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N-[ÀÐÈËÑÓËÜÔÎÍ²Ë²Ì²ÍÎ(ÌÅÒÈË)ÌÅÒÈË]-1,4-ÁÅÍÇÎÕ²ÍÎÍÌÎÍÎ²Ì²Í²Â

à Äîíáàñüêà äåðæàâíà ìàøèíîáóä³âíà àêàäåì³ÿ, ì. Êðàìàòîðñüê, Óêðà¿íà
á ²íñòèòóò îðãàí³÷íî¿ õ³ì³¿ ÍÀÍ Óêðà¿íè, ì. Êè¿â, Óêðà¿íà

Ó ðîç÷èíàõ N-[àðèëñóëüôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-áåíçîõ³íîíìîíî³ì³í³â îäíî-
÷àñíî ðåàë³çóþòüñÿ ê³ëüêà ïðîöåñ³â Z,E-³çîìåð³çàö³¿: øâèäêèé ³íâåðñ³éíèé ïðîöåñ
³çîìåðèçàö³¿ (òîïîìåðèçàö³¿) â³äíîñíî õ³íîí³ì³ííîãî çâ’ÿçêó Ñ=N1; ïîâ³ëüíèé ³íâåð-
ñ³éíèé ïðîöåñ ³çîìåðèçàö³¿ â³äíîñíî åêçîöèêë³÷íîãî çâ’ÿçêó Ñ=N2 ³ ïðîöåñ çàãàëü-
ìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó =N1–Ñ=, ùî ç’ºäíóº äâà ³ì³íí³ ôðàãìåíòè. Ó
ñïåêòðàõ ßÌÐ 1Í âèÿâëåíî ïðîöåñ ³çîìåðèçàö³¿ ùîäî åêçîöèêë³÷íîãî çâ’ÿçêó Ñ=N2.
Âèçíà÷åíî òåîðåòè÷í³ çíà÷åííÿ áàð’ºð³â ³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçê³â Ñ=N1 ³
Ñ=N2 òà çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó =N1–Ñ=, à òàêîæ åêñïåðè-
ìåíòàëüí³ áàð’ºðè Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N2. Âñòàíîâëåíî, ùî â
ñïåêòðàõ ßÌÐ 1Í äëÿ N-[àðèëñóëüôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-áåíçîõ³íîíîìî-
íî³ì³í³â ìîæëèâèé ïðîÿâ ò³ëüêè Z, E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N2.

Êëþ÷îâ³ ñëîâà: Z,E-³çîìåðèçàö³ÿ, êâàíòîâî-õ³ì³÷í³ ðîçðàõóíêè, DFT B3LYP, ßÌÐ
ñïåêòðîñêîï³ÿ, 1,4-áåíçîõ³íîí³ì³í, òîïîìåðèçàö³ÿ.
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Âñòóï
N-Çàì³ùåí³ 1,4-áåíçîõ³íîíìîíî³ì³íè º

ãàðíèìè ñèíòîíàìè äëÿ ñïðÿìîâàíîãî ñèíòåçó íà
¿õ îñíîâ³ á³îëîã³÷íî àêòèâíèõ ñïîëóê [1]. Öå
ìîæëèâî çà óìîâè òî÷íîãî óÿâëåííÿ ùîäî âïëè-
âó åëåêòðîííèõ ³ ñòðóêòóðíèõ ôàêòîð³â çàì³ñíèê³â
á³ëÿ àòîìà àçîòó íà áóäîâó, ðåàêö³éíó çäàòí³ñòü ³
ìåõàí³çìè ðåàêö³é äàíèõ ñïîëóê. Çíà÷íèé âêëàä
ó âèð³øåííÿ öüîãî ïèòàííÿ ìàº äîñë³äæåííÿ
êîíôîðìàö³éíèõ ïåðåòâîðåíü N-çàì³ùåíèõ 1,4-
áåíçîõ³íîíìîíî³ì³í³â, âñòàíîâëåííÿ îñîáëèâîñòåé
¿õ Z,E-³çîìåðèçàö³¿ ³ âèçíà÷åííÿ åíåðã³¿ àêòèâàö³¿
öüîãî ïðîöåñó.

N-Çàì³ùåí³ 1,4-áåíçîõ³íîíìîíî³ì³íè º
ïðåäñòàâíèêàìè êëàñó ³ì³ííèõ ñèñòåì R1R2C=NX,
âèâ÷åííþ ìåõàí³çìó Z,E-³çîìåðèçàö³¿ ÿêèõ ïðè-
ñâÿ÷åíî áàãàòî ðîá³ò [2–5]. Z,E-²çîìåðèçàö³ÿ â
äàíèõ ñèñòåìàõ çä³éñíþºòüñÿ âíàñë³äîê ³íâåðñ³¿
àòîìà àçîòó ÷åðåç ë³í³éíèé ïåðåõ³äíèé ñòàí, ó ÿêî-
ìó îñòàíí³é º sp-ã³áðèäèçîâàíèì, à òàêîæ ÷åðåç
îáåðòàííÿ íàâêîëî çâ’ÿçêó C=N, àáî ç êîìá³íà-

ö³ºþ îáîõ øëÿõ³â [6]. Òåðìîäèíàì³÷í³ ïàðàìåòðè
Z,E-³çîìåðèçàö³¿ çàëåæàòü â³ä áàãàòüîõ ôàêòîð³â,
ùî âêëþ÷àþòü ïðîñòîðîâó áóäîâó ãðóï R1, R2, Õ,
ïðèðîäó ðîç÷èííèê³â ³ âíóòð³øíüî ìîëåêóëÿðí³
åôåêòè çàì³ñíèê³â [2–8].

Ðàí³øå äîêëàäíî äîñë³äæåíî ïðîöåñè Z,E-
³çîìåðèçàö³¿ N-[àðèëñóëüôîí³ë³ì³íî(ôåí³ë)ìåòèë]-
1,4-áåíçîõ³íîíìîíî³ì³í³â, ÿê³ ì³ñòÿòü â ñâîºìó
ñêëàä³ äâà çâ’ÿçêè C=N. Âñòàíîâëåíî ³íâåðñ³éíèé
ìåõàí³çì îáîõ ìîæëèâèõ ïðîöåñ³â Z,E-³çîìåðè-
çàö³¿ â³äíîñíî öèõ çâ’ÿçê³â C=N [9]. Âèÿâëåíî
òàêîæ, ùî ó ðîç÷èíàõ N-[àðèëñóëüôîí³ë³ì³íî(ôå-
í³ë)ìåòèë]-1,4-áåíçîõ³íîíìîíî³ì³í³â îäíî÷àñíî ç
ïðîöåñàìè Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿçê³â Ñ=N
³ñíóº àòðîïî³çîìåð³ÿ – çàãàëüìîâàíå îáåðòàííÿ
íàâêîëî çâ’ÿçêó =N1–C=, ÿêå ìîæå áóòè âèÿâëå-
íî çà íàÿâíîñò³ ó õ³íî¿äíîìó ÿäð³ ä³àñòåðåîòîïíî¿
³çîïðîï³ëüíî¿ ãðóïè [10].

Õ³íîíìîíî³ì³íè (1, 2), ç îäíîãî áîêó, º ñòðóê-
òóðíèìè àíàëîãàìè N-àöåòèë-1,4-áåíçîõ³íîíìî-
íî³ì³í³â, â ÿêèõ àòîì êèñíþ êàðáîí³ëüíî¿ ãðóïè
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Ñ=Î çàì³íåíî íà ãðóïó ArSO2N=, à ç ³íøîãî –
àíàëîãàìè N-[àðèëñóëüôîí³ë³ì³íî(ôåí³ë)ìåòèë]-
1,4-áåíçîõ³íîíîìîíî³ì³í³â, ó ÿêèõ ôåí³ëüíèé
ôðàãìåíò çàëèøêó ArSO2N=Ñ(Ph) çàì³íåíèé íà
ìåòèëüíó ãðóïó –ArSO2N=Ñ(Me).

N-[Àðèëñóëüôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-
áåíçîõ³íîíìîíî³ì³íè 1 ³ 2 (Ñõåìà 1), òàê ñàìî ÿê
³ N-[àðèëñóëüôîí³ë³ì³íî(ôåí³ë)ìåòèë]-1,4-áåíçî-
õ³íîíìîíî³ì³íè, ìàþòü 2 ³ì³ííèõ àòîìè àçîòó, ³ â
íèõ ìîæóòü ðåàë³çîâóâàòèñÿ 2 ïðîöåñè: ³çîìåðè-
çàö³ÿ (òîïîìåðèçàö³ÿ) õ³íîí³ì³ííîãî àòîìà àçîòó
(Z,E–N1 ïðîöåñ) ³ Z,E-³çîìåðèçàö³ÿ àòîìà àçîòó
³ì³äî¿ëüíî¿ ãðóïè (Z,E–N2 ïðîöåñ). Ó çâ’ÿçêó ç
öèì ìîæíà ïðîãíîçóâàòè, ùî çìåíøåííÿ çà-
ì³ñíèêà á³ëÿ àòîìà âóãëåöþ åêçîöèêë³÷íîãî çâ’ÿçêó
Ñ=N2 â äàíèõ ñïîëóêàõ ó ïîð³âíÿíí³ ç N-[àðèë-
ñóëüôîí³ë³ì³íî(ôåí³ë)ìåòèë]-1,4-áåíçîõ³íîíìî-
íî³ì³íàìè ìàº ïðèâåñòè äî ïðèñêîðåííÿ ïðîöåñó
Z,E-³çîìåðèçàö³¿ â³äíîñíî öüîãî çâ’ÿçêó (ïðîöåñ
Z,E–N2).

Ìåòîþ äàíî¿ ðîáîòè º âñòàíîâëåííÿ îñîáëè-
âîñòåé Z,E-³çîìåðèçàö³¿ N-[àðèëñóëüôîí³ë³ì³íî
(ìåòèë)ìåòèë]-1,4-áåíçîõ³íîíìîíî³ì³í³â.

Ìåòîäèêà åêñïåðèìåíòó
N-[Àðèëñóëüôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-

áåíçîõ³íîíîìîíî³ì³íè 1a–e, 2a–c îäåðæàíî îêèñ-
íåííÿì â³äïîâ³äíèõ N-çàì³ùåíèõ ï-àì³íîôåíîë³â
òåòðààöåòàòîì ñâèíöþ â åòàíîâ³é êèñëîò³ çà ìåòî-
äèêîþ [11]. Õàðàêòåðèñòèêè òà ñïåêòðàëüí³ äàí³
õ³íîíîìîíî³ì³í³â 1a–e, 2a–c íàâåäåí³ â ðîáîò³ [12].

Ñïåêòðè ßÌÐ 1Í ðåºñòðóâàëèñÿ íà ñïåêòðî-
ìåòð³ ßÌÐ VARIAN VXR-300. Òî÷í³ñòü âèçíà-
÷åííÿ òåìïåðàòóðè ñòàíîâèëà 1 Ê. Êâàíòîâî-
õ³ì³÷í³ ðîçðàõóíêè âèêîíàí³ ç âèêîðèñòàííÿì ïà-
êåòà Firefly QC [13], ÿêèé ÷àñòêîâî ´ðóíòóºòüñÿ
íà âèõ³äíîìó êîä³ ïàêåòó GAMESS (US) [14].
Ïîøóê ïåðåõ³äíèõ ñòàí³â çä³éñíþâàâñÿ çà äîïî-
ìîãîþ ñòàíäàðòíî¿ ïðîöåäóðè îïòèì³çàö³¿ ñòðóê-
òóðè. Îïòèì³çàö³¿ îñíîâíèõ ³ ìîæëèâèõ ïåðåõ³äíèõ
ñòàí³â çà âñ³ìà ãåîìåòðè÷íèìè ïàðàìåòðàìè âè-
êîíàí³ ìåòîäîì DFT (B3LYP) ç âèêîðèñòàííÿì
áàçèñíîãî íàáîðó 6-31+G(d).

Ðåçóëüòàòè òà îáãîâîðåííÿ
Ç ìåòîþ âèÿâëåííÿ îñîáëèâîñòåé ïåðåá³ãó

ïðîöåñ³â Z,E-³çîìåðèçàö³¿ N-[àðèëñóëüôîí³ë³ì³íî
(ìåòèë)ìåòèë]-1,4-áåíçîõ³íîíîìîíî³ì³í³â 1a–e,
2a–c áóëî ïðîâåäåíî êâàíòîâî-õ³ì³÷í³ ðîçðà-
õóíêè, ÿê³ ìîäåëþþòü ìîæëèâ³ äèíàì³÷í³ ïðîöå-
ñè äëÿ äàíèõ ñòðóêòóð.

Ðåçóëüòàòè êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â
îñíîâíèõ ³ ìîæëèâèõ ïåðåõ³äíèõ ñòàí³â ñïîëóê
1a–e, 2a–c (ðèñ. 1), ÿê³ â³äïîâ³äàþòü Z,E-³çîìå-
ðèçàö³¿ àòîìà àçîòó ³ì³äî¿ëüíî¿ ãðóïè (ïðîöåñ
Z,E–N2), ïîêàçàëè, ùî ð³çíèöÿ åíåðã³é Å- òà
Z-³çîìåð³â äëÿ ñïîëóê 2a, c ñòàíîâèòü 0,63 òà
0,91 êÄæ/ìîëü (òàáë. 1).

Òàêèì ÷èíîì, âñòàíîâëåíî, ùî çàì³íà ôå-
í³ëüíîãî ôðàãìåíòà â N-[àðèëñóëüôîí³ë³ì³íî(ôå-
í³ë)ìåòèë]-1,4-áåíçîõ³íîíìîíî³ì³íàõ íà ìåòèëü-
íó ãðóïó ³ñòîòíî çð³âíþº çàñåëåíîñò³ Å- ³ Z-³çî-
ìåð³â. Òàêà íåçíà÷íà ð³çíèöÿ åíåðã³é íå äîçâîëÿº
ãîâîðèòè ïðî ïåðåâàãó òîãî ÷è ³íøîãî ³çîìåðó,
ïðîòå ïåðåäáà÷àº íàÿâí³ñòü ó ñïåêòðàõ ßÌÐ öèõ
ñïîëóê ñèãíàë³â îáîõ ³çîìåð³â, ùî ³ ñïîñòåð³ãàºòüñÿ
â åêñïåðèìåíò³. Õàðàêòåðíîþ îñîáëèâ³ñòþ ñïåêòð³â
ßÌÐ 1Í õ³íîíîìî³ì³í³â 2a, c º íàÿâí³ñòü ïîä-
â³éíîãî íàáîðó ñèãíàë³â [12].

Ó âèïàäêó 3,5-äèìåòèëçàìåùåíîãî õ³íîíî-
ìî³ì³íó 2b ð³çíèöÿ åíåðã³é Z- ³ Å-³çîìåð³â âèùå ³
ñòàíîâèòü 6,23 êÄæ/ìîëü (òàáë. 1), ùî ïðè
òåìïåðàòóð³ 298 Ê â³äïîâ³äàº â³äíîøåííþ çàñåëå-
íîñòåé 1:12. Â ðåçóëüòàò³ â ñïåêòðàõ ßÌÐ 1Í
ñïîñòåð³ãàºòüñÿ ðîçøèðåííÿ ñèíãëåòà ïðîòîí³â ìå-
òèëüíî¿ ãðóïè ôðàãìåíòó C(Me)=N2– [12].

Âçàºìîïåðåòâîðåííÿ Z- òà Å-³çîìåð³â (ïðî-
öåñ Z,E–N2) ó õ³íîíîìî³ì³íàõ 2a–c â³äáóâàþòüñÿ
÷åðåç ïåðåõ³äíèé ñòàí ÏÑ1 ç âàëåíòíèì êóòîì
∠ÑN2S=150,3–161,30 (ðèñ. 1), à âåëè÷èíà áàð’ºðó
³çîìåðèçàö³¿ ñòàíîâèòü 74,39–78,63 êÄæ/ìîëü ïðè
âçàºìîïåðåòâîðåíí³ Z→E (òàáë. 1). Íåâåëèêå
çá³ëüøåííÿ áàð’ºðà ³çîìåðèçàö³¿ â ïîð³âíÿíí³ ç
àíàëîã³÷íèì ïðîöåñîì N-[àðèëñóëüôîí³ë³ì³íî(ôå-
í³ë)ìåòèë]-1,4-áåíçîõ³íîíîìîíî³ì³í³â [9] ïîâí³ñòþ
â³äïîâ³äàº ³íâåðñ³éíîìó ìåõàí³çìó ³ ïîâ’ÿçàíå ç³

Ñõåìà 1. 1: R1=R4=Ìå, R2=R3=H (a); R2=R3=Ìå, R1=R4=H (b); R1=R4=i-Pr, R2=R3=H (c); R1=i-Pr, R3=Ìå, R2=R4=Í (d);

R1=Ìå, R3=i-Pr, R2=R4=Í (e); 2: R1=R4=Ìå, R2=R3=H (a); R2=R3=Ìå, R1=R4=H (b); R1=R4=R2=R3=H (c)
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çìåíøåííÿì îá’ºìó çàì³ñíèêà ïðè àòîì³ âóãëåöþ
³ì³ííîãî çâ’ÿçêó C=N2. Îòðèìàí³ çíà÷åííÿ
áàð’ºðà ³çîìåðèçàö³¿ òàêîæ ñâ³ä÷àòü, ùî ïðîöåñ
Z,E–N2 ìîæå áóòè çàðåºñòðîâàíèé ó ñïåêòðàõ
ßÌÐ 1Í.

Z,E-²çîìåðèçàö³ÿ õ³íîìîíî³ì³í³â 1, 2 â³ä-
íîñíî çâ’ÿçêó Ñ=N1 õ³íîí³ì³ííîãî ÿäðà (ïðîöåñ
Z,E–N1) ïåðåá³ãàº ÷åðåç ïåðåõ³äí³ ñòàíè
ÏÑ2 (Z-³çîìåð) ³ ÏÑ3 (Å-³çîìåð) ç áëèçüêèì äî
ë³í³éíîãî ðîçòàøóâàííÿì òð³àäè Ñ=N1–Ñ (ðèñ. 2).

Âåëè÷èíà áàð’ºðà òîïîìåðèçàö³¿ Å-³çîìåðó
∆E4 õ³íîíîìî³ì³í³â 2a–c (òàáë. 2) íå ñóòòºâî
çì³íþºòüñÿ ó ïîð³âíÿíí³ ç N-[àðèëñóëüôîí³ë³ì³-
íî(ôåí³ë)ìåòèë]-1,4-áåíçîõ³íîíîìîíî³ì³íàìè [9],
òîáòî çàëèøàºòüñÿ äîñèòü ìàëîþ. Íåâèñîê³ çíà-
÷åííÿ áàð’ºð³â E3, E4 (òàáë. 2) íå äîçâîëÿþòü çà-
ðåºñòðóâàòè öåé ïðîöåñ çà äîïîìîãîþ ßÌÐ    ñïåê-
òðîñêîï³¿. Çíà÷íå çíèæåííÿ áàð’ºðà ó ðàç³
3,5-äèìåòèëïîõ³äíîãî 2b ï³äòâåðäæóº ³íâåðñ³éíèé
ìåõàí³çì Z,E-³çîìåðèçàö³¿ õ³íîíîìîíî³ì³í³â 1, 2
â³äíîñíî çâ’ÿçêó Ñ=N1.

Çã³äíî ç êâàíòîâî-õ³ì³÷íèìè ðîçðàõóíêàìè
äëÿ õ³íîíîìîíî³ì³í³â 1, 2 òàê ñàìî, ÿê ³ äëÿ
N-[àðèëñóëüôîí³ë³ì³íî(ôåí³ë)ìåòèë]-1,4-áåíçî-
õ³íîíîìîíî³ì³í³â [9], õàðàêòåðíà íàÿâí³ñòü ïðî-
öåñ³â çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó
=N1–Ñ=. Ïðî öå ñâ³ä÷èòü íàÿâí³ñòü äâîõ ñòàá-
³ëüíèõ ïåðåõ³äíèõ ñòàí³â, ùî â³äïîâ³äàþòü äàíî-
ìó ïðîöåñó: ÏÑ4 (äëÿ Z-³çîìåðó) òà ÏÑ5 (äëÿ
Å-³çîìåðó) (ðèñ. 3).

Âåëè÷èíè áàð’ºð³â E5, E6 (òàáë. 2), ÿê³ â³äïî-
â³äàþòü ïåðåõ³äíèì ñòàíàì ÏÑ4 ³ ÏÑ5, ³ñòîòíî
ìåíøå â³äïîâ³äíèõ çíà÷åíü äëÿ ôåí³ëïîõ³äíèõ [9],
ùî ï³äòâåðäæóº îáåðòàëüíèé ìåõàí³çì äàíîãî ïðî-
öåñó: çìåíøåííÿ îá’ºìó çàì³ñíèêà á³ëÿ àòîìà
âóãëåöþ ïðèâîäèòü äî çíèæåííÿ áàð’ºðó ³çîìå-
ðèçàö³¿.

Ñë³ä çàçíà÷èòè, ùî âåëè÷èíè áàð’ºð³â ∆E5 òà
∆E6 (òàáë. 2) ñïîëóê 2a, c, ùî â³äïîâ³äàþòü
îáåðòàííþ íàâêîëî çâ’ÿçêó =Ñ–N1=, ëåæàòü ó
ìåæàõ, ùî íå äîçâîëÿþòü çàðåºñòðóâàòè íàÿâí³ñòü
ðîçãëÿíóòèõ ³çîìåð³â ó ñïåêòðàõ ßÌÐ 1Í çà ê³ìíàò-

Ðèñ. 1. Îñíîâí³ (ÎÑ1, ÎÑ2) òà ïåðåõ³äíèé (ÏÑ1) ñòàí õ³íîíîìîíî³ì³íó 2a, ÿê³ â³äïîâ³äàþòü Z,E-³çîìåðèçàö³¿ àòîìà

àçîòó ³ì³äî¿ëüíî¿ ãðóïè (Z,E–N2)

Òàáëèöÿ 1
Åíåðã³¿ îñíîâíèõ (ÎÑ1, ÎÑ2) òà ïåðåõ³äíîãî (ÏÑ1) ñòàí³â õ³íîíîìîíî³ì³í³â 2a–c

Енергія* Сполука розмірність ОС1, Z ОС2, E ∆E1 ПС1 ∆E2 
ат.од. –1352,646026 –1352,645787 0,000239 –1352,6163999 0,029626 2a кДж/моль –3551371,80 –3551371,17 0,63 –3551294,02 77,78 
ат.од. –1352,637585 –1352,639959 0,002374 –1352,609250 0,028335 2b кДж/моль –3551349,64 –3551355,87 6,23 –3551275,25 74,39 
ат.од. –1274,00100 –1274,000654 0,000346 –1273,971050 0,02995 2c кДж/моль –3344889,31 –3344888,40 0,91 –3344810,67 78,63 

Ïðèì³òêà: * – ∆E1=Å(ÎÑ1)–Å(ÎÑ2); ∆E2=Å(ÏÑ1)–Å(ÎÑ1) – ïðîöåñ Z,E–N2.
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Ðèñ. 2. Ïåðåõ³äí³ ñòàíè ÏÑ2, ÏÑ3 õ³íîíîìîíî³ì³íó 2a, ÿê³ â³äïîâ³äàþòü òîïîìåðèçàö³¿ àòîìà àçîòó N1 õ³íîí³ì³ííîãî

ÿäðà (Z,E–N1)

Òàáëèöÿ 2
Òåîðåòè÷í³ çíà÷åííÿ áàð’ºð³â ³çîìåðèçàö³¿ õ³íîíîìî-

íî³ì³í³â 2a–c

Ïðèì³òêà: * – ∆E3=Å(ÏÑ2)–Å(ÎÑ1, Z); ∆E4=Å(ÏÑ3)–Å(ÎÑ2,

Å); ∆E5=Å(ÏÑ4)–(ÎÑ1, Z); ∆E6=Å(ÏÑ5)–Å(ÎÑ2, Å).

Ðèñ. 3. Ïåðåõ³äí³ ñòàíè ÏÑ4, ÏÑ5 õ³íîíîìîíî³ì³íó 2a, ÿê³ â³äïîâ³äàþòü îáåðòàííþ íàâêîëî çâ’ÿçêó =N1–Ñ=

Енергія*, кДж/моль 
Процес Z,E–N1 

Z-ізомер E-ізомер 

С
по
лу
ка

 

ПС2 ∆E3 ПС3 ∆E4 
2c –3344840,15 49,16 –3344856,34 32,06 
2a –3551324,55 47,25 –3551343,51 28,29 
2b –3551321,40 28,24 –3551340,66 15,21 

Обертання навколо зв'язку =С–N1= 
Z-ізомер E-ізомер 

ПС4 ∆E5 ПС5 ∆E6 
2c –3344868,11 21,20 –3344847,18 41,22 
2a –3551351,30 20,50 –3551329,90 41,90 
2b –3551290,24 59,40 –3551282,36 73,51 

íî¿ òåìïåðàòóðè. Âåëè÷èíà æ áàð’ºðà îáåðòàííÿ
íàâêîëî çâ’ÿçêó =N1–Ñ= äëÿ 3,5-äèìåòèëçàì³ùå-
íîãî 1,4-áåíçîõ³íîíîìîíî³ì³íó 2b (59,4 êÄæ/ìîëü
äëÿ Z-³çîìåðó òà 73,51 êÄæ/ìîëü äëÿ Å-³çîìåðó,
òàáë. 2) ñâ³ä÷èòü ïðî òå, ùî â ñïåêòðàõ ßÌÐ 1Í
ìîæëèâèé ïðîÿâ äàíîãî ïðîöåñó.

Òàêèì ÷èíîì, íà ï³äñòàâ³ êâàíòîâî-õ³ì³÷íèõ
ðîçðàõóíê³â ìîæíà ïðèïóñòèòè, ùî â ñïåêòðàõ
ßÌÐ 1Í N-[àðèëñóëüôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-
áåíçîõ³íîí³ì³í³â 1, 2 ìîæëèâèé ïðîÿâ Z,E-³çîìå-
ð³çàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N2 ³ì³äî¿ëüíîãî
ôðàãìåíòó òà îáåðòàííÿ íàâêîëî çâ’ÿçêó =N1–Ñ=.

Ç ìåòîþ ïåðåâ³ðêè äàíèõ ïðèïóùåíü íàìè
áóëî åêñïåðèìåíòàëüíî (ìåòîäîì äèíàì³÷íî¿
ñïåêòðîñêîï³¿ ßÌÐ) âèâ÷åíî ñïåêòðè ßÌÐ 1Í
N-[àðèëñóëüôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-áåíçî-
õ³íîíîìîíî³ì³í³â 1a–e.

Àíàë³ç ñïåêòð³â ßÌÐ 1Í ïîêàçóº, ùî ïðîòî-
íè âñ³õ ãðóï ìåòèëïîõ³äíèõ 1, 2 âæå çà ê³ìíàòíî¿
òåìïåðàòóðè ïðîÿâëÿþòüñÿ â ñïåêòðàõ ïîäâîºíèì
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íàáîðîì ðîçøèðåíèõ ñèãíàë³â ð³çíî¿ ³íòåíñèâíîñò³.
Ï³äâèùåííÿ òåìïåðàòóðè ðåºñòðàö³¿ ñïåêòð³â ïðè-
âîäèòü äî ïîäàëüøîãî ðîçøèðåííÿ ñèãíàë³â òà ¿õ
ïîäàëüøîãî çëèòòÿ, ùî ñâ³ä÷èòü ïðî ³ñíóâàííÿ
öèõ ñïîëóê ó ðîç÷èíàõ ó äèíàì³÷í³é ð³âíîâàç³
äâîõ Z- òà Å-³çîìåð³â ùîäî åêçîöèêë³÷íîãî  çâ’ÿçêó
Ñ–N2 (ïðîöåñ Z,E–N2). Â³äíîøåííÿ çàñåëåíîñòåé
³çîìåð³â, âèçíà÷åíå ç ³íòåãðàëüíèõ ³íòåíñèâíî-
ñòåé ñèãíàë³â ó ñïåêòðàõ, çàëåæèòü â³ä ïðèðîäè òà
ðîçòàøóâàííÿ çàì³ñíèê³â ó õ³íî¿äíîìó ÿäð³ òà
çì³íþºòüñÿ â³ä 1:9 äî 1:3 (–100Ñ, ðîç÷èí CDCl3).

Â³äíåñåííÿ ñèãíàë³â ó ñïåêòðàõ ßÌÐ äî
â³äïîâ³äíèõ ³çîìåð³â ìîæå áóòè çðîáëåíî íà
ï³äñòàâ³ ïîëîæåííÿ ïðîòîí³â ñèãíàë³â ãðóïè Ìå
ïðè åêçîöèêë³÷íîìó çâ’ÿçêó Ñ=N2. Ó ñïåêòðàõ âñ³õ
äîñë³äæåíèõ ñïîëóê öÿ ãðóïà ïðîÿâëÿºòüñÿ äâîìà
ñèãíàëàìè. Ìåíø ³íòåíñèâíèé ñèãíàë ìåòèëüíî¿
ãðóïè ïðè àòîì³ âóãëåöþ ³ì³ííîãî çâ’ÿçêó,
öèñ-îð³ºíòîâàíîãî ïî â³äíîøåííþ äî N-àðèëñóëü-
ôîíèëüíîãî ôðàãìåíòó, ùî â³äïîâ³äàº Z-³çîìåðó,
çì³ùåíèé ó ñëàáøå ïîëå íà 2,7–2,8 ì.÷. ïîð³âíÿ-
íî ç á³ëüø ³íòåíñèâíèì ñèãíàëîì 2,3–2,4 ì.÷.
ïðè òðàíñ-ðîçòàøóâàíí³ ö³º¿ ãðóïè (Å-³çîìåð). Öå
äîáðå óçãîäæóºòüñÿ ç äàíèìè êâàíòîâî-õ³ì³÷íèõ
ðîçðàõóíê³â, çã³äíî ç ÿêèìè Å-³çîìåð õ³íîíîìî-
íî³ì³í³â 1, 2 º åíåðãåòè÷íî âèã³äí³øèì, í³æ
Z-³çîìåð (òàáë. 2).

Ìåòîäîì àíàë³çó ôîðìè ë³í³¿ ñèãíàë³â ó ñïåê-
òðàõ ßÌÐ [15], çàðåºñòðîâàíèõ çà ð³çíèõ òåìïå-
ðàòóð, íàìè áóëî îá÷èñëåíî êîíñòàíòè øâèäêîñò³
òà íà ¿õ îñíîâ³ âèçíà÷åíî àêòèâàö³éí³ òåðìîäè-
íàì³÷í³ ïàðàìåòðè ïðîöåñó Z,E-³çîìåðèçàö³¿ ùîäî
åêçîöèêë³÷íîãî ³ì³ííîãî çâ’ÿçêó Ñ=N2 (òàáë. 3,
ïðîöåñ Z,E–N2). Îòðèìàí³ âåëè÷èíè áàð’ºð³â äëÿ
ñïîëóê 1a–e äîñèòü äîáðå êîðåëþþòü ç òåîðå-
òè÷íî ïåðåäáà÷åíèìè çíà÷åííÿìè äëÿ ñïîëóê
2a–c (òàáë. 1).

ßê âèäíî ç íàâåäåíèõ ó òàáë. 3 äàíèõ,

çá³ëüøåííÿ åôåêòèâíîãî îá’ºìó çàì³ñíèê³â ïðè
àòîì³ âóãëåöþ çâ’ÿçêó Ñ=N2 (çà ðàõóíîê ââåäåí-
íÿ çàì³ñíèê³â ó ïîëîæåííÿ 3 ³ 5 õ³íîí³ì³ííîãî
ÿäðà – õ³íîíîìî¿ì³í 1b) ïðèâîäèòü äî íåâåëèêî-
ãî çìåíøåííÿ åíåðãåòè÷íîãî áàð’ºðó, ùî ï³äòâåð-
äæóº ³íâåðñ³éíèé ìåõàí³çì ³çîìåðèçàö³¿ öüîãî
ïðîöåñó.

Ðåºñòðàö³ÿ ñïåêòð³â ñèìåòðè÷íî çàì³ùåíèõ
ó õ³íî¿äíîìó ÿäð³ ñïîëóê 1a–c, äëÿ ÿêèõ ó ñïåêò-
ðàõ ßÌÐ íåìîæëèâî çàðåºñòðóâàòè îáåðòàííÿ íà-
âêîëî çâ’ÿçêó =N1–C= ÷åðåç ñèìåòðè÷íó áóäîâó
ìîëåêóëè ïðè íèçüêèõ òåìïåðàòóðàõ (äî –600Ñ,
ðîç÷èí ó CDCl3), íå ïîêàçàëà ³ñòîòíèõ çì³í
ôîðìè ñèãíàë³â ïðîòîí³â õ³íîí³ì³ííîãî ê³ëüöÿ àí³
â Z-, àí³ â E-³çîìåð³. Öåé ôàêò ñâ³ä÷èòü ïðî òå,
ùî ïðîöåñ Z,E-³çîìåðèçàö³¿ (òîïîìåðèçàö³¿) â³ä-
íîñíî õ³íîí³ì³ííîãî çâ’ÿçêó Ñ=N (ïðîöåñ
Z,E–N1), ÿê ³ ó âèïàäêó N-[àðèëñóëüôîí³ë³ì³íî
(ôåí³ë)ìåòèë]-1,4-áåíçîõ³íîíîìîíî³ì³í³â [9],
çä³éñíþºòüñÿ äóæå øâèäêî.

Ó ñïåêòðàõ ñïîëóê, ùî ì³ñòÿòü ó õ³íî¿äíîìó
ÿäð³ ³çîïðîïèëüí³ çàì³ñíèêè, ïðè íèçüêèõ òåìïå-
ðàòóðàõ ñïîñòåð³ãàþòüñÿ çì³íè ôîðìè ë³í³¿
ñèãíàë³â ìåòèëüíèõ ãðóï ³çîïðîïèëüíîãî çà-
ì³ñíèêà, õàðàêòåðí³ äëÿ âèùåîïèñàíèõ ïðîöåñ³â
çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî çâ’ÿçêó
=N1–Ñ=. Îäíàê, ÿêùî â ñïåêòðàõ ôåí³ëïîõ³äíèõ
[9] ìåòèëüí³ ãðóïè ³çîïðîïèëüíèõ çàì³ñíèê³â ïî-
÷èíàëè ïðîÿâëÿòèñÿ ïîäâ³éíèì íàáîðîì ñèãíàë³â
âæå ïðè òåìïåðàòóðàõ íèæ÷å 100Ñ [9], òî äëÿ ìå-
òèëïîõ³äíèõ 1 àíàëîã³÷íå ïîäâîºííÿ ðåºñòðóºòü-
ñÿ â ñïåêòðàõ ïðè çíà÷íî íèæ÷èõ òåìïåðàòóðàõ:
íèæ÷å –450Ñ äëÿ ñïîëóêè 1c ³ íèæ÷å –200Ñ äëÿ
ñïîëóêè 1å. Òàêå çíèæåííÿ òåìïåðàòóðè êîàëåñ-
öåíö³¿ çíàõîäèòüñÿ ó â³äïîâ³äíîñò³ äî ðåçóëüòàò³â
êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â, çã³äíî ç ÿêèìè
çàì³íà áåíçîëüíîãî ê³ëüöÿ ïðè àòîì³ âóãëåöþ
³ì³ííîãî çâ’ÿçêó ó ôåí³ëïîõ³äíèõ [9] íà ìåíøó çà

Òàáëèöÿ 3
Àêòèâàö³éí³ òåðìîäèíàì³÷í³ ïàðàìåòðè ïðîöåñó Z,E-³çîìåðèçàö³¿ â õ³íîíîìîíî³ì³íàõ 1a–e (ïðîöåñ Z,E–N2)

Сполука Розчинник ∆H≠, кДж/моль ∆S≠, Дж/моль⋅К ∆G≠
298 K, 

кДж/моль 
Температурний 
інтервал ∆Т, К 

Кількість 
вимірів, n 

79.2±1.6(E→Z) 33.9±5.1 69.10 1a CDCl3 68.91±1.4(Z→E) 10.36±4.6 65.8 275–336 11 

59.4±0.4(E→Z) –19.9±1.2 65.4 1b CDCl3 52.0±0.3(Z→E) –27.7±1.2 60.3 249–336 15 

68.6±0.4(E→Z) 3.21±1.4 67.69 
1c CDCl3 62.85±0.4(Z→E) –7.62±1.2 65.16 260–335 24 

73.9±0.7(E→Z) 18.4±2.4 68.50 1d CDCl3 67.9±0.6(Z→E) 8.1±1.8 65.5 268–336 23 

70.8±0.8(E→Z) 10.0±2.8 67.8 1e CDCl3 64.6±0.8(Z→E) 0.6±2.7 64.5 267–335 12 



9

Conformational transformations of N-[arylsulfonylimino(methyl)methyl]-1,4-benzoquinonemonoimines

ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2024, No. 5, pp. 4-11

ðîçì³ðàìè ãðóïó Ìå ó ñïîëóêàõ 1, 2 ïðèâîäèòü äî
ïðèñêîðåííÿ ïðîöåñ³â çàãàëüìîâàíîãî îáåðòàííÿ
íàâêîëî çâ’ÿçêó =N1–Ñ= òà äî çíèæåííÿ áàð’ºðà
îáåðòàííÿ õ³íîíîìî³í³ì³í³â 1, 2 (òàáë. 2) ïîð³âíÿíî
ç N-[àðèëñóëüôîí³ë³ì³íî(ôåí³ë)ìåòèë]-1,4-áåíçî-
õ³íîíîìîíî³ì³íàìè [10]. Ñë³ä òàêîæ çàçíà÷èòè,
ùî çàçíà÷åíå ïîäâîºííÿ ñèãíàë³â ìåòèëüíèõ ãðóï
³çîïðîïèëüíèõ çàì³ñíèê³â ó âñ³õ äîñë³äæåíèõ ñïî-
ëóêàõ ñïîñòåð³ãàºòüñÿ ëèøå äëÿ á³ëüø çàñåëåíîãî
Å-³çîìåðó (ðèñ. 2), ùî óçãîäæóºòüñÿ ç ðåçóëüòàòà-
ìè êâàíòîâî-õ³ì³÷íèõ ðîçðàõóíê³â, ÿê³ ïåðåäáà-
÷èëè çíà÷íî ìåíøó âåëè÷èíó áàð’ºðà îáåðòàííÿ
Z-³çîìåðó ïîð³âíÿíî ç E-³çîìåðîì (òàáë. 2).

Âíåñîê ³çîìåð³çàö³éíîãî ïðîöåñó (Z,E–N2) ó
çì³íè ôîðìè ë³í³¿ ñèãíàë³â ìåòèëüíèõ ãðóï ³çî-
ïðîïèëüíèõ çàì³ñíèê³â íå äàº ìîæëèâîñò³ ðîç-
ãëÿíóòè äîñèòü âåëèêèé òåìïåðàòóðíèé ³íòåðâàë ³
ñòðîãî ðîçðàõóâàòè âåëè÷èíè áàð’ºð³â çàãàëüìî-
âàíîãî îáåðòàííÿ â ìåòèëïîõ³äíèõ 1c–e, ïðîòå
ê³ëüê³ñíà îö³íêà åôåêòó çàì³íè áåíçîëüíîãî ê³ëüöÿ
íà ìåòèëüíó ãðóïó ìîæå áóòè çðîáëåíà íà îñíîâ³
êîíñòàíò øâèäêîñòåé äàíîãî ïðîöåñó. Òàêå ïî-
ð³âíÿííÿ íàìè áóëî çðîáëåíî íà ïðèêëàä³ ñïîëó-
êè 1e òà 3 (ñõåìà 2), â ÿêèõ çà ðàõóíîê íàÿâíîñò³
³çîïðîïèëüíîãî çàì³ñíèêà â îðòî-ïîëîæåíí³ äî
õ³íîí³ì³ííîãî çâ’ÿçêó Ñ=N ïðîöåñè îáåðòàííÿ
íàâêîëî çâ’ÿçêó =N1–Ñ= ïîâèíí³ ïåðåá³ãàòè ç
íàéá³ëüøèì áàð’ºðîì ïîð³âíÿíî ç ³íøèìè ñïîëó-
êàìè.

Ó ïðèïóùåíí³ ð³âíîñò³ íàï³âøèðèíè ë³í³é
ãðóï Ìå ó ñïåêòðàõ ßÌÐ îáîõ ñïîëóê çà â³ä-
ñóòíîñò³ äèíàì³÷íèõ ïðîöåñ³â íàìè çà ôîðìîþ
ë³í³¿ ñèãíàë³â ïðîòîí³â ìåòèë³â ³çîïðîïèëüíèõ ãðóï
áóëè ðîçðàõîâàí³ êîíñòàíòè øâèäêîñò³ äàíîãî ïðî-
öåñó äëÿ ñïîëóêè 1å ïðè äåê³ëüêîõ òåìïåðàòóðàõ.
Íà ðèñ. 4 íàâåäåí³ ñïåêòðè ìåòèëüíèõ ãðóï ³çî-
ïðîïèëüíîãî çàì³ñíèêà ïðè –570Ñ òà 9,50Ñ. Ðîç-
ðàõóíîê âåëè÷èíè êîíñòàíòè øâèäêîñò³ îáåðòàí-
íÿ äëÿ ñïîëóêè 1å çà òåìïåðàòóðè 9.50Ñ äàº çíà-
÷åííÿ 1030 ñ–1, ùî â³äïîâ³äàº âåëè÷èí³ â³ëüíî¿
åíåðã³¿ àêòèâàö³¿ 52,8 êÄæ/ìîëü ³ º òðîõè ìåíøå
â³ëüíî¿ åíåðã³¿ àêòèâàö³¿ îáåðòàííÿ íàâêîëî çâ’ÿç-
êó =N1–Ñ=, îá÷èñëåíî¿ äëÿ ñïîëóêè 3 çà ò³º¿ æ
òåìïåðàòóðè (64,5 êÄæ/ìîëü).

Íà ï³äñòàâ³ âèêëàäåíèõ ôàêò³â ìîæíà çðî-
áèòè âèñíîâîê, ùî ó ðîç÷èíàõ N-[àðèëñóëüôîí³-
ë³ì³íî(ìåòèë)ìåòèë]-1,4-áåíçîõ³íîíìîíî³ì³í³â
îäíî÷àñíî ðåàë³çóþòüñÿ ê³ëüêà ïðîöåñ³â Z,E-³çî-
ìåð³çàö³¿:

– øâèäêèé ³íâåðñ³éíèé ïðîöåñ ³çîìåðèçàö³¿
(òîïîìåðèçàö³¿) â³äíîñíî õ³íîí³ì³ííîãî çâ’ÿçêó
Ñ=N1;

– ïîâ³ëüíèé ³íâåðñ³éíèé ïðîöåñ ³çîìåðèçàö³¿
â³äíîñíî åêçîöèêë³÷íîãî çâ’ÿçêó Ñ=N2;

– ïðîöåñ çàãàëüìîâàíîãî îáåðòàííÿ íàâêîëî
çâ’ÿçêó =N1–Ñ=, ùî ç’ºäíóº äâà ³ì³íí³ ôðàãìåí-
òè;

– ó ñïåêòðàõ ßÌÐ 1Í ìîæëèâèé ïðîÿâ ïðî-
öåñó ³çîìåðèçàö³¿ ùîäî åêçîöèêë³÷íîãî çâ’ÿçêó
Ñ=N2.

Âèñíîâêè
Âïåðøå äëÿ N-[àðèëñóëüôîí³ë³ì³íî(ìåòèë)-

ìåòèë]-1,4-áåíçîõ³íîíìîíî³ì³í³â âèçíà÷åíî òåî-
ðåòè÷í³ çíà÷åííÿ áàð’ºð³â ³çîìåðèçàö³¿ â³äíîñíî
çâ’ÿçê³â Ñ=N1 òà Ñ=N2 òà çàãàëüìîâàíîãî îáåð-
òàííÿ íàâêîëî çâ’ÿçêó =N1–Ñ=, à òàêîæ åêñïåðè-
ìåíòàëüí³ áàð’ºðè Z,E-³çîìåðèçàö³¿ â³äíîñíî çâ’ÿç-
êó Ñ=N2. Âñòàíîâëåíî, ùî øâèäêîñò³ ïåðåá³ãó öèõ
ïðîöåñ³â çàëåæàòü â³ä ñòåðè÷íèõ õàðàêòåðèñòèê
çàì³ñíèê³â ïðè àòîìàõ âóãëåöþ îáîõ ³ì³ííèõ
çâ’ÿçê³â. Âñòàíîâëåíî, ùî â ñïåêòðàõ ßÌÐ 1Í äëÿ
N-[àðèëñóëüôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-áåíçî-
õ³íîíîìîíî³ì³í³â ìîæëèâèé ïðîÿâ ò³ëüêè Z,E-³çî-
ìåðèçàö³¿ â³äíîñíî çâ’ÿçêó Ñ=N2. N-[Àðèëñóëü-
ôîí³ë³ì³íî(ìåòèë)ìåòèë]-1,4-áåíçîõ³íîíìîíî³ì³íè
õàðàêòåðèçóþòüñÿ íèæ÷èìè âåëè÷èíàìè áàð’ºð³â
Z,E-³çîìåðèçàö³¿ ùîäî õ³íîí³ì³íîãî çâ’ÿçêó â ïî-
ð³âíÿíí³ ç N-àöèë-1,4-áåíçîõ³íîíîìîíî³ì³íàìè,
ùî îáóìîâëåíî çìåíøåííÿì ð³çíèö³ åíåðã³¿ ÍÅÏ
àòîìà àçîòó N1 â îñíîâíîìó òà ïåðåõ³äíîìó ñòà-
íàõ.
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CONFORMATIONAL TRANSFORMATIONS OF
N-[ARYLSULFONYLIMINO(METHYL)METHYL]-1,4-
BENZOQUINONEMONOIMINES

S.A. Konovalova a, A.P. Avdeenko a, *, V.V. Pirozhenko b,
G.O. Santalova a

a Donbass State Engineering Academy, Kramatorsk, Ukraine
b Institute of Organic Chemistry, NAS of Ukraine, Kyiv,
Ukraine
* e-mail: chimist@dgma.donetsk.ua

In solutions of N-[arylsulfonylimino(methyl)methyl]-1,4-
benzoquinonemonoimines, several Z,E-isomerization processes
occur simultaneously: a fast inversion isomerization process
(topomerization) relative to the C=N1 quinoneimine bond; a
slow inversion isomerization process relative to the C=N2 exocyclic
bond; and a process of inhibited rotation around the =N1–Ñ=
bond that connects two imine fragments. In the 1H NMR spectra,
isomerization with respect to the C=N2 exocyclic bond was only
detected. The theoretical values of the isomerization barriers for
the C=N1 and C=N2 bonds, as well as for the inhibited rotation
around the =N1–C= bond were determined, along with the
experimental Z,E-isomerization barriers for to the C=N2 bond.
It was established that in the 1H NMR spectra for N-
[ a r y l s u l f o n y l i m i n o ( m e t h y l ) m e t h y l ] - 1 , 4 -
benzoquinonemonoimines, only Z, E-isomerization relative to
the C=N2 bond can be observed.

Keywords: Z,E-isomerization; quantum chemical
calculations; DFT B3LYP; NMR spectroscopy; 1,4-benzoquinone
imine; topomerization.
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