íåçíà÷íèõ
îáì³ííèõ ïðîöåñ³â. Òîìó íåâ³äîìî, ÿêà áóäå
ï³âøèðèíà öèõ ñèíãëåò³â çà â³äñóòíîñò³ îáì³íó,
ùî íåîáõ³äíî äëÿ òî÷íîãî ðîçðàõóíêó òåðìîäèíà-
ì³÷íèõ àêòèâàö³éíèõ ïàðàìåòð³â.

Âèçíà÷åí³ òåðìîäèíàì³÷í³ àêòèâàö³éí³ ïàðà-
ìåòðè çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó
NH2–C(O)– ñïîëóêè 1à â ðîç÷èí³ õëîðîôîðìó
íàâåäåí³ â òàáëèö³. Àíàë³ç îòðèìàíèõ äàíèõ ïî-
êàçóº, ùî ïðèïóùåííÿ, ÿê³ âðàõîâàí³ ïðè âèçíà-
÷åíí³ öèõ ïàðàìåòð³â, ïðèâîäÿòü äî ï³äâèùåííÿ
äîâ³ð÷èõ ³íòåðâàë³â îòðèìàíèõ çíà÷åíü.

Ç ìåòîþ äîäàòêîâîãî ï³äòâåðäæåííÿ â³äïî-
â³äíîñò³ ïðîöåñ³â Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó
Ñ=N ³ çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó
–NH–C(O)– ç îòðèìàíèìè åêñïåðèìåíòàëüíèìè
åíåðã³ÿìè àêòèâàö³¿ â ðîç÷èíàõ õ³íîí³ì³íó 1a, áóëî
äîñë³äæåíî ìîæëèâ³ êîíô³ãóðàö³éí³ ïåðåòâîðåí-
íÿ ó ìîëåêóë³ õ³íîí³ì³íó 1a çà äîïîìîãîþ êâàí-
òîâî-õ³ì³÷íèõ ðîçðàõóíê³â.

Äëÿ âèçíà÷åííÿ òåîðåòè÷íèõ áàð’ºð³â ìîæ-
ëèâèõ êîíô³ãóðàö³éíèõ ïåðåòâîðåíü ó ìîëåêóë³
õ³íîí³ì³íó 1a áóëî âèêîíàíî îïòèì³çàö³þ îñíîâ-
íîãî ñòàíó ìîëåêóëè 1a ³ ïîøóê ìîæëèâèõ ïåðå-
õ³äíèõ ñòàí³â çà äîïîìîãîþ ìåòîäó DFT ³ç çàñòî-
ñóâàííÿì ôóíêö³îíàëó B3LYP òà áàçèñíîãî íàáî-
ðó 6-31+G(d).

Â ðåçóëüòàò³ îïòèì³çàö³¿ îñíîâíîãî ³ ìîæëè-
âèõ ïåðåõ³äíèõ ñòàí³â ñïîëóêè 1à áóëî âñòàíîâ-
ëåíî, ùî â ìîëåêóë³ 1a ìîæëèâ³ îäèí îñíîâíèé
ñòàí ÎÑ ³ äâà ïåðåõ³äíèõ ÏÑ1, ÏÑ2 (ðèñ. 3). Ïðî-
öåñó Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N â³äïî-
â³äàº ïåðåõ³äíèé ñòàí ÏÑ1, à çàãàëüìîâàíîìó îáåð-
òàííþ íàâêîëî çâ’ÿçêó NH2–C(O)– – ïåðåõ³äíèé
ñòàí ÏÑ2.

Ó ïåðåõ³äíîìó ñòàí³ ÏÑ1 ìîëåêóëè 1à ó çâ’ÿç-
êó ç³ çì³íîþ åôåêòèâíî¿ ã³áðèäèçàö³¿ àòîìà àçîòó
äîâæèíè çâ’ÿçê³â N1–C7 (1,35 Å ) òà
C4=N1 (1,27 Å ) ìåíø³, í³æ äîâæèíè çâ’ÿçê³â
N1–C7 (1,42 Å), C4=N1 (1,30 Å) â îñíîâíîìó ñòàí³.
Êóò C4=N1–C7 õ³íîí³ì³íó 1à ó ïåðåõ³äíîìó ñòàí³
ÏÑ1 ìàº çíà÷åííÿ 1630, à òîðñ³éíèé êóò
O=C7–N2–H äîð³âíþº 1600. Â³äõèëåííÿ âàëåíò-
íîãî êóòà ó ïåðåõ³äíîìó ñòàí³ ÏÑ1 â³ä 1800, ÿê³

Òåðìîäèíàì³÷í³ àêòèâàö³éí³ ïàðàìåòðè Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N òà çàãàëüìîâàíîãî îáåðòàííÿ
íàâêîëî çâ’ÿçêó NH2–C(O)– ñïîëóêè 1a

Процес Розчинник ∆G≠
298, кДж/мoль ∆H≠, кДж/мoль ∆S≠, Дж/мoль⋅К 

CDCl3 66,47 45,80±1,63 –69,24±5,71 Z,E-ізомеризація відносно зв'язку С=N 
CDBr3 67,21 54,99±0,60 –40,87±1,78 

загальмоване обертання навколо зв'язку 
NH2–C(O)– CDCl3 62,05 37,75±1,85 –81,45±6,81 
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Ðèñ. 1. Ñïåêòðè ßÌÐ 1Í ñïîëóêè 1a ó CDCl3 ïðè ð³çíèõ òåìïåðàòóðàõ
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Ðèñ. 2. Ñïåêòðè ßÌÐ 1Í ñïîëóêè 1a ó CDBr3 ïðè ð³çíèõ òåìïåðàòóðàõ
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Ðèñ. 3. Îñíîâíèé ñòàí ÎÑ òà ïåðåõ³äí³ ñòàíè ÏÑ1 òà ÏÑ2 õ³íîíìîíî³ì³íó 1a

õàðàêòåðí³ äëÿ ÏÑ ïðè ³íâåðñ³éíîìó ìåõàí³çì³,
ìîæå áóòè ïîâ’ÿçàíå ç³ ñêëàäíèì êîìïëåêñîì
åëåêòðîííèõ, Âàí-äåð-Âààëüñîâèõ òà ³íøèõ
âçàºìîä³é â ìîëåêóë³ äàíî¿ ñïîëóêè.

Íàâåäåí³ ñòðóêòóðí³ ïàðàìåòðè ÏÑ1, à òàêîæ
áëèçüêå äî ë³í³éíîãî ðîçòàøóâàííÿ àòîì³â
C4=N1–C7 ó ïåðåõ³äíîìó ñòàí³, ñâ³ä÷àòü ïðî ³íâåð-
ñ³éíèé ìåõàí³çì Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿç-
êó Ñ=N.

Ó ïåðåõ³äíîìó ñòàí³ ÏÑ2 õ³íîí³ì³íó 1à çíà-
÷åííÿ äîâæèí çâ’ÿçê³â òàêîæ º ìåíøèì ó ïî-
ð³âíÿíí³ ç îñíîâíèì ñòàíîì. Òàê, äîâæèíà çâ’ÿç-
êó N1–C7 ñêëàäàº 1,38 Å  (ó ïîð³âíÿíí³ ç 1,42 Å  â
ÎÑ), à äîâæèíà çâ’ÿçêó C4=N1 äîð³âíþº 1,29 Å
(ó ïîð³âíÿíí³ ç 1,30 Å  â ÎÑ). Êóò C4=N1–C7 ó
ÏÑ2 ìîëåêóëè 1à ìàº çíà÷åííÿ 1270, à òîðñ³éíèé
êóò O=C7–N2–H ñêëàäàº 600.

Íà îñíîâ³ îòðèìàíèõ ðåçóëüòàò³â çíàéäåíî
òåîðåòè÷í³ çíà÷åííÿ áàð’ºð³â Z,E-³çîìåðèçàö³¿ òà
çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó
NH2–C(O)– õ³íîíìîíî³ì³íó 1à ∆Å ÿê ð³çíèöþ
ì³æ åíåðã³ºþ ïåðåõ³äíîãî E2 òà îñíîâíîãî
(Å1=–608,954151 àò.îä.) ñòàí³â. Òàê, äëÿ ïðîöåñó
Z,E-³çîìåðèçàö³¿ îòðèìàíî çíà÷åííÿ áàð’ºðó
68,19 êÄæ/ìîëü (Å2=–608,928178 àò.îä.), ÿêå äîáðå
óçãîäæóºòüñÿ ç åêñïåðèìåíòàëüíèì çíà÷åííÿì
∆G≠

298=67,21 êÄæ/ìîëü. Òåîðåòè÷íå çíà÷åííÿ
áàð’ºðó çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿç-
êó NH2–C(O)– ñòàíîâèòü 64,71 êÄæ/ìîëü
(Å2=–608,929505 àò.îä.), ùî º áëèçüêèì äî åêñ-
ïåðèìåíòàëüíîãî çíà÷åííÿ ∆G≠

298=62,05 êÄæ/ìîëü
(òàáë.). Óçãîäæåí³ñòü òåîðåòè÷íèõ ³ åêñïåðèìåí-
òàëüíèõ çíà÷åíü ñâ³ä÷èòü ïðî òå, ùî îáðàíèé ìå-
òîä êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â äîáðå ï³äõî-
äèòü äî âèçíà÷åííÿ áàð’ºð³â àêòèâàö³¿ Z,E-³çîìå-

ðèçàö³¿ äîñë³äæóâàíèõ ñïîëóê.
Òàêîæ áóëè ïðîâåäåí³ òåîðåòè÷í³ ðîçðàõóí-

êè áàð’ºðó Z,E-³çîìåðèçàö³¿ ∆Å äëÿ 3,5-äèìåòèë-
N-êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³íó 1b (ÿê
ð³çíèöÿ ì³æ åíåðã³ÿìè ïåðåõ³äíîãî òà îñíîâíîãî
ñòàí³â). Ïðè ³íâåðñ³éíîìó ìåõàí³çì³ Z,E-³çîìå-
ðèçàö³¿ ââåäåííÿ àëê³ëüíèõ çàì³ñíèê³â ó ïîëîæåííÿ
3 ³ 5 õ³íî¿äíîãî ÿäðà ìàº ñïðèÿòè çíèæåííþ
áàð’ºðà Z,E-³çîìåðèçàö³¿ ó ïîð³âíÿíí³ ç â³äïîâ³ä-
íèì 2,6-äèìåòèëçàì³ùåíèì õ³íîí³ì³íîì 1a. Ó ðå-
çóëüòàò³ îòðèìàíî òåîðåòè÷íå çíà÷åííÿ áàð’ºðó
Z,E-³çîìåðèçàö³¿ äëÿ õ³íîí³ì³íó 1b
∆Å=41,6 êÄæ/ìîëü, ÿêå íèæ÷å çà áàð’ºð äëÿ
2,6-äèìåòèëçàì³ùåíîãî õ³íîí³ì³íó 1a, ³ º äîäàò-
êîâèì ï³äòâåðäæåííÿì ³íâåðñ³éíîãî ìåõàí³çìó
Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N N-êàðáà-
ìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³í³â, à òàêîæ º ³íäèêà-
òîðîì íàÿâíîñò³ ó 3,5-äèìåòèëïîõ³äíèõ 1,4-áåí-
çîõ³íîí³ì³íàõ àêòèâîâàíîãî ñòåðè÷íî íàïðóæåíî-
ãî çâ’ÿçêó C=N. Çíà÷íî íèæ÷å çíà÷åííÿ áàð’ºðó
Z,E-³çîìåðèçàö³¿ õ³íîí³ì³íó 1b ï³äòâåðäæóºòüñÿ
òàêîæ òèì, ùî âæå çà ê³ìíàòíî¿ òåìïåðàòóðè ïðî-
òîíè õ³íî¿äíîãî ÿäðà H2,6 õ³íîí³ì³íó 1b â ñïåêòð³
ßÌÐ 1Í ïðîÿâëÿþòüñÿ îäíèì âóçüêèì ñèíãëåòîì
[2].

Çã³äíî ç ë³òåðàòóðíèìè äàíèìè ³íâåðñ³ÿ àòî-
ìó àçîòó ÿâëÿº ñîáîþ spn→p ïåðåõ³ä íåïîä³ëåíî¿
ïàðè åëåêòðîí³â àçîòó [15], à åôåêòè, ÿê³ çá³ëüøó-
þòü p-õàðàêòåð íåïîä³ëåíî¿ ïàðè â îñíîâíîìó ñòàí³,
çìåíøóþòü áàð’ºð ³íâåðñ³¿. Àíàë³ç êâàíòîâî-
õ³ì³÷íèõ ðîçðàõóíê³â ïîêàçóº, ùî â îñíîâíîìó
ñòàí³ õ³íîí³ì³íó 1b p-õàðàêòåð íåïîä³ëåíî¿ ïàðè
åëåêòðîí³â àòîìà àçîòó ñêëàäàº 74,69%, ùî á³ëüøå,
í³æ äëÿ 2,6-ïîõ³äíîãî (69,91%). Öå º ùå îäíèì
ï³äòâåðäæåííÿì ³íâåðñ³éíîãî ìåõàí³çìó Z,E-³çî-
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ìåðèçàö³¿ N-êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³í³â.
Òåðìîäèíàì³÷í³ àêòèâàö³éí³ ïàðàìåòðè Z,E-

³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N ³ çàãàëüìîâà-
íîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó NH2–C(O)–N-
êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³í³â, ùî îòðèìàí³
â äàí³é ðîáîò³, äîáðå óçãîäæóþòüñÿ ç äàíèìè, îò-
ðèìàíèìè ðàí³øå äëÿ N-àðèëàì³íîêàðáîí³ë-1,4-
áåíçîõ³íîíìîíî³ì³í³â [16], ÿê³ º ¿õ àíàëîãàìè.

Âèñíîâêè
Âñòàíîâëåíî, ùî ó ðîç÷èíàõ N-êàðáàìî¿ë-

1,4-áåíçîõ³íîíìîíî³ì³í³â îäíî÷àñíî ñïîñòåð³ãà-
þòüñÿ äâà ïðîöåñè: Z,E-³çîìåðèçàö³ÿ â³äíîñíî
çâ’ÿçêó Ñ=N òà çàãàëüìîâàíå îáåðòàííÿ íàâêîëî
çâ’ÿçêó NH2–C(O)–, ÿê³ çàðåºñòðîâàí³ çà äîïî-
ìîãîþ ñïåêòðîñêîï³¿ ßÌÐ 1Í. Äëÿ 2,6-äèìåòèë-
N-êàðáàìî¿ë-1,4-áåíçîõ³íîíìîíî³ì³íó îòðèìàíî
åêñïåðèìåíòàëüí³ çíà÷åííÿ áàð’ºð³â àêòèâàö³¿ Z,E-
³çîìåðèçàö³ÿ â³äíîñíî çâ’ÿçêó Ñ=N
(∆G≠

298 K=67,21 êÄæ/ìîëü) òà çàãàëüìîâàíîãî îáåð-
òàííÿ íàâêîëî çâ’ÿçêó NH2–C(O)–
(∆G≠

298K=62,05 êÄæ/ìîëü). Íà îñíîâ³ åêñïåðèìåí-
òàëüíî âèçíà÷åíèõ áàð’ºð³â öèõ ïðîöåñ³â ³ êâàí-
òîâî-õ³ì³÷íèõ ðîçðàõóíê³â âñòàíîâëåíî, ùî Z,E-
³çîìåðèçàö³ÿ â³äíîñíî çâ’ÿçêó Ñ=N N-êàðáàìî¿ë-
1,4-áåíçîõ³íîíìîíî³ì³í³â ïåðåá³ãàº çà ³íâåðñ³é-
íèì ìåõàí³çìîì. Òåîðåòè÷í³ çíà÷åííÿ áàð’ºð³â,
ðîçðàõîâàí³ çà äîïîìîãîþ êâàíòîâî-õ³ì³÷íèõ ðîç-
ðàõóíê³â, äîáðå óçãîäæóþòüñÿ ç åêñïåðèìåíòàëü-
íèìè äàíèìè.
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Z,E-ISOMERIZATION OF N-CARBAMOYL-1,4-
BENZOQUINONE MONOIMINES

S.A. Konovalova a, K.S. Burmistrov b, A.P. Avdeenko a, *,
V.V. Pirozhenko c, M.V. Toropin b

a Donbass State Engineering Academy, Kramatorsk, Ukraine
b Ukrainian State University of Chemical Technology, Dnipro,
Ukraine
c Institute of Organic Chemistry, NAS of Ukraine, Kyiv,
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There are two following processes in the solutions of N-
carbamoyl-1,4-benzoquinone monoimines: Z,E-isomerization
with respect to the C=N bond and hindered rotation around the
–NH–C(O)– bond, which can be registered by 1H NMR
spectroscopy. The experimental values of the activation energy of
these processes (∆G≠

298) were determined as 67.21 and
62.05 kJ/mol, respectively. Z,E-Isomerization with respect to
the C=N bond was found to run under the inversion mechanism.
The theoretical values of the barriers of 3,5-dimethyl- and 2,6-
dimethyl-N-carbamoyl-1,4-benzoquinone monoimines were
calculated by quantum chemical calculations, they agreed well
with experimental data.

Keywords: Z,E-isomerization; quantum chemical
calculations; DFT B3LYP; NMR spectroscopy; 1,4-benzoquinone
imine; inversion of the nitrogen atom; N-carbamoyl-1,4-
benzoquinone monoimines.
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